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Abstract.

The shaking-B locus of Drosophila melanogaster (formerly known as Passover) is a
complex locus situated at polytene subdivision 19E3, near the base of the X
chromosome. Some alleles of shak-B are embryonic or first instar larval lethals, whilst
others cause defects in the nervous system of the adult fly. To clone the shak-B locus,
four chromosomal walks were performed. Three walks were initiated using clones
generated by a microdissection of the mal to su(f) region at the base of the X
chromosome whereas a fourth was started using a cloned fragment from the runt
locus. The walks encompass over 400kb of cloned DNA.

Genetic analysis revealed shak-B to reside, at least in part, between the distal
breakpoint of Df{1)LB6 and the proximal breakpoint of Df{1)16-3-35. This study used
deficiency and duplication mapping to localise these, and other breakpoints in the
walks, allowing them to be orientated and positioned onto the genetic map of the
region. In addition, a transcriptional analysis was performed using reverse Northern
and Northern blots. This analysis identified 28 transcription units, a number of which
were shown to be repetitive. These repetitive regions have been characterised and
several found to have homology to transposable elements. A large number were
shown to contain a short repetitive sequence, the opa repeat. These opa repeats are
associated with a large number of important, developmentally regulated genes in
many organisms.

The chromosomal walk that contains the shak-B locus (the 952 walk) was shown to
contain less repetitive DNA and to have many more single copy transcribed regions
than the others. The majority of these transcripts were analysed by Northern analysis.
Transcripts were not detected in two cases. One of these is a region from which the 3
ends of shak-B transcripts originate. It is felt that the lack of signal from both regions
was due either to the rarity of, or to the non-polyadenylated state of, both sets of
transcripts. In situ hybridisations were performed using genomic fragments from a
region of the 952 walk as a probe. This region, which is likely to contain part of the
shak-B locus, gave discrete hybridisation to the lamina / retina border of the eye.
Sequence was obtained from several transcribed genomic regions from the 952 walk,
and several tentative homologies noted.
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Chapter One. Introduction.

1.0 Introduction.

The nervous system is the most complex organ that animals posses. It is the means by
which an animal is able to detect, decipher and act upon both exogenous stimuli, (such
as the detection of light via the retina of the eye), and endogenous stimuli, (such as the
control of respiration via the detection of CO; levels by the carotid and aortic bodies
[Vander et al., 1994]). The mechanisms by which the nervous system is able to
process and then act upon and / or store information are not fully understood, though
many advances have been made, (for example see reviews by Albright, 1991;
Goodwin, 1993). One of the major problems that developmental biologists face, is
explaining how such a complex organ with its enormous diversity of neurones and
glia, develops from the morphologically indistinct cells of the early embryo to the
complex fully functioning system of a mature eukaryote, be it in an invertebrate or a

vertebrate system.

Drosophila has proved invaluable as an aid to understanding the molecular
mechanisms that control this development in both the central nervous system (CNS)
and the peripheral nervous system (PNS). This is largely because of the sophisticated
genetics, in vivo transformation methods and other molecular genetic techniques that
can be bought to bear on developmental questions. It has also been demonstrated that
many of the mechanisms and cues used by simple organisms, such as insects, are often
analogous to those occurring in higher organisms e.g. Goodman (1994). Therefore
work in Drosophila can often be applied to studies on vertebrates. For example the
homeobox genes originally described and cloned in Drosophila melanogaster (e.g.
Bender et al.|1983b;reviewed by Morata, 1993), have now been shown to control
major events in the development of many species including mammals (reviewed by
Scott et al., 1989). Similarly, other genes known to play an important role in the
development of the Drosophila nervous system are also known to be expressed in
related tissues in other organisms. For example homologous genes to those in the
Drosophila achaete-scute complex have been discovered in the mouse (MASH1, Del
Franco et al., 1993); in the frog, Xenopus laevus (XASH1, Ferreiro et al., 1992); and in
humans (hASH1, Ball et al., 1993).

19



1.1 Development of the Nervous System in Drosophila melanogaster.

The development of the nervous system in Drosophila and most other organisms can
be divided into a series of overlapping stages. Firstly, inductive events must occur
which bring about the creation of tissue(s) that will go onto form the nervous system;
secondly, neurones and their supporting cells, the glia, are born; thirdly, there is a
generation of specific cell fates followed shortly thereafter by axonal outgrowth.
Axonal outgrowth comprises the events beginning with the organising of the growth
cone and its extension from the neuronal soma and ends when the growth cone makes
contact with the final target cell(s)and ceases motility. This is followed finally by the
formation of correct synaptic connections, which eventually results in the production
of morphologically specialised contacts for transmitter release. Many of the gene
products involved with control of development and / or regulation of the nervous
system have complex expression patterns, whilst the genes themselves are often
structurally quite complex, e.g. connectin; the neurogenic loci efc. (Lehmann et al.,
1983; Hartenstein and Campos-Ortega 1986; Jimenez and Campos-Ortega, 1990;
Campos-Ortega and Haenlin, 1992; Greenwald and Rubin, 1992; Knust ef al., 1992;
Ghysen et al., 1993; Price et al., 1993; Nose et al., 1992; 1994; Busseau et al., 1994,
Ruohola-Baker et al., 1994). It is thought likely that the locus currently being
characterised in this laboratory, shak-B (formerly known as Passover) is involved with
the final stages of nervous system development i.e. with events involved in
synaptogenesis. It is a complex locus at both the genetic and the molecular level (see

below).

1.2 The shaking-B Locus.

The neural mutation Passover (now renamed shak-BPas) was isolated in a screen for
flies with defects in the visually induced escape response of Drosophila

The rational behind this approach was that a behavioural defect may reflect small
changes in a well characterised neural circuit that mediates this response, namely the
Giant Fibre System (GFS). The GFS (Figure 1.1 for schematic diagram) was chosen
as the system to be mutagenised as it fulfilled several criteria for study; i) it has been
extensively characterised, both anatomically and physiologically; ii) it has a small
number of identifiable synapses; iii) the nerves are large enough for cytological
examination; iv) the synapses are essential for a specific behaviour, the escape

response. Therefore, a disruption of these synapses could be scored and characterised
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relatively easily (King and Wyman, (1980); Rheuben and Kammer, (1980); Koto et
al., (1981); King and Tanyouye, 1983; Strausfeld and Bassemir, 1983; Thomas and
Wyman, 1984b, Wyman et al., 1985; Bacon and Strausfeld, 1986).

1.2.1 Morphology of the Giant Fibre System.

The GFS is a neuronal circuit composed of eight, well characterised neurones that
mediate the escape response of Drosophila. (Analogous systems also exist in other
species of fly [King and Valentino, 1983; Bacon and Strausfeld, 1986]). The Giant
Fibres (GFs) which are so called because of their large size relative to other
Drosophila neurones, are a bilaterally symmetrical pair of descending interneurones,
the cell bodies of which are situated in the posterior, lower protocerebrum of the fly’s
brain (Koto et al., 1981; King and Valentino, 1983). The GFs themselves were
originally identified by Power (1948) and since this date the GFS has been studied
using a variety of different approaches, (for example see Coggshall, 1978; Stausfeld
and Bassemir, 1983).

Each GF descends through the cervical connective and enters the mesothoracic
neuromere of the thoracic ganglion where each axon synapses with two identified
neurones (King and Wyman, 1980). First, the GF forms an extensive contact with the
ipsilateral peripherally synapsing interneurone (PSI). This exits the ganglion and
enters the peripheral nerve where it makes reciprocal chemical synapses (Tanouye and
Wyman, 1980; King and Wyman, 1980) with the five motor neurones (DLMns) of the
contralateral dorsal longitudinal (DLM) muscles (Ikeda et al., 1980). The DLM are the
main wing depressor muscles that function to power the down stroke of the wing beat
during flight. The GF turns posteromedially to contact the motorneurone (TTMn) of
the ipsilateral tergotrochanteral muscle (TTM). The TTM is the largest 'twitch' muscle
in the fly’s body and provides the majority of the thrust for the jump, by extending the
mesothoracic leg. This jump is the first part of the escape response. The TTMn also
activates the wing elevator muscles. Electrophysiological studies (discussed below)

suggest that the GF - TTMn synapses are electrical (Tanouye and Wyman, 1980).

Branches of the GF in the brain send out fine dendritic processes into several regions.
These include the protocerebral lobe, the central commisure and the central body.

Contacted fibres in these areas include interneurones from the eyes and antennae as
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Giant Fibre System
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Figure 1.1-Schematic representation of the Giant Fibre System. The eight neurones on each side (GF, TTMn, PSI, and
five DLMs) are depicted with their synaptic interconnections. The GF cell bodies are in the brain; all other
neurones are thoracic. GFs, giant fibres; DLM, dorsal longtitudinal muscle; DLMn, dorsal longtitudinal
motorneurone; TTM, tergotrochanteral muscle; TTMn, tergotrochanteral motorneuron; PSI peripherally
synapsing interneuron. From Baird et al ., 1990.
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Figure 1.2 -Schematic diagram of the location of the shak-B alleles. The neural alleles are indicated purple, the lethal
allele in black and those alleles that fail to complement the lethal or the neural functions are indicated green.
Those above the line have been localised, the position of those beneath the line is still unknown. The
diagram is not to scale as the neural alleles are located within 400bp of each other whereas the site of the
lethal allele is some 10kb away from them. The alleles beneath the line have been positioned merely
for convenience, they could be in some other region that has a joint role in the lethal and neural functions
of the locus. See text (Section 1.27) for more details.
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well as from association centres in the brain. (Other areas besides these are also

contacted by the GF dendritic processes,|Phelan et al.,, 1996). This means that the GFS

receives information from a variety of different stimuli, hence small field visual
motion, puffs of air onto the head and body, displacement of the antennae, flickers,
and wide field visual movement of gratings can all induce the escape response of the

fly (Thomas and Wyman, 1984b).

Koto et al., (1981) suggested that the GF is the command neurone for the escape
response, thus implying that firing of the GF would automatically and exclusively lead
to the response. For a variety of reasons however this appears not to be the case. The
TTMn is not the only neurone that innervates the TTM. Two smaller motorneurones
target the TTM (Ikeda et al., 1980) and in the related fly species Musca and
Calliphora homologous neurones to these have been shown to synapse onto the TTM.

The TTMn also receives a variety of inputs (Bacon and Strausfeld, 1986).

Coggshall (1978) showed that in Drosophila the PSI receives other contacts than just
from the GF, and speculated that these other neurones may regulate the PSIs
responses. It appears that independent firing of the PSI can activate both the TTM and
the DLM and hence instigate the escape response. King and Wyman (1980) suggest
that "the mutual contacts in the thorax between PSI and TTMn could provide for
bilateral activation of the muscles even if only a single PSI or GF is stimulated". So
although the GFs may play an important role in the initiation of the escape response

evidence suggests that it does not command the behaviour.

1.2.2 Electrophysiology of the Giant Fibre System.

Electrophysiological studies of wild type flies have shown that a light off stimulus or
direct stimulation of the GF in the fly’s brain causes a highly stereotyped temporal
response (Tanouye and Wyman, 1980; Wyman and Thomas, 1983). When a stimulus
is given to the GFS by a direct, electrical stimulation of the GFs in the brain of the fly,
it takes 20ms for an action potential to be seen in the GF. 0.9ms later a single spike is
elicited in the TTMn, causing the muscle to twitch and the fly to jump. 1.3ms after the -
GF spike the DLM start to contract (Tanouye and Wyman, 1980).
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The latency from GF stimulation to the TTMn spike is 0.8 1ms whereas the latency
from TTMn stimulation to the TTM spike is 0.66ms, thus only 0.15ms is allowed for
the action potential to cross the synapse between the GF and the TTMn. This suggests
that the synapse is electrical as this period of time is too short for chemical
transmission. This is supported by refractory period and following frequency analyses
which have shown that the pathway is extremely stable to high frequency stimulation.
Also transynaptic cobalt migration has been shown to occur, which in other systems is
known to be diagnostic for electrical synapses, as the dye can migrate across narrow
electrical synapses but not across chemical synapses which are wider (Stewart, 1978;

Koto et al., 1981; Strausfeld and Bassemir, 1983).

The difference between the response of the DLM after direct stimulation of the DLMn
in the thoracic ganglion, and the response of the DLM after GF stimulation is ca.

0.42ms. Time constraints fail to leave enough time for two chemical synapses, so it is

' concluded that at least one of the GF - PSI - DLMn synapses is electrical (Phelan et
al, 1996).

1.2.3 GFS Mutagenesis.

The GFS mutagenesis was performed by feeding ethyl-methanesulphonate (EMS) to
male flies that had the wing disabling mutation Curly (Baird et al., 1990). EMS causes
base substitutions and small deletions in the DNA of developing spermatocytes. The
progeny were then screened for non-escapees (i.e. non-jumping flies) by placing them
on an inverted flask and then inducing the escape response by switching a light on and
off. Those flies with mutations causing defects pre-synaptic to the GFS e.g. blind
flies; those with GFS defects and those that had musculo-skeletal defects did not jump
and so remained on the inverted flask. These were then set up as breeding lines and
those that bred true for non-jumping were electrophysiologically tested to eliminate
flies with defects outwith the GFS. Several mutations were produced that affected the
escape response. Two that were isolated affect connectivity of the GFS. The bendless
(ben) mutation affects the GF which, as the name implies, fails to bend in the thoracic
ganglion at the appropriate point and so fails to contact the TTMn. The ben gene has

been shown to encode a protein that is closely related to ubiquitin-conjugating

Lenzymes (Muralidhar and Thomas, 1993; Oh et al., 1994). shak-BPas (Passover) was
|

so called because the TTMn was observed to 'pass over' the GF at the ganglion midline

{and not to synapse with it. This ‘passing over’ phenotype however, has since been
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shown not to be caused by the shak-BPas background but is due to the presence of a

particular deficiency chromosome, Dff1)16-3-22 (Baird et al., 1993). Another

mutation, called shak-B2 was isolated in a different EMS mutagenesis screen that
' selected for mutants that amongst other phenotypes 'shook when etherised' (Homyk e?
al., 1980).

1.2.4 Phenotypes of shak-B Mutants.

When compared to wild-type Drosophila, shak-BPas homozygous flies have
abnormally long TTM response latencies of 1.5 +/- 0.8ms. No response can be evoked
whatsoever from the DLM. The GF / TTM pathway is also defective in that normally
the TTM can be driven 1:1 with the GF but in shak-BP@s and shak-B? homozygous
flies this is only the case with frequencies less than 1Hz. It has also been shown that
the defect occurs centrally and is not due to defective motor neurones or
neuromuscular junctions as wild type values were obtained when the motor neurones
were stimulated extracelluarly in the ganglia whilst recording from the muscles

(Tanouye and Wyman, 1980; Baird et al., 1990).

When the neurones of the GFS in shak-B mutants were stained with horse radish
peroxidase or back filled with lucifer yellow, the GF was found to be normal.
However, in shak-BPas flies the medial branch of the TTMn was shown to stop short
of its normal site of contact with the GF and also to be reduced in diameter (King and
Wyman, 1980; Wyman and Thomas, 1983; Baird et al., 1990). It has since been
shown that the anterior-posterior extent of the TTMn medial branch is reduced, which
in turn reduces the amount of the membrane the TTMn has available for contact with
the GF and the PSI (Baird et al., 1993). The PSI is less amenable to study and has yet
to be characterised to the same extent as the TTM so the defect has not been identified

in this region Egger et al., 1989; Swain et al., 1990).

Besides the escape response phenotype, several other defects have been shown to
occur in shak-B mutants. In sections of wild-type fly heads where the antennal nerve
has been back filled with cobalt, it is possible to see three axon bundles which link the
antennal glomerelli, (Stocker, //1 981 . In shak-B mutants, one of these axon tracts is
missing or much thinner than that observed in the wild-type (Aceves-Pina, personal

communication). This has now been shown to be due to the loss of, (or defect in) the
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gap junctions by which the molecule normally gains entry to the cells (Phelan et al.,
‘1996). shak-B mutants also have an abnormal electroretinogram (ERG). This
recording is a measure of the change in electrical potential of the retina and lamina of
the fly’s eye. Alterations in it suggest that transduction is being affected in some way,
(Coombe, 1986). shak-BPas flies also have an abnormal gustatory response. They
exhibit increased thresholds of detection of sucrose and fructose and have lost
completely their attraction response to 0.1M sodium chloride (Balakrishnan and

Rodrigues, 1991). They also display an abnormal courtship behaviour (K O'Dell,

personal communication). shak-B’ flies have leg tremors under ether anaesthesia. This
shaking is weak and does not continue when the legs are severed from the body. This
is different from the phenotype observed with the potassium channel mutant Shaker,
which displays a generalised hyperexcitablity as when its legs are severed they
continue to shake. This would seem to indicate that shak-B? flies posses a CNS defect,
possibly the disconnection of an inhibitory input which may be connected with lesions
in the GFS. This idea of a CNS defect is supported by results which show flies with
the shak-B™™ mutation, have a reduced ability to groom themselves. A defective
grooming response is thought to be correlated with defects in the CNS as grooming

requires ‘quite considerable sensory-motor co-ordination’ (Phillis et al., 1993).

It is known that olfaction is normal in shak-B flies (R. Stocker, personal
communication), however most of the phenotypes identified to date have been quite
subtle, e.g. the courtship behaviour, the gustatory response and the grooming
behaviour. Therefore, without specific paradigms to score for them, these phenotypes
would be undetectable in normal mutagenic screens. Thus other, as yet undetected

phenotypes may be present in shak-B flies.

1.2.5 Genetics of shak-B.

shak-BFPas was originally mapped to the base of the X chromosome to Df{1)16-3-22
(Koto et al., 1981). This deficiency removes approximately eighteen polytene bands
extending from the maroonlike locus to the extra organs locus (Schalet and Lefevre,
1976). The shak-BPas mutation was localised to polytene band 19E3 using deletion
mapping and complementation analysis (Baird et al., 1990). When shak-BPas was
made heterozygous with deficiencies that uncover the 19E3 region the heterozygote

behaved like a shak-BPas homozygote. The shak-BPas mutation also failed to
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complement some alleles of a previously isolated group of lethal and viable mutations,

the R-9-29 (now renamed shak-B) locus which lies in 19E3. The shak-B locus was

initially shown to have nine alleles of which seven are lethal. The viable allele shak-

B? (Homyk et al., 1980) was localised to the shak-B locus bj Miklos et al., (1987). Besides
the uncoordinated leg movements under anaesthesia Baird et al., (1990) found that
shak-B?2 flies have more or less the same electrophysiological phenotype as shak-B™™

does, but that it does not act as a dominant mutation in the elimination of the jump
response. Homozygous shak-B2 mutants also have the abnormal ERG phenotype.

Flies homozygous for the lethal alleles, die after a prolonged first instar stage of two

to three days (Baird et al., 1990).

The shak-BPas allele dominantly disrupts the eye to GF pathway and so eliminates the
escape response. This dominance however, is incomplete. In shak-BFas /+
heterozygotes the DLM following frequency can be as low as 10 - 25Hz as compared
to wild-type values of 75Hz (Baird et al., 1990). The TTM response in shak-BPas
homozygotes is weak or more often absent, whilst in shak-BPaS /+ heterozygotes the
response has wild-type values. As shak-BPas homozygotes have a more severe effect
than shak-BPas / deficiency heterozygotes the allele cannot be a null. Dosage
compensation experiments have indicated that shak-BPas is neither a simple hyper- or
hypomorph and is probably antimorphic, i.e. the mutant product is worse for the fly
than if there was no product at all (D. Baird, 1988). shak-B2 / + flies yield

electrophysiological values that are wild-type indicating shak-B? is totally recessive.

The complementation pattern of alleles at the shak-B locus is complex. The existing
alleles are, shak-B*>, shak-B™*’, shak-B™', shak-B"!, shak-B*?*"', shak-B'"%,

shak-B? and shak-BPas. All except the shak-B2 and shak-BPas alleles are homozygous
lethal and are al§o lethal when trans heterozygous with each other. The alleles may be
grouped into three classes based upon their complementation pattern. The shak-B*!
allele fully complements the neural phenotype of shak-B2and shak-BP4s and yet fails
to complement the lethality of the other alleles, thus shak-B**! can be thought of as a
purely lethal allele. A second lethal allele, shak-BEF535, that also complements shak-
B2and shak-BPas has been shown to posses the same molecular lesion as shak-B**! .

EF535

and so it is thought the shak-B allele is lost (Krishnan et al., 1995; Crompton, et
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al., 1995). The second group comprising shak-B~ %, shak-B™*’ shak-B*! | shak-
B! and shak-B'7%, fail to complement the shak-B*! lethality but also fail to
complement the shak-B2 and shak-BPas neural phenotypes, thus these are thought of

as lethal and neural alleles. shak-B2and shak-BF@s comprise a third group of alleles

with only a neural phenotype (Figure 1.2 for summary).

The complementation results suggest that two separate functions reside at the shak-B
locus. One is an essential function and the other is required for neural function(s)
(Baird et al., 1990). These two functions must overlap as lethal / neural alleles exist
which disrupt both functions. The simplest molecular explanation for this would
involve differential splicing at the locus with at least one exon being common,

however several other models are also plausible (see Section 1.2.6).

Df(1)A118 which impinges upon the shak-B locus proximally complements the
lethality of the shak-B alleles but fails to complement the neural alleles. The 16-3-35
deficiency which impinges upon the locus distally, fails to complement either the
lethal or neural phenotypes. As wild type recombinants can be obtained using these
deficiencies (i.e. there is DNA between the proximal endpoint of Df{1)16-3-35 and the
distal endpoint of Df{1)A118), this suggests the region that is required for an essential

function is more distal than the region required for the neural function(s).

1.2.6 Trans Effects of 19ES - 6 Deficiencies.

The situation is further complicated by the interaction of the shak-B locus when
combined in trans with proximal deficiencies in the 19E region. When in cis i.e. when
both regions are normal on at least one chromosome, no effect on either the DLM or
TTM latencies is observed. The deficiency Df{1)16-3-35 (see Figure 1.3) or shak-B?
when heterozygous for the deficiencies Df{1)T2-14A, Df(1)A53, Df(1)LB7 or Df(1)17-
489 (see Figure 1.3) have a mild effect on the TTM latency but no discernible effect
on the DLM response. In contrast when shak-BPas is combined with the same
deficiencies the TTM latency is increased and the DLM latency is also affected thus it
appears shak-B2 and 16-3-35 have a less severe effect than shak-B™ when
heterozygous for deficiencies deleting the 19E5-E6 region, thus illustrating the

antimorphic nature of the shak-B™* .
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The heterozygotes that produce the mild phenotype are deficient for two non-adjacent
regions with at least one complementation group (R-9-28) intervening. All alleles of
R-9-28 fully complement the 19E3 mutants and the /6-3-35 deficiency. The proximal
deficiency Df{1)Q539 (see Figure 1.3) fully complements the neural phenotype and so
marks the proximal limit of the interaction, however, as the EC235 alleles fully
complement the neural phenotype and no little fly alleles were available for testing,
Baird et al., (1990), note these two loci may also intervene. The gene may thus be split
by an intervening gene (or genes) sitting in an intron (or introns) of shak-B. Several
genes within genes have been identified in Drosophila e.g. the tRNA genes in the
decapentaplegic gene complex (Gelbart et al., 1985); a pupal cuticle protein in the
Gart locus (Henikoff et al., 1986); and at least seven genes are nested within two
separate and large introns of the dunce gene, six of which have been characterised
(Sgs4, Pig-1, and nested genes 1, 2, 3 and 4) and shown to have no relation to dunce
function (Chen et al., 1987; Furia et al., 1991;1993). An alternative to the gene within
a gene theory, is the possibility that the coding region could be at 19E3 with a long
range interaction due to an enhancer or other control region in 19E5-6. Still other
models are possible if the 19E5-6 deficiencies disrupt the 19E3 function due to their
rearrangement of the chromosome, i.e. they may be juxtaposing novel DNA sequences
close to the shak-B locus that affects the locus in some way. This is less likely than the
other possibilities however, as the deficiencies have differing proximal endpoints, and
thus juxtapose different sequences and yet have the same electrophysiological effect.
If the reduction in expression was due to position effects, it would be expected that the
R-9-28 locus would also be affected as it is nearer to the 19E5-6 breakpoints than
shak-B. When R-9-28 / Df{(1)T2-14A heterozygotes were created however, no change
in viability was detected (A Schalet, unpublished data, Baird et al., 1990).

1.2.7 Interactions of shak-B with Surrounding Loci.

A strong hypomorphic allele of runt, VE726, appears to increase the latency of the
TTM when heterozygous with the shak-BFas allele (Baird et al., 1990). VE726 is the
only allele from the runt locus and shak-BPas is the only allele from the shak-B locus
which yields this result. This may be a 'statistical blip' or it may indicate an actual
interaction between these alleles as the runt gene is now known to encode a

transcriptional regulatory protein that is extensively expressed in the developing CNS
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Figure 1.3. Schematic diagram of the genetic organisation of the deficiencies and duplications at the base of the X
chromosome which were used and / or characterised in this study.
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and PNS after its earlier function as one of the pair rule genes (Kania et al., 1990). It
has also been reported that some of the R-9-28 alleles interact with shak-BPas with

respect to the gustatory response (Balakrishnan and Rodrigues, 1991).

1.2.8 Molecular Analysis of thé shak-B Locus.
1.2.8.1 cDNA Clones Isolated from the Locus and the Location and Effects

of the Molecular Lesions Associated with the Mutant Alleles.
Several cDNA clones have been isolated from the region bounded by the proximal
endpoint of the 16-3-35 deficiency and the distal endpoint of the LB6 deficiency. As
discussed above (Section 1.2.5) this region is known to be required for a vital function
in the fly. The cDNA clones isolated represent alternatively spliced variants from the
shak-B locus (Krishnan et al., 1993; 1995; Crompton et al., 1992; 1995). Three
clones, B10 (now renamed S2.2, M. Wilkin, this laboratory; Crompton et al., 1995),
vKE2 (Crompton et al., 1992) and N52 (S. Ji, this laboratory), have been isolated from
embryonic cDNA libraries using conventional and PCR based screening approaches.
The cDNA isolated by Krishnan et al., 1993 (called P2.4), was isolated from a pupal
cDNA library, and is thought to be involved with the neural function. The cDNA
isolated by them that is thought to be involved with the lethal function at the locus is
similar too, but shorter than S2.2 (Figure 1.4 shows the location of exons from the

transcripts isolated to date from the locus).

An analysis of the molecular lesions associated with the different alleles at the locus
shows that the different transcripts mentioned above are responsible for the different
functions of the gene (Krishnan et al., 1995; Crompton et al., 1995). The proteins

from the locus are coded for by similar but distinct 5’ exons joined to a common set

of 3/ exons. Neural only alleles (shak-B"""®! | shak-B2 and shak-BPas) and the lethal

only allele (shak-B*") map to the 5 exons that code for the neural and lethal

proteins respectively. The molecular lesions associated with the lethal / neural alleles
(shak-B**%, shak-B™*7, shak-B*" and shak-B'’?*) are found in the common 3
exons. The shak-BF®! allele has a T>A tfansversion; shak-B¥®?° and shak-BE“%! both

have G>A transitions whereas shak-B™™*7 has a T>A transversion. All of these

alterations produce stop codons. shak-B'7?%is a large rearrangement affecting the

priPI8!

common exons of the locus. The allele shak- , (created by a P element insertion)

31



r4

*A1J 9y3 U1 uondUNJ [eIA € 10j

A1essad3u saouanbas urejuod 0y A][BO1AUIT UMOUY ST WAY) UIIM]Iq UOISAT 3] SB UuMoys aJe 9g7 (1) pue
§e-£-91 (1) swiodyealq Kouatogap Sy [, *(S661 ‘I °S) TSN (S661 ‘T661 “I 12 uoidwior)) Zg Y pue 0l g
(G661 €661 D 12 UBUYSLIY]) UBWAA ‘3I8 UMOYS SUOX3 YN(IO 3} JOJ SI0UaI3JaI Y | "9)euIS1I0 SUOX
g-3unypiys 3y} Yoiym WolJ Yjem [BWOSOWOIYD 766 31} JO Seale ay) jo uonejuasaidal onewayog ] aandry

se-£-91 (1A 9g71 (1A
V uoxa-uewAM o34 :mE>I.>> o
_._. Awuc [ )2 R — - iv
By A sn & & WL 4 U N T A A Lo
e U N T N N d |
4 J J 11LO-0t6 | 4
gh 4 A g 8 4 4 | eovozse 1 0 4 o !
sovs [ 1 N8 Lde 4 SN S A S M Y

bl
hiat



was shown to be located in the 5’ leader sequence 28bp from the start of the P2.4
cDNA. In shak-B” alleles there is a T>A transition that results in a stop codon (TAA)

replacing a leucine in the mature protein. The shak-B" allele has been shown to be
the caused by a C>T transition that results in a tryptophan replacing an arginine. Both
of these alleles occur in the putative signal sequence of the P2.4 neural cDNA (see

below; Krishnan et al., 1993).

1.2.8.2 The Predicted Protein Products from the shak-B Locus.

The predicted protein from the P2.4 transcript is 361 amino acids in length with a
putative extracellular domain of 256 amino acids followed by a transmembrane
domain of 22 amino acids. Using the hydrophobic moment algorithm of Eisenberg et
al., (1984), Krishnan et al., (1993), suggested that the predicted transmembrane
domain is one that is usually found as a part of a multimeric complex. This is also
supported by gene dosage experiments performed by Baird, (1988). Flies with a 1
Shak-B"® / 1 + ratio are mutant whilst those with a 1/ 2 ratio are phenotypically
normal. This suggests some competion between the two alleles. One possibility
(mentioned above) is that Shak-B™* competes with the one wild type product for
binding of a ligand. However the change from 1/2 the binding sites being occupied to
2/3 of the sites being occupied (as would happen witha 1/1 to 1/2 dosage
difference) might not be expected to be sufficient for a change in phenotype. These
phenotypic differences observed with the different gene dosages can be explained
quite easily if it is mutimeric i.e. the probability that a homomultimer will be
composed solely of normal monomers depends upon gene dosage. For example the
chance of forming a completely wild type hexamer (like a hemi-gap junction)
increases six fold with the change in gene dosage described (6"?= only 1 chance in 64
of forming a wild type hexamer whereas 6%*=a 1 in 11 chance of forming a wild type
protein). Of course other explanations are also possible, for example the i(inetics of
binding could be altered so that the shak-B"® protein binds a ligand more tightly

which therefore produces the phenotype.

The predicted protein from the KE2 transcript is 120 amino acids in length and the
S2.2 transcript has a predicted protein length of 372 amino acids (Figure 1.4 shows
the relationship between S2.2, p2.4, KE2 and N52. It is proposed that the S2.2

transcript has four transmembrane domains (Crompton et al., 1995).
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The predicted protein products of cDNAs isolated from the shak-B locus have
structures similar to integral membrane proteins with at least one (Krishnan et al.,
1993), but probably four (Barnes, 1994; Crompton et al., 1995), transmembrane
domains. The structure of the proteins encoded by the shak-B transcripts (and the
other proteins reported in the group) is of three major and two minor hydrophobic
regions. Most of the residues that are conserved between the different members of the
family are associated with the major hydrophobic domains whilst the loops between
them vary in their length and composition (Barnes, 1994; Crompton et al., 1995).
Some controversy remains over the putative signal sequence. Krishnan et al., (1993),
suggest is a valid sequence because it bears all the signal sequence characteristics, i.e.

it has a typical sequence with a hydrophobic core, and the predicted cleavage site (an

:arginine: that is replaced by a tryptophan in the shak-B™® allele) is within the distance
expected from the N terminus (von-Henje, 1986). However, the sequence of the unc7
gene has an additional 120 residues at the N terminus and has no signal sequence.
Similarly the 1(1)Ogre and S2.2 proteins do not appear to have a signal sequence

(Crompton et al., 1995).

The finding that the shak-B™™ allele substitutes a neutral tryptophan for an arganine in
the proposed cleavage site of the signal peptide may explain its partial dominance and
its antimorphic nature (Baird, 1988). If the transmembrane portion of the neural (P2.4)
transcript binds into a multimeric complex (as is suggested by the transmembrane

sequence), and if the extracellular domain does mediate a homo- or heterophillic

Pas

interaction, then the antimorphic nature of shak-B " could be explained by the mutant

shak-B"® product competing for binding to (one or more) of its normal ligands, but
the resulting complex being functionally defective (Krishnan et al., 1993). Under an
alternative model proposed by Crompton et al., (1995) however, the substitution of
tryptophan for arganine is proposed to exert its effects by altering the properties of the
transmembrane domain. Under this model the alteration would lie at the extracystolic
end of the first transmembrane helix of the protein. Distinguishing between the signal
peptide and signal anchor models for the neural protein is not yet possible with the

available data, and so must await further study.
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1.2.8.3 Homologies of the Transcripts and the Proteins.

The cDNAs from the shak-B locus (Krishnan et al., 1993; 1995; Crompton et al.,
1992; 1995) and the predicted proteins they yield, have homology to several other
genes. One is the Drosophila locus, lethal (1) optic ganglion reduced (I(1)ogre,
Watanabe and Kankel, 1990); and two others, the unc7 gene (Starich et al., 1993) and
the eat 5 gene (Avery, 1993; Starich et al., 1995) both come from the nematode worm
C. elegans Other sequence homologies were identified in C. elegans (ten to date) but
some of these are to uncharacterised cDNA sequences (Barnes, 1994; Starich et al.,
1995). It is thought likely that the shak-B transcripts, together with these others,
comprise a novel gene family which it has been proposed be called OPUS (Barnes,

1994).

It has been suggested that the OPUS family of proteins may be the invertebrate
equivalents of the vertebrate gap junction proteins, the connexins (Barnes, 1994).
Connexins have long been implicated in developmental mechanisms in vertebrates
(e.g. Dealy et al., 1994; Goodenough and Musil, 1993; Kanter et al., 1994 for
references). The evidence however, for the relationship between the OPUS and
Connexin family of proteins is based solely on topological data implied from the
presumed protein products of the transcripts. The fact that no significant extended
similarity between the vertebrate connexins and the OPUS protein sequences has been
identified (Barnes, 1994) makes the relationship very tentative at best. However, the
structural similarities between the OPUS and the vertebrate connexins would appear
to be quite compelling. The similarities include four transmembrane regions with the
C terminal and N terminal tails intracellular; The connexins are conserved throughout
their sequence except for the cytoplasmic tails which are variable in both sequence
and size. This is also true for the OPUS family; There are six completely conserved
cysteines on the extracellular loops (these cysteines in connexins have been shown to
be crucial for junctions to form, changing any of them to serine results in an absolute
loss of function); There is also a positively charged cytoplasmic loop between the
second and third transmembrane domains whilst there is a proline residue in the
middle of the second transmembrane domain which is known to be crucial in voltage
gating in the connexins (Suchnya et al., 1993). This proline residue is completely
conserved in both the connexin and OPUS family; Members of the OPUS family, like

the connexin family, do not have a good consensus signal sequence although there is a
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clear transmembrane domain; Finally, gap junction are mutimeric structures
(hexamers) and shak-B"* has a transmembrane sequence typical of mutimeric proteins

(Krishnan et al., 1993).

There are several things make this theory less plausible however. Firstly essential
shak-B transcripts appear in the embryo after most of the cells become uncoupled.
They also have been shown to appear in cardioblasts which are known not to form
many gap junctions (Tepass and Hartenstein, 1994). Secondly the sizes of the
Drosophila melanogaster gap junction proteins have been analysed biochemically and
their sizes do not agree with the predicted sizes of any of the shak-B transcripts
(Ryerse, 1989a). Finally considering gap junctions occur at the cell surface, the
intracellular location of one member of the OPUS family (I(1)ogre) together with the
formation of ectopic gap junctions in the absence of Unc-7 protein (see below) again
suggests that the OPUS family may not be the invertebrate equivalent of the
connexins. There are other (vertebrate) protein families that the OPUS family have
similar topologies to e.g. the transmembrane 4 (TM4) family (e.g. Horejsi and Vlcek,
1991; Dong et al., 1994).

The I(1)ogre gene and the shak-B P2.4 transcript, both affect postembryonic neurénes
(Lipshitz and Kankel, 1985; Krishnan et al., 1993). Both genes cause neuronal defects
but these affect connectivity rather than neurogenesis (Thomas and Wyman, 1984;
Baird et al., 1990; Baird et al., 1993; Starich et al., 1993). In unc7 mutants, the worm
is defective in forward locomotion. When it tries to move forward the body forms into
irregular kinks. It has been demonstrated that this is due to miswiring of neurones in
the nematode (Starich et al., 1993). Electron micrographs indicate that AVA
interneurones which will normally form synapses only with motorneurones for
backward locomotion, now form gap junctions with motorneurones for forward
motion. This miswiring has been put forward as the explanation for the behavioural
phenotype. The Unc7 protein is also thought to be involved in the nematode s
response to certain anaesthetics as do the unc79 and unc80 gene products which cause
hypersensitivity to halothane and chloroform when mutant. When double mutants are
constructed with unc?7 these mutants lose their hypersensitivity to these anaesthetics. It
has also been shown that the unc7 mutation gives increased resistance to the

antihelmintic, ivermectin (Morgan et al., 1990). Anaesthetics are thought to have their
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effect by acting on ion channels or ion channel associated proteins (Franks and Lieb,
1991; Matthews, 1992). Although unc7 is not the ivermectin sensitive chloride
channel in nematodes, it is believed that invermectin has its effects by acting on
chloride channels. It has thus been suggested that the unc7 product may be an ion
channel associated protein (Starich et al., 1993). eat-5 mutations disrupt pharyngeal
pumping (Avery and Horvitz, 1989). In normal worms the corpus and the terminal
bulb of the pharynx contract nearly simultaneously. In C. elegans laser ablation of the
pharyngeal nervous system has shown that contraction synchrony of pharyngeal
muscle cells can be attributed to gap junctions. In eat-5 mutants parts of the pharynx,
the corpus and terminal bulb, contract approximately normally, but they are no longer
synchronised (Avery, 1993). Connections are normal within the corpus and within the
bulb, but abnormal or missing between the two. It is therefore possible that ear-5
mutations also affect a particular gap junctional connection whilst apparently leaving;

others unaffected (Starich ez al., 1995).

1.2.8.4 Expression Patterns of the Various cDNAs.

It has been demonstrated that the P2.4 cDNA (or a closely related transcript that cross
hybridises with it) is expressed in the brain of the newly emerged adults in two cells
that are almost certainly the GF cell bodies (Krishnan et al., 1993; Crompton et al.,
1995). In the thorax expression is also detected at the posterior border of the wing
neuromere, which is the location at which the cell bodies of both the TTMn and the
PSI are located. It was not reported which part of P2.4 was used as probe(s) for the in
situ hybridisation; it is not known whether the probe used would cross hybridise to the
rest of the transcripts discovered to date. It was not possible to detect which of these
was the P2.4 expressing cell (Krishnan et al., 1993). Other in situs suggest that S2.2 is
present in the thorax at much higher levels than P2.4 (Jane Davies, personal

communication; Crompton et al., 1995).

Crompton et al., (1995) found that the S2.2 and KE2 are expressed in embryos,
initially in precursors of a subset of the larval musculature and in the midgut visceral
mesoderm. Later expression is detected in the foregut visceral musculature, in the
dorsal pharageal musculature as well as in cardioblasts. In pupation a dynamic
expression of shak-B transcripts was described. At the end of the third larval instar

faint hybridisation was seen to cells which will go onto form part of the
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suboesophogael ganglia in the adult and to a pair of cells in the central brain. Much
stronger expression is seen in the same pair of cells 12 hours after puparium formation
(APF) which are probably the GFs. In the thoracic neuromeres variable numbers of
ventrally located cells express shak-B whilst more dorsally a group of 3-4 cells (which
probably include the PSI and TTMn cell bodies) displayed strong hybridisation. Faint
expression was also seen in most cells of the central brain and thoracic neuromeres of
the ventral ganglion at this stage which then intensified over the next 15 hours. At 25-
30 hours APF they show that the developing optic lobes start to express shak-B and by
48 hours APF the majority of cells in the optic ganglia, brain, and thoracic neuromeres
are expressing shak-B at high levels. This expression then remains high for several
hours. At 75 hours APF extensive expression of shak-B was seen in the medulla, in
some cells of the lobular complex, in the thoracic ganglion, and in the central brain,
including several cells which are again probably the GF cell bodies. Two days after
eclosion the only shak-B expressing cells described were those cells that are presumed
to be the GF cell bodies. Hybridisation with probes specific for the S2.2 transcripts
failed to detect expression in the GFs, the lamina and the medullary cortex of the optic
lobes. The signal seen in these structures must therefore be due to hybridisation to the
neural transcript (P2.4, [or other members of the OPUS family to which it cross

hybridises]) and not the vital transcript.

1.2.8.5 Possible Mechanisms of Action of the shak-B Products.

1.2.8.5.1 The Neural Function.

Krishnan et al., (1993) proposed that, as the expression of P2.4 occurs in the GFs and
in a cell that is probably its postsynaptic target (either the TTMn or the PSI), then the
simplest explanation for the neural function of shak-B is that it acts as a homophilic
cell adhesion molecule. The synapse between the GF and the TTMn is known to be
electrical and so some support for an adhesive role of Shak-B proteins comes from
observations that a primary cell adhesion event may be needed prior to the formation
of gap junctions (e.g. Jongen et al., 1991). Several points argue against this however.
Crompton et al., (1995) showed that the expression of P2.4 is low in the TTMn cell
body whilst S2.2 is expressed at high levels. It is also suggested that as it is likely
“that neural and essential protein species play similar roles, the lack of an obvious
morphological phenotype in flies carrying shak-B alleles” i.e. similar to the TTMn

defect described earlier (Section 1.2.4) “is difficult to equate with a purely adhesive
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function”. Finally as Shak-B and Ogre proteins are so related it would be difficult to

explain how Ogre, with its intracellular location, can have a role in cell - adhesion.

It seems likely that Shak-B proteins, although probably not the structural gap junction
proteins themselves, must play a role either in gap junction formation or act to
stabilise GF junctions once they are formed. This is because lucifer yellow filling of
the GFs have shown that the GF and TTMn are uncoupled in shak-B? flies i.e. the dye
does not pass from the GF into the TTMn in these flies whereas it does in those with
wild-type genotypes (Crompton et al., 1995). High expression of shak-B in cells that
do not normally have very many gap junctions (e.g. cardioblasts) would imply a
similar role in the formation or stabilisation of other specialised membrane structures.
That is, it is possible that shak-B has its effects by altering the membranes of affected
cells. This is a role that has been proposed to explain the effect unc7 mutants have on

neuronal physiology (Starich et al., 1993).

1.2.8.5.2 The Vital Function.

The mechanism behind the lethality that resides at the shak-B locus is still unknown, It
is proposed (Crompton et al., 1995) that essential Shak-B proteins are required for the
function of some embryonic mesodermal derivatives and that the higher levels of
hybridisation (described above) to the brain and ventral ganglion suggests they may
also play a general role in CNS development, while the neural proteins endow a subset
of neurones with more specialised properties. It may be significant that both the
essential shak-B and unc7 transcripts are expressed when postembryonically derived
neurones are generated and extending processes (Starich et al., 1993; Crompton et al.,
1995). It is also known that I(])ogre has a role in the development and maintenance of

postembryonic neuroblasts (Lipshitz and Kankel, 1985; Singh et al., 1989).

Although many suggestions have been made the nature of the actual lethal defect
remains elusive. The theory that some of the Shak-B proteins whilst not actually being
the gap junctions may be associated with them, or have a role in membrane
stabilisation is suggestive. It requires more members of the OPUS family to be

| identified in Drosophila (and in other invertebrates), and a cellular location .
determined for the shak-B proteins to prove it. Only a few gap junction associated

proteins have been identified in Drosophila. For example Finbow et al., (1994) have
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identified the ductin component of gap junctions based upon its homology to

sequences from the Manduca sexta.

All three clones isolated from this laboratory are thought to be involved with the lethal

function that resides at the shak-B locus. An analysis of the alleles at this location

(Krishnan et al., 1995; Crompton et al., 1995) supports this. shak-B~* 1, a lethal allele,
has a 17bp deletion that removes the translation start site from the open reading frame
of both S2.2 and KE2. No alternative start sites are available for use by the mutant
protein. This implies that at least some of the proteins initiated from the vital
transcript isolated by Krishnan et al., 1995 (pas"im}); by S2.2 and by the KE2 start

sites are needed for a vital function in the fly.

1.3 19E and Other Drosophila Genomic Regions.

The shaking-B locus lies upon the border of a fascinating area in which the DNA
changes from the conventional X chromosome euchromatin to the B-heterochromatin
at the proximal X. Many studies have been carried out in this region not only to study
the many important loci situated here but also to determine the way that DNA changes
as it approaches the highly repetitive a-heterochromatin at the centromere (e.g.
Miklos et al.,|1984; 1988). From the viewpoint of studying the fly genome as a whole
e.g. studying the incidence of vital and non-vital genes; the occurrence of repetitive

DNA:ss; the study of this region is extremely important.

1.3.1 The Genomic Region Containing the shak-B Locus.

An estimated one and a half megabases makes up the 34 band interval in which the
shak-B locus lies, from the maroon-like locus at 19D3, to the suppresser of forked
locus at 20F2 (John and Miklos, 1988). This region is recognised as a transition zone
from the conventional euchromatin within subdivision 19 to the B-heterochromatic
sequences located in division 20. It is amenable to study and it is probably one of the
best characterised regions in the Drosophila genome as it has been the subject of
intensive genetic, developmental and cytogenetic analysis (Lifschytz and Falk,

1968;1969; Schalet and Lefevre, 1973; 1976; Lifschytz and Yakobovitz, 1978;
' Kramers et al., 1983; Eeken ef al., 1985; Zusman and Wiechaus, 1985; Lefevre and

Watkins, 1986; Miklos et al., 1987;,1988; Perrimon ef al., 1989a:b; Baird et al., 1990;

| Perrimon ef al.,(1989b) for review). This area contains several loci with proven and/or
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i putative neurological phenotypes such as runt (Kania ef al., 1990; Duffy and Gergen,

- 1991), uncoordinated, uncoordinated-like, shaking-B / Passover (Baird et al., 1990;
Krishnan et al., 1993;1995; Crompton et al., 1992; 1995), sluggish-A (Hayward et al.,
‘ 1993), stoned (Petrovich et al., 1993) and stress sensitive (Perrimon ef al., 1989b).

The o—heterochromatin which is located proximal to the suppresser of forked locus at
20F2, is not easily visible in polytene chromosomes at the light microscope level.
Electron micrograph studies however, have shown the central region that contains o
heterochromatin is a compact block which is almost completely devoid of activity as
regards RNA synthesis (Lakhotia and Jacob, 1974). This central region is surrounded
by a diffuse granular area (the B-heterochromatin) that appears to be as active in RNA
synthesis as conventional euchromatin. Thus it seems that the cytological
characteristics of the o~ and B-heterochromatin may reflect their transcriptional
properties (Miklos and Cotsell, 1990; Yammamoto ef al., 1990). The a-
heterochromatin has been shown to be principally composed of highly repetitive
simple DNA sequences such as satellite sequences (see below Section 1.4.1),
interspersed with moderately repetitive elements. Some of these sequences are
specific to single chromosomes whilst others are dispersed amongst all the
chromosomes (e.g. Miklos et al., 1984; 1988). The B-heterochromatin also seems to
be rich in repetitive sequences but it is not composed of significant amounts of the
major satellite DNAs (Miklos ez al., 1988). A large proportion of these repetitive
sequences are middle repetitive and have been shown to cross hybridise with
transposable elements (Yammamoto et al., 1990; see Section 1.4.2.1) whilst a
significant proportion have been shown to be other middle repetitive non-satellite
sequences (Young ef al., 1983; Donnelly and Keifer 1986, 1987; Miklos et al., 1988),
some of which are over represented relative to subdivisions 19E and F (Yammamoto
et al., 1990). A description of the major repetitive sequences described in Drosophila

and from this region is given below and in Chapter 4.

Euchromatin makes up only an estimated 50% of the mitotic length of the
chromosome and yet it contains 99% of the X chromosome loci (Hilliker et al., 1980a)
Many studies have looked at the gene frequency at the base of the X chromosome and
tried to relate this to the chromatin state. It appears however that the gene frequency of

B-heterochromatin is little different to normal euchromatin (Schalet and Lefevre,
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1973, 1976; Lefervre, 1981), whilst the a-heterochromatin has a reduced gene

frequency, this being approximately one gene every megabase of DNA (Hilliker et al.,
1980a)

A large number of the genes in the 19D - 20F2 region have been cloned or are in the
process of being so, e.g. unc, (Miklos et al., 1984); su(f), (Mitchelson and O’ Hare,
1991); I(1)B214, (Russell et al., 1992); sluggish-A, (Hayward et al., 1993); flightless-
1, (Campbell et al., 1993); stoned, (Petrovich et al., 1993). Several of these genes are
of interest from both a phenotypic and also a cytological viewpoint. The nearest distal
neighbour to shak-B is the runt locus, which is known to encode a novel DNA binding
protein that has been shown to have roles in a number of important events in the
Drosophila life cycle (e.g. Gergen and Butler, 1988; Kania et al., 1990; Duffy and
Gergen, 1991). Other loci e.g. extra-organs at 20A, are of interest from a cytogenetic
viewpoint as they contain a very large amount of non-repetitive single copy DNA
relative to some of the other single lethal complementation groups in this region

(Yammamoto et al., 1990).

1.3.2 The Numbers of Essential and Non-Essential Genes in Drosophila.

The genome of Drosophila melanogaster has been estimated to contain ca.
1.65x10%p of DNA, of which 40 megabases makes up the X chromosome
(Yammamoto et al., 1990). Estimates for the total number of genes in the 5059 bands
(Bridges, 1938) of the polytene chromosomes of the Drosophila genome have ranged
from 2500 to 6400 (see Lefevre and Watkins, 1986). Recent estimates making use of
an up to date compilation of Drosophila mutants (Lindsley and Zimm, 1992) and of
studies that have systematically saturated specific chromosomal regions for mutations,
suggests that there are in fact some 3600 genes that can be mutated to recessive
zygotic lethality, with up to a further 900 genes required for an essential function
during oogenesis or spermatogenesis. This latter figure may be an overestimate as
Perrimon and Mahowald (1986) estimated the number of essential loci needed for
oogenesis at about 50. The difference between the two figures is due to the
assumption that sterility mutants are only required for gameteogenesis. In fact it is
known that a large percentage of them are alleles of lethally mutable loci. Thus this
figure of 4500 essential genes in Drosophila is probably a maximum (Brizuela et al.,

1994).
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1.3.3 Number of Transcripts in Other Regions of the Genome and at 19E3.

It has been estimated that there are between 10 000 and 14 000 different RNA
transcripts encoded by the Drosophila genome (Turner and Laird, 1973; Levy and
McCarthy, 1975; Levy et al., 1975; Levy and Manning, 1981) thus suggesting that
more than half of the genes in Drosophila may be non-essential. The differences in the
numbers of essential genes and the number of different RNA transcripts has also been
noted in studies that have characterised chromosomal regions at the molecular level.
For example the ace - rosy walk at subdivision 87DE contains 11 essential genes (plus
the non-essential rosy gene) and encodes 43 transcripts in a region of 315kb (Hilliker
et al., 1980; Spierer ef al., 1983; Hall et al., 1983; Bossy et al., 1984). The el-

noc complex walk contains only one essential gene and four other non-essential ones
in 250kb (Davis et al., 1990). The bramha walk at subdivision 72AB contains 5
essential genes and 14 transcripts in a region of 50kb (Brizuela et al., 1994). The
dunce walk at subdivision 3C11-12 contains 5 different transcribed regions belonging
to the dunce locus, which encode a minimum of eight transcripts. There are also at
least seven other transcription units that exist within introns of the gene (Qiu and
Davis, 1993; Furia et al., 1993). Over half of the genes located in a 170kb walk at the
26A region, have been shown to be non-essential insofar as they were not identified in
saturation screens for recessive lethals using standard genetic methods (Knipple e? al.,
1991). A locus near to shak-B, I(1)B214 at 19F1-2 has also been characterised at the
molecular level and has been show to contain one lethal gene and at least eighteen
different polyA* RNA species in 50kb (Russell et al., 1992). This compares with one
essential gene at 19E3 which encodes at least five transcripts (Crompton et al.,
1992;1995; Krishnan et al., 1993;1995) with a further eleven transcribed regions
surrounding it, six of which are known to encode at least eight transcripts (this study,

Table 5.1).

1.4 Repetitive DNA Characterised in Chromosomal Walks in Drosophila.

A number of chromosomal walks have been carried out in Drosophila from which
repetitive DNA cloned in the walks has been characterised to at least some degree.
The walks that have cloned uncoordinated (unc) at 19E8 (Healy et al., 1988,1990);
suppresser of forked (su{f}) at 20E / F (Mitchelson et al., 1993; Langley et al., 1993)
and [(1)B214 at 19F1-F2 (Russell et al., 1992) on the X chromosome, and, for
example the light gene at 40C-40F on chromosome 2L (Devlin et al., 1990a, b); have
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all identified and, to at least some extent, partially characterised repetitive sequences
within their respective walks. About 72kb, of the 80kb of sequence encompassing the
It gene, consists of middle repetitive sequences (Devlin et al., 1990a). The remaining
8kb of single copy sequence correlates well with exonic regions. A similar situation
exists in the su(f) region where every recombinant phage clone isolated contained
repetitive sequences and where the single copy sequences correlated well with the
su(f) exons (Mitchelson et al., 1993; Langley et al., 1993). The region containing the
unc gene does not contain as many repetitive sequences (Healy et al., 1988) and
although the relationship between the repetitive sequences and the unc transcripts has
yet to be reported, it is known that both unique and tandemly repeated sequences exist,
separated by a member of a highly repeated sequence family part of which is

homologous to the ribosomal type I insertion sequence (Healy et al., 1988).

Other walks, which have cloned large areas of euchromatin, are either free of
repetitive DNA or contain fewer repetitive regions than those identified in walks near
to centromeres. For example the 315kb of DNA that was isolated in 23 overlapping
- phage clones in the ace-rosy walk (Bender et al., 1983a) was shown to contain two
mobile elements and only a few moderately repetitive elements, between which there
was considerable sequence divergence (Hall ef al., 1983). Similar situations were
shown to exist in the bithorax-complex walk (Bender et al., 1983b; Hall et al., 1983);
in the achaete-scute complex (Campuzano et al., 1985), and in the el noc complex
(Davis et al., (1990) and T. Davis personal communication). Only a small number of
genomic phage clones in these walks contained repetitive DNA. This paucity of
repetitive sequences within euchromatic walks does not hold true for every region. A
200kb walk carried out at 3B2-3C2, to clone the white locus (Pirrotta et al., 1983),
contained a large number of repetitive elements (16% of the microclones obtained
from a microdissection of the region were repetitive as judged by reverse Southern
analysis). A large number of these sequences were homologous to transposable
elements e.g. BI04, copia, and 412, (Pirotta et al., 1983). However, this region, may
be exceptional as the proximal end of the walk flanks a region with the characteristics
of what was previously termed ‘intercalary heterochromatin’ . Intercalary
heterochromatin is a highly repetitive area that is under-replicated in polytene
chromosomes and that can undergo ectopic pairing). Another feature of intercalary

heterochromatin (increased susceptibility to X ray induced chromosomal breakage and
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reunion) is probably not only associated with repetitive DNA but may also occur
within Jong stretches of single copy DNA. Other walks also located close to regions
that used to be classed as ‘intercalary heterochromatin’ are also more repetitive than
ones situated in euchromatin e.g. Kruppel (Preiss et al., 1985) and lethal (2) giant
larvae (Mechler et al., 1985). Due to their association with ‘intercalary

heterochromatin’ these walks are probably not typical of euchromatin.

1.4.1 Repetitive DNA at the Base of the X Chromosome in Drosophila
melanogaster.

The repetitive DNA found at the base of the X chromosome in Drosophila

melanogaster, can be divided into three main classes. These are highly repetitive

sequences e.g. satellite DNAs; moderately repetitive sequences e.g. transposable

sequences; and short repetitive sequences such as the opa repeat. Within the first two

groups there are four subgroups which are summarised below.

1.4.2 Highly Repetitive Simple Sequence (Satellite) DNA.

Large amounts of repetitive DNA occur at the centromeres and telomeres of
Drosophila chromosomes. Hundreds to many thousands of copies of a repeating unit
may be found within one chromosomal region. These long tandem arrays of repeated
sequences frequently form separate ‘satellite’ bands when total DNA is centrifuged to
equilibrium on density gradients (Peacock et al., 1973 and Endow et al.,, 1975). In
Drosophila melanogaster these satellite bands fall into four distinct buoyant density
classes 1.672, 1.686, 1.688 and 1.705gml'1 in CsCl. They have now also been
distinguished by the length and the nucleotide sequence of the repeat unit (Peacock et
al., 1977; Endow et al., 1975; Sederoff et al., 1975 and Carlson and Brutlag 1977).
Satellites are amongst the last DNA segments to be replicated in S phase and are often

under represented in polytene chromosomes when compared to other DNA sequences.

Each Drosophila species has a distinctive set of centromeric satellites (Endow et al.,
11975). Drosophila melanogaster possesses four different major satellite families with
at least fourteen other minor families of highly repeated satellite DNA (Lohe and
Brutlag, 1986). Satellite I contains two simple and closely related domains, with one a

pentameric and one a heptameric repeat unit, (5’ -[AATAT]p-3” and 5 -

[AATATAT]p-3’). About 80% of Satellite II is composed of a tandem repeats of a
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decamer (5’ -[AATAACATAG]p-3"). Satellite IV, like satellite I, includes both a

pentameric and a heptameric domain which posses an obvious relationship to satellite

L (5’ -[AAGAG]p-3’ and 5’ -[AAGAGAGI]p-3 ') whereas Satellite III has a unique

structure. It has a repeat length of 359 base pairs (bp) with there being an estimated
16,000 copies of the repeat of the Satellite IIl monomer (Hsieh: and Brutlag, 1979).
The chromosomal locations of these satellites differ from one another as is shown
when satellites were hybridised in situ to polytene chromosomes (Steffenson et al.,
'1981). Satellite I and IV sequences can be found in all centromeres though specific
locations differ between them as does the number of repeats. Satellite ITI hybridises to

only the X and Y chromosome centromeres.

1.4.2.1 Functions of Heterochromatin.

For many years the heterochromatin was thought of as merely junk DNA with few
genes and no detectable function. The primary reasons for this were; firstly there was
no phenotypic effect (and thus no ascribable function) which could be observed
following the deletion of satellite DNA: Drosophila mutants that lack all or most of
their centromeric heterochromatin survive and seem to function well (Hilliker,) 1982):
Secondly, there is substantial freedom for satellite DNA to adopt quite different
primary sequences even in closely related species e.g. Drosophila melanogaster and
Drosophila virilis (Endow et al., 1975). This suggests their is little reason to preserve
any particular sequence. Thirdly, the amount and sequence organisation of a
centromeric satellite can vary extensively even amongst individuals of the same
species, for example the o-satellite of humans (Waye and Willard, 1985). It is only
comparatively recently, that work has suggested that there may actually be important
functions for the tandem repeats in heterochromatin of Drosophila melanogaster.
Pairing of chromosomes at meiosis has been shown to require homology between the
240bp spacer which is present in several tandemly repeated copies in the intergenic
spacer. This is a region of DNA that separates each of the rDNA repeats (McKee and
Karpen, 1990; Mckee et al., 1992). One copy of the 240bp spacer can significantly
rescue X-Y pairing, however proper recognition and segregation improves with
increased numbers of it. Thus it has been suggested that the ability of heterochromatin
to maintain a high copy number of dispersed repetitive elements maybe an
evolutionary response to such additive features. Meiotic segregation of the rest of the

chromosomes has also been shown to be dependent upon repeated sequences in the
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pericentric heterochromatin (Hawley et al., 1992 ). These sequences are responsible for
the co-orientation of the homologues for correct meiotic segregation. This may define

a general role for heterochromatin (Irick, 1994).

The Responder locus (Rsp) of the Segregation Distorter (SD) system has also been
shown to depend upon heterochromatin. Haploid spermatids with a sensitive allele of
Rsp abort, without producing functional sperm, when in the presence of trans-acting
products of the dominant Segregation distorter (Sd) and / or the Enhancer of
Segregation distorter [E(SD)] loci (Temin et al., 1991). Sensitivity is known to be
correlated with the copy number of a 240bp repeat unit in centromeric
heterochromatin of chromosome 2R. Mechanisms of action put forward to explain
how these loci work include the repeats forming a binding site that in the presence of
Sd or the E(SD) products, causes a failure in normal chromosomal condensation
(Ganetzky, 1977). Cis-acting elements in the proximal heterochromatin have also
been implicated in the regulation of precocious X chromosome inactivation, a process
that is thought to be necessary for normal spermatogenesis (Rhaman and Lindsley,
1980). The regulation and / or function of several other genes are also probably
intimately linked with heterochromatin e.g. the Mst40 sequences at polytene

subdivision 40 on chromosome 2L (Russell and Kaiser, 1994).

Other work involving the rolled locus and five other heterochromatin linked genes on
2R, has suggested that at least some loci located in the heterochromatin are peculiar in
that they need a heterochromatic environment to function correctly. It has been
suggested that although the specific sequence of satellite DNAs can be very variable,
the sequences themselves are unimportant other than to create the correct genomic
environment for genes like rolled (Eberl et al., 1993) and the light gene on
chromosome 2L to function (Devlin et al., 1990a, b) i.e. the factors controlling gene
expression efc. may need a hetrochromatic enviroment to work. Thus satellite DNA
sequences function to create heterochromatin. Why genes like rolled and light need a
heterochromatic environment or why they evolved this need in the first place is

unknown.
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1.4.3 Middle Repetitive Sequences

1.4.3.1 Transposable Elements in Drosophila melanogaster.

Evidence suggests that most dispersed repeated DNA sequences in Drosophila are
transposons (Young 1979) and it has been estimated that these sequences make up
approximately 10% (1.6x10%bp ) of the Drosophila genome (Manning et al., 1975).
As many as fifty transposable element families have been estimated to exist in
Drosophila melanogaster (Finnegan and Fawcett, 1986), and a single individual may
contain up to 50 transposon families with an average of 50 copies. Recent studies
suggest that this may be an overestimation of the number of element families as
recently isolated elements share identity with previously characterised identified
transposable elements. e.g. Sancho 1, Sancho 2, jockey and wallaby are probably the
same element (Mizrokhi et al., 1988; de Frutos et al., 1992). The wide range of
transposable elements can be subdivided into distinct classes, each reflecting their

mechanism of transposition and their organisation in terms of repeat structures.

All eukaryotic transposable elements may be divided into two classes based on their
transposition mechanism (Finnegan 1989). Two groups of element fall into Class I:
both Class 1 groups transpose via RNA intermediates and encode a reverse
transcriptase and are termed retroelements. One type are flanked by two long terminal
repeats (LTRs), which show strong similarity to retroviruses. These retroelements are
termed retrotransposons. The second group of Class I elements lack terminal repeats
and strongly resemble the L1 family of elements found in mammalian genomes
(Brookfield, 1993), they are termed retroposons. Only a few retroposon families have
been identified in Drosophila melanogaster. e.g. F elements (Dawid et al., 1981); G
elements (Di Nocera and Dawid 1983); I elements (Fawcett et al., 1986) and jockey
(Mizrokhi et al.,l‘ 1988), whereas many well characterised retroelement families have
now been described e.g. 412 (Will et al., 1981); mdgl, (Ilyin et al., 1980b); mdg3,
(Tlyin et al.|1980c ); 297, (Potter et al., 1979); mdg4(gypsy), (Bender et al., 1983a;
Llyin et al., 1980d); copia, (Mount and Rubin 1985) and B104 / roo (Scherer et al.,
1981,1982; Mererowitz and Hogness, 1982). Many retrotransposons are known to
undergo some form of developmental regulation of gene expression, such as the
elements 297, 17.6 ,copia, 412 and mdgI. The latter three elements share a similar
expression pattern throughout development, with high expression at embryo and pupal

stages and lower at the adult stage. Cavarec and Heidmann (1993) have identified a
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region within copia which appears to be capable of binding homeoproteins, (which are
responsible for many developmentally regulated stages of gene expression in
Drosophila), Other studies have shown that copia expression is indeed affected by the
presence of various homeoproteins. This regulatory region is found downstream of the
LTR, between the enhancer and the LTR, which is a region where the regulatory
sequences are known to lie in most retrotransposons (e.g. Parkhurst and Corces,

1987). The retrotransposons are thought to make up approximately 1.8% or 2.8x10°
bp of the Drosophila melanogaster genome (Zachar and Bingham, 1989).

Class II elements can be divided into two groups also, both groups transpose directly
from DNA to DNA. Only a few members of the Class II families have been described
in Drosophila melanogaster. These include the hybrid dysgenesis determinants P and
hobo which have short inverted repeats at their termini. A second group of Class II
elements are internally repetitious and posses long terminal inverted repeats, these

include the fold-back (FB) elements.

1.4.4 Clustered Scrambled Repeats of Drosophila melanogaster.

This type of repetitive DNA has been shown to occur some 15 times in the
Drosophila genome (Wensink et al., 1979). In organisation it consists of a complex
arrangement of short moderately repetitive elements that are densely spaced in large
clusters. Each cluster therefore has a scrambled arrangement of a subset of elements

from some larger population.

The sizes of identified clusters range from 3kb (e.g. pDM1, Wensink ez al., 1974,
Wensink, 1978) to 15kb (Wensink et al., 1979). The size of the internal repeated
regions varies from 100bp to 1000bp with an average of ca. 200bp and these have
very different arrangements across the clusters as a whole, being repeated both within
the same cluster and between different clusters. It is estimated that copies of the
internal regions from within one clustered scrambled repeat are scattered in at least
1000 chromosomal regions (Wensink et al., 1979). An estimate of the minimum
number of internal repeated regions necessary to account for the observed homologies
between different regions of the clustered scrambled repeats is 52 though this was

reported to be a very conservative estimate.
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The clusters themselves are scattered across the genome, being found in both
euchromatic and heterochromatic locations. They have been shown to be present in
several previously characterised regions of Drosophila DNA such as one of the
heatshock genes (Livak et al., 1978) and in the cDm412 clone that contains the mobile
element 412 (Finnegan et al., 1978; Potter et al., 1979). The homology with the 412
element occurs both within and without the element itself, and this observation may
suggest the source of the clusters. If transposable elements were to transpose into each
other (which is thought to be a relatively common event e.g. Dawid et al., 1981;
Scherer et al., 1982; Di Nocera and Dawid, 1983; Young et al., 1983) then when
internal deletions occur the result would be a cluster of small fragments of moderately

repetitive DNA.

1.4.5 Short Repetitive Sequences in Drosophila melanogaster.
The Drosophila genome contains short repetitive sequences that are often but not
exclusively located within transcribed genes (McGinnis ef al., 1984; Wharton et al.,

| 1985; Haynes ef «" "; Magoulas and Hickey, 1992). One class of short DNA repeats
are those that encode polyamino domains and which are found predominantly within
developmentally regulated transcripts. This class of repetitive DNA comprises distinct
families of repeats such as the opa repeat (see Section 6.5.1.4) consisting of CAG and
CAA triplets which encode a polyglutamine domain (Wharton et al., 1985); the pen
repeat which is rich in GGN triplets and encodes a glycine-rich domain (Haynes et al.,
1987); the PRD repeat encoding a sequence of CA(T/C)CCG, which is translated as
histidine - proline repeats (Frigerio et al., 1986) and the ala repeat consisting of GCN

triplets which encodes a polyalanine rich domain (Magoulas and Hickey, 1992).

1.4.5.1 The opa Repeat.

The opa repeat (also known as the strep repeat) was originally identified in the Notch
gene of Drosophila melanogaster. As mentioned above the repeat consists of a
(CAX)p repeat, where n is normally less than 30 and where X is either an A or G and
very occasionally a C (Steward, 1987). It is found in a large number of
developmentally regulated genes in Drosophila e.g. Antennapaedia (Laughton et al.,
1986-unpublished data); twist (Thisse et al., 1988 ); single-minded (Crews et al.,
1988), hunchback (Tautz et al., 1987) and Notch Kidd et al., (1983); Wharton et al.,
(1985); Kidd et al., (1986 ). The opa repeat has also been found in a large number of
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other organisms such as humans (e.g. the androgen receptor gene [Lubahn et al.,

1988 1 and in mice e.g. the Mop repeats (Duboule et al., 1987). Work using opa repeat
containing fragments as probes on both Drosophila and murine Northern blots has
shown a high degree of cross-hybridisation with many different size-classes of polyA"
RNA. This has also been demonstrated with various cDNA libraries, where over a
third of recombinant clones were shown to contain opa repeats (Duboule et al., 1987;
Wharton et al., 1985). In transcripts the repeat has been found in the 3’ or 5’
untranslated regions as well as in open reading frames where it tends to encode a
polyglutamine domain (e.g. Wharton et al., 1985; Grabowski et al., 1991). It appears
that most, if not all, of the messages in which the opa repeat is found, are
developmentally regulated (Duboule et al., 1987). This finding has led to suggestions
that there may possibly be an (unidentified) role for the repeat in transcripts. However,

studies in which the opa repeat was deleted from the Notch gene (Lieber et al., 1993)

argue against this, as these studies could detect no phenotypic variation in Notch opa’
flies suggesting that the repeat may not have a role (at least in the Notch gene), or that
if it does, it may have a subtle phenotype. The origin of the opa repeat within
transcripts is also a matter of controversy. It is possible that the genes containing opa
repeats all evolved from a common ancestor which now has many different roles and
functions (Scott and Carroll, 1987). From an evolutionary point of view however, and
bearing in mind the large numbers of very different genes which contain opa repeats

this seems to be unlikely although it cannot be ruled out.

The significance, of these repetitive sequences in either protein function (if they are
translated) and / or evolution is unknown. As they are found in a large number of
developmentally important transcripts, and indeed have been used as a means of
isolating novel developmentally regulated genes from Drosophila (Magoulas and
Hickey, 1992), it would seem logical to assume some function for them. The number
of repeats however can vary quite considerably within the same gene in different
populations e.g. 5-30 copies of opa repeat exist in Notch (Wharton et al., 1985). They
can also be eliminated from coding regions with no apparent phenotypic effects on the
fly. They can also occur in non-coding DNA (Section 1.4.5.1). It may be that short

repetitive regions in genes have no function or one that is not readily detectable.
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Chapter Two



Chapter Two - Materials and Methods.

2.1 Materials.

2.1.1 Chemicals and Biochemicals.

General chemicals of analytical reagent grade were obtained from BDH Ltd., Poole,
U.K.; Boehringer Mannheim, Lewes, U.K.; Formachem Ltd, Strathaven, U.K.; FSA
Laboratory Supplies, Loughborough, U.K.; Koch-Light Ltd, Haverhill, U.K.; May and
Baker, Dagenham, U.K..

Ampicillin, dithiothreitol (DTT), ethidium bromide, Ficoll, Mops buffer, benzamidine
hydrochloride, bovine serum albumin, Tris buffer, Triton X-100, sodium dodecyl
sulfate (SDS) and diethyl pyrocarbonate (DEPC) were obtained from Sigma (London)
Chemical Co., Poole, Dorset, U.K..

Acrylamide, ammonium sulphate (enzyme grade), hydrochloric acid (HCL, Aristar),
2-mercaptoethanol, N,N'-methylenebisacrylamide, N,N,N',N'-tetramethylenediamine

and ATP, were obtained from Boehringer Mannheim, Lewes, U.K..

Bromophenol blue and caesium chloride were obtained from BDH Chemicals Ltd.,

Poole, Dorset, U.K..

Xylene cyanol was obtained from IBI Ltd., Cambridge, U.K..

Agarose, 5-bromo-4-chloro-3-indoyl-B—galactoside (X-gal), isopropyl-B—
thiogalactoside (IPTG), phenol (ultrapure) and urea (ultrapure) were obtained from
Gibco, BRL Ltd., Paisley, U.K..

Bactotryptone, yeast extract and bactoagar (agar) were obtained from Difco, Detroit,

USA. Oxoid No.1 agar and trypticase soy broth were obtained from Oxoid Ltd.,
London, UK..

[0-32P]CTP and [%-**S]-dATP (code SJ.304) were obtained from Amersham

International plc., Amersham, U.K..
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The Sequenase version 2.0 sequencing kit was obtained from United States

Biochemical Corporation (distributed by Cambridge BioScience, Cambridge, U.K.).

All other chemicals were of analytical reagent grade and were obtained from one of
the following suppliers: BDH Ltd., Poole, U.K.; Formachem Ltd., Strathaven, U.K.;
FSA Laboratory Supplies, Loughborough, U.K.; Koch-Light Ltd., Haverhill, U.K..

2.1.2 Enzymes.

All restriction enzymes, T4 DNA ligase and T4 Polynucleotide kinase were obtained
either from BRL, Gibco Ltd., Paisley, UK., or from Promega Ltd, Southampton, U.K..
Ribonuclease A (RNase A) and Lysozyme was obtained from Sigma (London)
Chemical Co., Poole, Dorset, U.K.. Alkaline phosphatase (calf intestine) was obtained

from Boehringer Mannheim, Lewes, U.K.

2.1.3 Chromatography Media.
Sephadex G-50 was supplied by Pharmacia, Milton Keynes, U.K.

2.2 Methods.

2.2.1 pH Measurements.

All pH measurements were made with a Corning pH meter 240 probe calibrated at
room temperature using standards of pH7.0 and pH4.0 prepared from tablets obtained

from the manufacturer.

2.2.2 Distilled Water.

Glass distilled water stored in polythene containers was used in all experiments.

2.2.3 Dialysis Membranes.
Dialysis Membranes were obtained from Scientific Instruments Centre Ltd., London
and were boiled for 5 minutes in 1% (w/v) EDTA;pH7.0, stored in 70% ethanol and

rinsed in distilled water prior to use.

2.2.4 Spectrophotometric Determination of Nucleic Acid Concentrations.
| Nucleic acid concentrations were determined spectrophotometrically at 260nm and at

i 280nm to check for contamination. (Sambrook et al., 1989). In a 1 cm path length
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|
quartz cuvette an absorbance of 1.0 corresponds to 50ug mi™. for double stranded

‘ DNA, 40pg mi™ for single stranded DNA and approximately 20pug ml” for single

stranded oligonucleotides.

2.2.5 Sterilisation.

Solutions for the preparation of growth media and solutions used in manipulation of
nucleic acids were autoclaved at 120°C for 15 minutes, with some supplements and
buffers being autoclaved at 108°C for 10 minutes. Because of their probable heat
lability, ampicillin and IPTG were sterilised by filtration through 0.22um pore-sized
Millex G.V. filters (Millipore Ltd., U.K.) into sterile bottles.

2.2.6 Gel Drying and Autoradiography.

Polyacrylamide gels were dried onto Whatman 3MM paper using an ATTO RapidDry
Gel Drier connected to a HOWE Refrigerated Solvent Trap and a Brook Crompton
Parkinson multi-purpose vacuum unit. >2P or **S in polyacrylamide gels or on filters
was detected by exposure to either Amersham Hyperfilm or Fuji RX X-ray film using
intensifying screens at -70°C. **S was detected by exposure to film in the absence of
intensifying screens at room temperature. Films were developed by a X-OMAT

Automatic Film Processor Model Compact X2, (X-Ograph Ltd.).

2.2.7 Pre-flashing of Autoradiography Film.

This was performed as described by Hahn (1983) and the manufacturers (Amersham
and Kodak). It was done to linearise the response of the film to radioactive signal
intensity. Where differing films were used then all film was calibrated to give the
same linear response to signal intensity. Pre-flashing was performed by flashing the

film at a distance of two metres, one to three times with a flashgun (Hanimex X 140)

covered with a Wratten Filter NQ 23A (red) and variable layers of semi-transparent
material (autoclave tape). The film was then developed under standard conditions
(Section 2.2.6) and cut into strips which were then analysed spectrophotometrically.

The film gave an o/d reading of 0.05 Abs units at 650nm as recommended.
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2.2.8 Buffer Solutions.
2.2.8.1 Electrophoresis (DNA).

10X TBE Buffer: 0.9M Tris-borate,
0.02M Na,EDTA.2H,0,
50X TAE Buffer: 2M Tris-acetate,
0.05M Na,EDTA.2H,0,

pH was adjusted to 8.2 with acetic acid.

1X Alkaline Electrophoresis Buffer: 0.05M NaOH,

0.01M EDTA;pH8.0,
Single colony gel Buffer: 2% Ficoll,
(in 1X TBE buffer) 1% SDS,

0.1% Bromophenol Blue,
0.1% Orange G.

Loading Buffer: 10% Ficoll,
(in 1X TBE buffer) 0.1% Bromophenol Blue,
0.1% Orange G.

[d1] '
Alkaline Loading Buffer: 18% Ficoll,
0.15% Bromocreosol Green,
0.25% Xylene Cyanol FF in 0.3M NaOH,

6mM EDTA;pHS8.0.
2.2.8.2 Electrophoresis (RNA).
10X MOPS: 0.2M Morpholinopropanesulphonic acid,
(adjusted to pH 7.0 with NaOH) 80mM NaAc,

10mM NaEDTA,
MMF: 50% Formamide,

6% Formaldehyde,

0.1M MOPS.
Formaldehyde gel loading buffer: ~ 50% Glycerol,

ImM NaEDTA,

0.4% Bromophenol Blue,

0.4% Xylene Cyanol

2.2.8.3 DNA Manipulation.
Restriction and Ligation buffers were obtained from Gibco, BRL Ltd., Paisley, U.K.

ATP stock solution (100mM): 60mg rATP in 0.8ml distilled water, pH adjusted to 7.0
with 0.1M NaOH and made up to 1ml with sterile water (Stored at -20°C).
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TE Buffer:
(pH to 7.0)

10X Klenow Buffer:

(Stored at -20°C)

Nick Translation Buffer:

10X Kinase Buffer:;
(pH to 7.6)

10mM Tris,
1mM EDTA.

0.5M Tris,
0.1M MgSO;,,
ImM DTT,

500pg mlI” bovine serum albumen.

as 10X Klenow Buffer.

100mM KCl,
70mM MgCl,,
5mM DTT

2.2.8.4 DNA and RNA Hybridisation Buffers.

20X SSC:
(pH to 7.0)

20X SSPE:
(pHto 7.4)

Denaturing Solution:

Neutralising Solution:

(pH to 8.0)

Denhardts Solution:

Sonicated Salmon Sperm DNA: A 10mg ml™ solution was prepared by dissolving
dried salmon sperm DNA (Sigma (London) Chemical Co., Poole, Dorset, U.K.), by
vigorous mixing overnight. This was then treated for 7 minutes with a Brandon

Ultrasonic Processor (Model B-15) in a DAWE Acoustic Booth. Typically the DNA

3M Na(Cl,
0.3M NaCitrate

3.6M NaCl,
200mM NaH,POy,
20mM EDTA,

1.5M Na(l,
0.5M NaOH.

1.0M Tris,
1.5M NaCl,

0.2mg ml™ BSA,

0.2mg ml™ Ficoll-400,
0.2mg ml™ Polyvinyl pyrolidone.

was sheared to lengths between 200 to 1000bp.
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2.2.8.5 DNA / RNA Extraction, Purification and General Purpose Buffers.
Phenol: All Phenol used in the purification of DNA and RNA contained 0.1% 8-
hydroxy-quinolene and was buffered against 0.25M Tris HCI;pH 8 for DNA work, or
buffered against water for use with RNA to give a solution of pH 5-6

Chloroform: A mixture of chloroform and isoamyl alcohol (24:1) was used to reduce

foaming during extraction and improve phase separation of the aqueous and organic

phases.
Phage Buffer: 0.1M Na(l,
0.017M MgSO,,
2% gelatine,
ImM Tris (pH 7.5)
Birnboim Doly Buffer I: 50mM Glucose,
25mM Tris,
10mM EDTA (pH8.0).
Birnboim Doly Buffer II: 0.2M NaOH,
1% SDS
Birnboim Doly Buffer III: 5M KAc (pH4.8),

made by mixing equal volumes of 3M CH3COOK and CH3;COOH.

1X Phosphate Buffered Saline (PBS):0.13M NaCl,
2mM KCl,
7mM Na2HPOy,,

3mM KHPO,,

Trichloroacetic Acid (TCA) 100% (w/v) Solution: 500g TCA plus 227ml distilled

water

2.2.8.6 Mounting Media.

Gelatin / Glycerol Mountant was prepared as described by Ashburner (1989). 7g of
gelatin (Merck no. 4078) was allowed to swell in 42ml of dH,0 for several minutes
and then dissolved by placing in a beaker of boiling water. 50ml of glycerol was then
added along with a crystal of phenol to act as a bactericide. The mix was stored at 4°C

when not required and remelted at 45°C for use.
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2.3 Microbiological Techniques.
2.3.1 Plasmid and Bacteriophage Vectors used in this Study.
2.3.1.1) Bacteriophage Vectors.

The bacteriophage vectors used throughout this study are described in Table 2.1a.

2.3.1.2) Plasmid Vectors.
The plasmid vectors used throughout this study are described in Table 2.1b.

2.3.1.3 Bacterial Strains.
All bacterial strains are derived from Escherichia coli K-12 and are described in Table

2.2

2.3.1.4 Recombinant Clones.
The recombinant plasmids and bacteriophages used, including those constructed in

this study are described in Tables 2.3 and 2.4.

2.3.2 Escherichia coli Growth Media: (Sterilised by autoclaving at 15 p.s.i. for 25
minutes):

L-Broth- (per litre) Bactotryptone 10g
Yeast extract S5¢g
NaCl 10g
(+5ml 20% (w/v) glucose)
pH to 7.5 with NaOH
L-Agar-(per litre) As for L-broth, plus 15g Difco-agar.
2xTY-Medium- (per litre) Bacto-tryptone 16g
Yeast extract 10g
NaCl 5g
NZCYM Medium-(per litre) NZ amine 10g
NaCl S5g
Bacto-Yeast extract 5g
casamino acids lg
MgS0,4.7H,0 2g
pH to 7.0 with 5SM NaOH
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NZCYM Agarose Overlay: As for NZCYM Agar with the addition of 2.5g
MgS04.6H,0 before solidification with 6.5g Agarose (type 1 low EEO A6013)

2.3.3 Selection Supplements.

The following supplements were added to rich media to select and identify
recombinant organisms.

(a) Antibiotics. Ampicillin (Amp) was used at a final concentration of 100ug ml. A
stock solution of 100mg ml™ was filter sterilised and stored at +4°C. Tetracycline
(Tet) was used at a final concentration of 12.5ug ml™. A stock solution of 12.5mg ml
in ethanol was prepared and stored at -20°C. Hot L-agar was cooled to 55°C before
antibiotics were added. L-Amp plates were stable for at least 4 weeks if stored at 4°C.
(b) Chromogenic Substrates. X-gal and IPTG were used at a final concentration of
20mg ml™. A stock solution of IPTG of 20mg mI™ was filter sterilised and stored at -
20°C. A stock solution of X-gal (20mg ml™') was made up in DMF and stored at -
20°C.

2.3.4 Growth of Bacteria.

Liquid cultures for transformation or plasmid or phage DNA preparations were
routinely grown in L broth at 37°C with vigorous shaking. Plate cultures were grown
at 37°C on L-agar with antibiotics added as required. 20ml of media in a 40ml boiling
tube was inoculated from a loop of a single colony from a plate or from 10l of a
glycerol stock. 100ml of media in a 250ml conical flask was inoculated with SO0 of
an overnight 10ml L-broth culture. When plating bacteriophage, phage particles were
mixed with plating cells and incubated at 37°C for 20 minutes to allow the phage to
adsorb to the bacteria. This suspension was then added to 7ml of cooled NZCYM
agarose overlay then poured onto hardened NZCYM agar plates. After setting the

plates were inverted and incubated at 37°C.

2.3.5 Measurement of Growth.

Bacterial cell density was measured as an apparent absorption at 600nm. The
measurements were carried out in 1 cm light path cuvettes using a Beckman DU-50
series spectrophotometer (Beckman Instruments Ltd., U.K.) equipped with a digital
read out. If necessary, the culture samples were diluted 1:10 to give an absorbance of

less than 0.5.
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2.3.6 Harvesting of Bacteria
Cells were harvested by centrifugation at 8,000 rpm for 15 minutes at 4°C in a

Beckman JA 14 (6x250ml rotor).

2.3.7 Storage of Bacterial Strains.
Bacterial strains were stored on L-agar slopes at room temperature, or in 50%

LB broth, 40% glycerol at -20°C.

2.4 Fly Husbandry.

All fly stocks were maintained and grown at either 18°C or 25°C, in vials or if large
numbers of flies were required in plastic half pint bottles. New stocks were placed in
quarantine for one month to ensure they were disease and mite free. All strains were
tested against lethal loci to ensure the mutation had been maintained before use and at

approximately six monthly intervals.

2.4.1 Drosophila melanogaster Growth Media.

Normal Fly Food (per three litres)  Agar 30g
Sucrose 45g
Glucose 90g
Dried Yeast 105g
Maize Meal 45g
Wheat Germ 30g
Treacle 90g
Soya Flour 10g
Water 3 litres

The constituents were mixed together and stirred until boiling, simmered for 15
minutes and then allowed to cool. After cooling, 30ml 10% Nipogen and Sml
propionic acid were added and then the food was poured 2-3 cm deep into plastic half

pint bottles. These were then stored at 4°C for up to four weeks.

Rich Larval media (per three litres) Glucose 300g
Dried Yeast 300g
Agar 60g
Water 2 litres

The constituents were mixed together and boiled for 5 minutes before adding the
remaining 1000ml of water. After cooling 30ml 10%| Nipagen and 5ml propionic acid
were added and then the food was poured 2 cm deep into plastic Tupperware boxes.

These were then stored at 4°C for up to eight weeks.
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Grape Juice Agar (per five litres) ~ Agar 99¢g

(for embryo collections) Glucose 261g
Sucrose 130g
Dried Yeast 35g
Grape juice 444ml
Water 4 litres
1.25M NaOH 118ml
Nipogen 50ml

The constituents were mixed together and heated until boiling and then allowed to
simmer for 30 minutes. The mixture was then allowed to cool before the addition of
the Nipogen and then poured into petri dishes of the appropriate size to a depth of 0.5

- 1.0cm. It was then stored at 4°C for up to eight weeks.

2.4.2 Fly Strains.

The wild-type fly strains used in the course of this study were Oregon-R (OrR);
Canton-S (CS) and Sierra Leone (SL), (Lindsley|and Zimm, 1992). See Tabl@es 2.5 26,+
2.7 and 2.8 for mutant strains. The CS, OrR and the mutant strains have becﬁ

maintained at Glasgow for six years whereas the Sierra Leone strain has been

maintained here for eighteen months (K.O'Dell, pers. comm.).

2.4.3 Tissue Collection.

The tissue collected for nucleic acid preparations needed to be staged i.e. of a known
age. Before collections were started all fly strains were checked by crossing to
neighbouring lethal complementation groups or to deficiencies and duplications. F1
progeny were collected. For deficiency stocks heterozygous females were collected,

for duplication stocks male flies were collected (See Section 3.3.1 for explanation).

2.4.3a Embryo Collections.

Embryos were collected on grape juice agar plates at 25°C at three hourly intervals.
They were then aged at 25°C for an appropriate period. To ensure an even
representation of different stages across embryogenesis, embryos were collected and
aged to the following times, 0-3 hours, 3-6 hours, 6-9 hours, 9-12 hours, 12-15 hours,
15-18 hours and 18-22 hours. Equivalent amounts of tissue were then added to each
other to ensure no one time point was in excess. The embryos were isolated by

brushing them off the grape juice agar (Section 2.4.1) into a fine meshed sieve. After
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each collection the tissue was either snap frozen in liquid nitrogen and stored at -70°C
or homogenised by a polytron homogeniser in RNA isolation buffer (Section 2.11)

until the solution was required for RNA isolation.

2.4.3b Larval Collections.

L1 larvae were isolated by performing a 12 hour collection and then allowing the
embryos to age 24 hours at 25°C, thus the embryos when frozen were at mid-L1 stage
+/- 12 hours. No L2 larvae were collected. L3 larvae were collected in a similar way to

the L1s so the L3 tissue was at mid L3 +/- 12 hours.

2.4.3c Pupal Collections.

Pupae were collected as 3 batches completely covering pupation (early, mid and late
pupae). Pupae were first collected as prepupae (the first four hours of pupation
(Ashburner, 1989) by placing them in water and collecting those that sank. These
were then aged a further 24 hours and then placed in water again. Those that sank
were discarded and those that floated were collected and were therefore known to be
between 6 and 30 hours into pupation. This procedure was repeated and the pupae
were aged for a further 24 and 48 hours to give pupae aged between 24-48 and 48-72
hours into pupation. These were then combined with equivalent amounts of tissue
isolated from the other two time periods. This was to ensure RNA isolated from any
one time point was not in excess so RNA from the whole period of pupation would be

represented in approximately equal amounts.

2.4.3d Adult Collections.

Adults collected were typically 1-5 days old. Head and body tissue was collected
essentially as described by Ashburner,(1989).Adults were vortexed in liquid nitrogen
for one minute, to severe the neck and the head and body were then separated from
each other and from wings, legs etc., by sieving through brass sieves precooled in

liquid nitrogen.
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2.5 Recombinant DNA Techniques.

2.5.1 Small Scale Plasmid Purification.

The method employed for small scale plasmid DNA preparation was based on the
method of Birnboim and Doly (1979) . 5ml of L-broth, containing the appropriate
antibiotic, were inoculated with a single colony of plasmid transformed cells and
grown overnight. 1.5ml of the overnight culture was harvested in a microfuge and the
cell pellet resuspended in 100p! Birnboim Doly Buffer I (Section 2.2.8.5). 10ul of
10mg ml™ lysozyme was then added and incubated at room temperature for 5 minutes.
200ul freshly made Birnboim Doly Buffer II (Section 2.2.8.5) was added, mixed
gently and incubated on ice for 5 minutes. Cells were lysed by the addition of 150yl
ice cold Birnboim Doly Buffer III (Section 2.2.8.5). The lysate was incubated in ice
for 5-15 minutes and the cell debris removed by centrifugation in a microfuge. The
supernatant was then removed into a fresh microfuge tube and the plasmid DNA was
phenol / chloroform extracted (Section 2.5.4). The supernatant was again put into a
fresh tube and DNA precipitated by the addition of 2 volumes of ethanol at room
temperature After incubation at room temperature for 2 minutes, the plasmid DNA
was recovered by centrifugation in a microfuge for 5 minutes The pellet was washed
with 200ul 70% (v/v) ethanol, air dried for 5-15 minutes and resuspended in 30ul TE.
A 5ul sample was sufficient for digestion by restriction enzymes. During the
digestion, 1pl boiled RNase A (10mg ml™") was added to the digest for the last 15

minutes of the incubation.

2.5.2 Large Scale Plasmid Purification.

The method employed was based on the alkali lysis method of Birnboim and Doly
(1979) , and was used to purify milligram quantities of plasmid DNA. 100ml of L-
broth, containing the appropriate antibiotic, was inoculated with a single colony of
plasmid transformed cells. This culture was incubated at 37°C on an orbital shaker
overnight (16 hours). The bacterial cells were harvested by centrifugation for 10
minutes at 9,000 rpm, 4°C (Beckman JA 14, 6x250ml rotor). The cell pellet was
resuspended in S5ml Birnboim Doly Buffer I (Section 2.2.8.5) containing lysozyme at a
concentration of Smg ml™' and the suspension was incubated at room temperature for
5 minutes. 10ml of Birnboim Doly Buffer II (Section 2.2.8.5) was added, gently
mixed by swirling and then incubated on ice for 10 minutes. Cells were lysed by the

addition of 7.5ml of ice cold Birnboim Doly Buffer III (Section 2.2.8.5), followed by
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rocking to mix and incubation on ice for 10 minutes. Bacterial cell debris was
removed by centrifugation (10,000 rpm, 15 minutes, Beckman JA 14, 6x250ml rotor).
The supernatant was filtered through gauze to remove any floating cell debris. The
nucleic acids were precipitated by the addition of 0.6 volumes of isopropanol. After
incubation at room temperature for 15 minutes, the nucleic acid was recovered by
centrifugation (Beckman JA 20, 12x50 ml rotor, 10,000 rpm, 10 minutes, 25°C). The
pellet was washed with 70% (v/v) ethanol, air dried for 10-20 minutes and
resuspended in 5ml TE. 0.5ml of 10mg ml” ethidium bromide was then added
together with CsCl to a final concentration of 1g ml”. The gradient was then set up by
centrifugation at 55,000 rpm for 16 hours at 25°C in a Beckman Ti70.1 rotor in
polycarbonate tubes. The DNA bands were usually visible. If the bands were not
visible, long wavelength U.V. light was used to visualise the plasmid band which
migrates in front of any contaminating host chromosomal DNA. The plasmid band
was removed by gently inserting a sterile 1m! hypodermic syringe fitted with a
21G11/2 gauge needle just below the plasmid band. Ethidium bromide was removed
by extracting several times with propan-2-ol saturated with CsCl. The DNA was then
diluted to double the volume with distilled water and dialysed three times against 5
litres of TE. The DNA concentration and purity (A260/A280) was then measured
spectrophotometrically (Section 2.2.4).

2.5.3 Digestion of DNA with Restriction Enzymes.

The methods used were as described by Sambrook et al., (1989). Restriction digests
were carried out using the BRL React buffers which were provided with each batch of
enzyme. There are ten different React buffers with a range of salt concentrations, each
one suitable for a range of enzymes. Analytical digests were carried out in a volume of
20wl or 30l at 37°C. Preparative digests were carried out in larger volumes. When
DNA was digested with two restriction enzymes, the endonuclease requiring the lower
salt buffer was used first. After the recommended duration of digestion the salt

concentration was adjusted and the second enzyme added.

2.5.4 Phenol / Chloroform Extraction of Nucleic Acids.
Restriction digests and other solutions containing DNA were deproteinised by
extracting with phenol and chloroform. The volume of the sample was measured and

an equal volume of TE-saturated phenol:chloroform:isoamyl alcohol (25:24:1) was
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added. This mixture was vortexed, allowed to stand until the two layers separated and
then vortexed again. The two layers were then separated by centrifugation in a
microfuge for 5 minutes. The aqueous phase was removed into a fresh tube and an
equal volume of TE added to the bottom, phenol layer. The mixture was vortexed and
the two layers separated as in the first extraction. The two aqueous, top, layers were
pooled and extracted in an identical manner with an equal volume of TE-saturated
chloroform / isoamyl alcohol (24:1) which removes any residual traces of phenol. The

DNA was recovered from the aqueous layer by ethanol precipitation (Section 2.5.5).

2.5.5 Concentration of Nucleic Acids by Ethanol and Isopropanol

Precipitation.
Sodium acetate was added to the DNA solution to a final concentration of 0.3M by
adding 0.1 volumes of a 3.0M solution. 2.5 volumes of cold ethanol (-20°C) were
added and mixed. The mixture was then incubated at -20°C overnight or for 1 hour
and the precipitated DNA recovered by centrifugation in a microfuge at 4°C for 30
minutes or for larger volumes, centrifugation at 10,000 rpm for 30 minutes at 4°C
(Beckman JA20 or JA17 rotor). The DNA pellet was washed in 70% (v/v) ethanol and
resuspended in a suitable volume of TE. An alternative to the addition of sodium
acetate was to add 0.5 volumes of 7.5M ammonium acetate, however, when the DNA
was to be treated with T4 polynucleotide kinase, sodium acetate was used since
ammonium ions inhibit this enzyme. Precipitation with isopropanol was achieved by
adding an equal volume of isopropanol and then treating the mixture the same as for

ethanol precipitations.

2.5.6 Ligations.

The insert DNA was digested with the appropriate restriction enzymes, isolated as
described (Sections 2.5.3 and 2.5.10) and ethanol precipitated (Section 2.5.5). Plasmid
vector (normally Bluescript KS+) was linearised by digestion with the appropriate
restriction enzymes and treated with bacterial alkaline phosphatase to yield DNA
ready to use. This treatment prevented self-ligation of the vector and facilitated a low-
background of false positive clones. For ligation reactions where the insert size was
similar to the vector size an equal concentration of foreign DNA to vector DNA was
employed. For those reactions where the vector size was much greater than the insert

size, at least a four-fold excess in concentration of foreign DNA to vector DNA was
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typical. Depending on the size of insert, ligation mixtures contained 25ng vector and
between 25 to 400ng insert in a final volume between 5 to 10ul. Vector plus insert
were pre-incubated at 45°C for 5 minutes to melt any cohesive termini that had
reannealed. The ligations were performed overnight in 66mM-Tris HCI;pH 7.6,
6.6mM MgCl2, 0.5mM ATP, 10mM DTT at 16°C using 0.5 Units of bacteriophage
T4 DNA ligase.

2.5.7 Transformation of E.coli with Plasmid DNA.

2.5.7a Preparation of Competent Cells.

A single colony of E.coli DS941 or E.coli XL-1 blue from a stock minimal media
plate was used to inoculate 10ml of 2 x YT which was incubated overnight at 37°C.
0.3ml of overnight culture was used to inoculate 30ml of 2 x YT which was grown at
37°C for around 2 hours to an OD at 600nm of 0.4 - 0.6. The cells were cooled on ice
for 10 minutes and gently harvested (Jouan, 3,000 rpm, 10 minutes). When being
prepared by the CaCl2 method (Cohen et al., 1972) the cells were resuspended in one
half of the original culture volume of ice-cold, sterile SOmM CaCl, 10mM-Tris
HCI;pH 8.0 and placed in an ice bath for 15 minutes. Following centrifugation (Jouan,
2,000 rpm, 15 minutes) the cells were resuspended in 1/15th original culture volume

of 50mM CaCly, 10mM Tris HCI;pH 8 and mixed in the ratio 3:1 culture to glycerol.

These cells were dispensed into chilled microfuge tubes in 200-400ul aliquots and
stored at -70°C.

2.5.7b Transformation of Competent Cells.

Transformations were carried out in sterile 1.5ml microfuge tubes. An aliquot of
ligation mix (any DNA being used in the transforming process) containing up to 25ng
plasmid DNA was added to 100ul aliquots of competent cells and the mixture was
incubated on ice for at least 30 minutes. The DNA / cell mix was then heat shocked at
42°C for 2 minutes. 1ml of L-broth was added to the tubes and they were incubated
without shaking at 37°C for 1 hour. The cells were then plated onto appropriately
prepared antibiotic / chromogenic containing LB plates and incubated overnight at

37°C.
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2.5.7¢ Selection of pUC Derived Recombinant Clones.

The Bluescript and the pUC plasmids (from which the Bluescript vectors have been
designed) were constructed as cloning vectors using B—galactosidase activity as the
basis of selection (Messing, 1983 ; Norrander et al., 1983; Yanisch-Perron et al.,
1985). The vector carries a segment of E.coli DNA that contains the regulatory
sequences and the coding information for the first 146 amino-acids of the f—
galactosidase gene (lacZ). Vectors of this type are used in host cells (e.g. E.coli, XL.1-
Blue) that code for the carboxy-terminal portion of B—galactosidase, therefore though
neither the host-encoded nor the plasmid-encoded fragments are themselves active,
they can associate to form an active enzyme. A polycloning site has been inserted, in-
frame, within the coding region of the plasmid which does not affect the
complementation, however insertion of additional DNA into the polycloning site
generally destroys the complementation. Active B—galactosidase cleaves the
chromogenic substrate X-Gal, to produce a blue chromophore, when transformed cells
are grown in the presence of the non-metabolisable lac operon inducer, IPTG.
However in recombinant plasmids the ability for complementation is lost, the enzyme
is inactive and consequently the colonies appear white. False positive white colonies
appear at low frequency, probably due to incorrect self-ligation of the vector

(Yanisch-Perron et al., 1985).

2.5.8 Electrophoresis through Agarose Gels.

2.5.8.1 Electrophoresis of DNA.

DNA was separated at room temperature on horizontal submerged agarose gels as
described by Sambrook et al., (1989). 0.5% to 1.5% agarose gels were used throughout
this study and were used to size restriction‘ fragments accurately in the range of 0.8 -
10kb. Nucleic acids were visualised by ultraviolet fluorescence after staining with

EtBr on a long wave U.V. transilluminator (U.V. Products Inc.). For DNA work the

EtBr was either added at a concentration of 0.2ug ml-! to the agarose prior to the
pouring of the gel or, after running the gel was soaked in 1x running buffer plus 0.6ug
ml" EtBr. Agarose powder was dissolved at 100°C in 1x running buffer (1 x TBE or 1
x TAE) This was then cooled to 50°C before it was poured into a horizontal gel
former using an appropriate Teflon well former, or comb. After setting the gel was
removed to a gel running tank and submerged under running buffer. Samples for

agarose gels were prepared by addition of 0.2 volumes of loading buffer (Section

80



2.2.8.1). After the loading of samples the gel was run at 25 to 150V with restriction
fragment markers of known size run alongside the unknown fragments. This was
usually the 1kb ladder (BRL Gibco Ltd., Paisley, U.K.), or phage DNA restricted with
Hin dIII or with EcoR 1 + Hin dIIL.

2.5.8.2 Formaldehyde / Agarose Gel Electrophoresis of RNA.

This was performed as described by Sambrooke et al., (1989), with modifications as
described by Rosen and Villia-Komaroff (1991), RNA stored at -20°C as an aqueous
solution was added to 15.5 of MMF solution (MMF=2ul 10x MOPS Buffer, (0.2M
MOPS (3-[N-Morpholino]propanesulfonic acid), 0.05M sodium acetate, 0.01M
EDTA(pH8.0), 10ul Formamide, 3.5 40% (w/v) Formaldehyde). 1ul of 400ug ml™
EtBr was then added to the samples which were heated to 65°C for 10 minutes before
being snap cooled on ice. After adding 3l of gel loading buffer the samples were
ready for loading. Formaldehyde gels were prepared by dissolving 5g of agarose in
385ml of water. To this was then added 25ml of 20X MOPS and after the solution had
cooled to 50°C, 90ml of Formaldehyde solution. The solution was then poured into a
horizontal gel former using an appropriate Teflon well former, or comb and allowed
to set for 45 minutes. After setting the gel was covered in 1X Running Buffer (20mM
MOPS, 5SmM sodium acetate and 1mM EDTA;pH8.0, the comb removed and the
samples loaded. The gel was run at 50V for 12 - 16 hours, the running buffer being

circulated through the system by the means of a peristaltic pump.

2.5.8.3 Alkaline Gel Electrophoresis.

This was carried out as described by Sambrook et al., 1989 and was used to analyse i)
the size of radiolabelled first strand cDNA, ii) the size of random primed probes, iii)
the results of the calibration of the reagents (especially DNase 1) for Nick Translation
reactions (Section 2.5.13.1). A 1.4% agarose gel was prepared by dissolving 1.4g of
agarose powder in 100ml boiling 50mM NaCl, 1mM EDTA;pH7.0. After cooling to
45-55°C the agarose was poured into a horizontal gel former using an appropriate
Teflon well former, or comb and allowed to set. The gel was then placed in an
electrophoresis tank and covered with alkaline running buffer to a depth of 5-10mm
and allowed to soak for >30 minutes. The DNA samples were treated just prior to
loading by heating to 75°C for 2 minutes with 50% Formamide added to stop

reannealing and 2ml alkaline loading buffer (Section 2.2.8.1). Samples were
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electrophoresed for 13-17 hours at 25V and sized against end labelled (Section
2.5.13.3) 1kb ladder (BRL Gibco Ltd., Paisley, U.K.). After the gel had run it was
dried down by sandwiching it between 20-30 sheets of 3MM Whatman paper with a
large weight on top and then sealing the dried down gel into a plastic hybridisation

bag for visualisation of the labelled DNA by direct autoradiography at -70°C.

2.5.9 Photography of Electrophoresis Gels.
After gels had run they were photographed with UV transillumination (short

wavelength 240nm, long wavelength 340nm) using a Polaroid camera loaded with

Polaroid 4X5' Land Film (N© 57) fitted with a Kodak Wratten Filter NO 23A (red).
For RNA work the EtBr was added to the samples prior to heat denaturation of the
samples as described by Rosen and Villia-Komaroff, 1991.

2.5.10 Recovery of DNA from Agarose Gels.

The DNA band of interest was visualised by ethidium bromide staining and a long
wavelength ultra-violet lamp. The desired DNA band was excised from the gel. A
hole was pierced in the base of a sterile 0.5ml eppendorf tube using a 26G3/8 sterile
syringe needle and then plugged with a small amount of sterile, siliconised glass wool.
The agarose gel chip containing DNA was placed into the 0.5ml eppendorf tube which
in turn was placed inside a 1.5ml eppendorf tube and microfuged for 10 minutes at
12,000 rpm. The 1.5ml eppendorf was then removed and the buffer, containing DNA,
retained. The 0.5ml eppendorf tube was microfuged once more collecting any
remaining DNA in a fresh 1.5ml eppendorf. The two DNA containing fractions were
pooled and microfuged at 12,000 rpm, at 4°C for 30 minutes to remove any traces of
agarose. The supernatant was decanted and DNA recovered by ethanol precipitation.

DNA obtained in this way was sufficiently pure for cloning purposes.

For radiolabelling of DNA fragments the above method of recovery was found to be
unsatisfactory presumably as residual agarose interfered with the Klenow enzyme, so
electroelution into dialysis bags was employed. The DNA was excised from the
agarose gel as described above. This was then put into a small piece of dialysis bag
with 600l of 1X TBE. The ends of the bag were sealed with dialysis clips and any air
bubbles removed. The DNA was then allowed to migrate out of the chip by
electrophoresis (typically at 100 volts for 3 hours) onto the side of the dialysis bag.
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The DNA was recovered by reversing the current for 30 seconds at 100V to loosen it
from the side of the bag. The agarose chip was then removed and the TBE placed in
an eppendorf tube. The sides of the bag were washed clean of DNA with 200ul of
TBE to maximise recovery. Residual agarose was removed by two centrifugations at
12,000g in a microcentrifuge at room temperature for 15 minutes each. The
supernatant removed each time to a fresh eppendorf tube. The DNA was then

recovered by ethanol or isopropanol precipitation (Section 2.5.5).

2.5.11 DNA Transfer to Nitrocellulose Membranes (Southern Blotting).

This method is based on that of Southern|(1975).After electrophoresis the agarose gel
was placed in 250ml of 0.25M HCI and soaked for 20 minutes. The gel was then
placed in 250ml of denaturing solution (1.5M NaCl, 0.5M NaOH) for 30 minutes and
then into neutralising solution (1M Tris, 1.5M NaCl) for 60 minutes. The DNA was
blotted onto a nitrocellulose (Hybond-C EXTRA, Amersham) membrane using 20X
SSC transfer buffer (Section 2.2.8.5) overnight. After blotting the membrane was
washed in 2X SSC as described in detail in Sambrook et al., (1989). The filters were
air dried and then baked at 80°C for 2 hours to cross link the DNA to the membrane.

2.5.12 RNA Transfer to Nitrocellulose Membranes (Northern Blotting).

The method used was based on that described by Thomas (1980), with modifications
as described by Sambrooke et al., (1989). After electrophoresis and photography
(Section 2.5.8.2 and 2.5.9), the formaldehyde gel was soaked for 20 minutes in 20X
SSC before the gel was inverted and capillary blotted to nitrocellulose using 20X SSC
as the transfer buffer as for Southern blotting. No pre-treatment of the gel was

necessary as the formaldehyde denatured the RNA prior to transfer.

2.5.13 Radiolabelling of DNA And RNA.

2.5.13.1 2P Labelling of DNA by Nick Translation.

This was carried out using the procedure of Rigby et al., (1977). The nick translation
reaction was set up as 5l 10x Nick translation buffer, (500mM Tris-HCl;pH7.2,
100mM MgSO,4, ImM DTT, 500pg ml™ BSA [ultra pure], 0.1-1.0ug of DNA, 1l B—
mercaptoethanol, 10l nucleotide mix [SOOUM each of the dNTPs not being used as
the radiolabel], 30-50pCi ©2P dCTP [650-800 Ci mM-1], 2ul 100ng pi™* DNase 1, 5

units of DNA polymerase 1 (DNase 1 was calibrated prior to use as described by
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Rigby et al., (1977) and Sambrook et al., (1989). The mix was then incubated for 1-2
hours at 16°C and then heated to 65°C for 10 minutes to denature the enzymes. The

unincorporated nucleotides were then removed by either G50 Sepharose column

chromatography or by selective precipitation with spermine (Section 2.5.14).

2.5.13.2%p Labelling of DNA by Random Priming.

DNA was labelled to very high specific activity using the random priming technique
of Feinberg and Vogelstein (1983), with modifications as described by Hodgson and
Fisk (1987). Random sequence hexanucleotides were used to prime DNA synthesis on
a single stranded DNA template by the large fragment of DNA polymerase 1 (Klenow
Fragment). Random priming reactions were typically carried out in a 50ul volume. 10-
50ng of linearised DNA was denatured at 99°C for 7 minutes in the presence of
random hexamers (Gibco, BRL Ltd., Paisley, U.K.) at a concentration of 750pg ml™.
This mixture was snap cooled on ice and the following added sequentially: Spl of 2M
Hepes; pH7.6, 2ul 1mg ml” Acetylated BSA, 10X Klenow reaction buffer to which
had been added a ImM solution of the 3 unlabelled dNTPs and 1l (5 units) of
Klenow. To this mixture 30puCi *2P dNTP 800Ci mM! (typically dCTP) was added.
The reaction was left for at least one hour at 37°C, or more normally overnight at
room temperature. The unincorporated nucleotides were then removed by either G50
Sepharose column chromatography or by selective precipitation with spermine

(Section 2.5.14). Typically 60-80% of the radiolabelled nucleotide was incorporated.

2.5.13.3 *°P Labelling of the 5’ Terminus of DNA Fragments.

Bacteriophage T4 polynucleotide kinase can catalyse the transfer to a free hydroxyl
group of the g-phosphate group from ATP to the 5’ terminus of DNA. In a total
reaction volume of 10yl the mixture contained 1.5 pmoles of 'ends', kinase buffer
(50mM Tris-HCI;pH8.0, 10mM MgCl,, SmM DTT, 1mM spermidine), 8 pmoles 7°2P-
ATP and 10 units of T4 polynucleotide kinase. The reaction was carried out at 37°C
for 45 minutes by which time it had gone to completion. The unincorporated

nucleotides were then removed by either G5( Sepharose column chromatography or

by selective precipitation with spermine (Section 2.5.14).
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2.5.13.4 Production and P Labelling of First Strand cDNA.

The method used for the generation of radiolabelled first strand cDNA for reverse
Northern analysis was based on that described by Okayama & Berg (1982), later
modified by Gubler & Hoffman (1983) and by Berger and Kimmel (1987). The aim of
the experiment was to produce radiolabelled first strand cDNA to use in identifying

transcribed regions within the chromosomal walks (so called reverse Northerns). The

reaction was performed using 100uCi %*?P-dCTP (800Ci mmol™) dried down in a
vacuum dryer. To this was then added 4l 5x first strand buffer (250mM Tris-
HCI;pHS.3, 250mM KCl, 50mM MgCl,, 2.5mM spermidine), 1l of oligo d(T);2.18
(2mg ml'l), 21 of a 20mM mix of dATP, dGTP and dTTP, 1ul of Human Placental
Ribonuclease Inhibitor (200u ul™), 2l of actinomycin D (10mg ml™"), which was
added as an inhibitor of hair pin bend formation, 1ug of staged polyA* RNA had been
previously denatured by heating to 65°C for 5 minutes, before being snap cooled and
added to the mixture. dH,O to 19l was then added and finally 1ml (200 units) of
MMLYV reverse transcriptase. The reaction was allowed to proceed for 60 minutes at
37°C before 1ul of 10mM dCTP was added as a 'chase' along with another 1ml (200
units) of MMLYV reverse transcriptase and the reaction allowed to proceed for a
further 60 minutes. The RNA strand was hydrolysed by the addition of 21pl of
hydrolysing solution (0.6M NaOH, 20mM EDTA) and left at 65°C for 30 minutes.
The radiolabelled cDNA was then separated from unincorporated nucleotides by G50
Sepharose column chromatography (Section 2.5.14). The incorporation was calculated
using TCA precipitation (Section 2.5.15) and the length of the first strand cDNA
checked by NaOH denaturing gel electrophoresis versus radiolabelled 1kb ladder
(Section 2.5.8.3).

2.5.14 Removal of Unincorporated Nucleotides.

Unincorporated nucleotides were removed in two ways, either by G50 Sepharose
column chromatography or more normally by selective precipitation with spermine.
The polyvalent cation spermine selectively precipitates double stranded DNA in
excess of 100 base pairs in size when in a low to medium salt environment, but will
leave nucleotides and primers in solution. To a 50ul probe reaction mix, spermine was
added to a final concentration of 10mM (i.e. 2.5l of a 0.2M solution added to the

normal 50pl probe reaction mix). This was then incubated on ice for 20-30 minutes
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and then centrifuged at 12,000g for 15 minutes at 4°C. The supernatant was then
removed and the pellet resuspended in 490ul of probe mix (10mM EDTA, 0.5% SDS)

and allowed to resuspend at room temperature for 30 minutes before use.

2.5.15 Determination of Percentage Radiolabel Incorporation.

Two methods were employed. Approximate percentage incorporations were
determined by comparing the counts per second (cps) of the labelled DNA to the cps
of the separated (Section 2.5.14) unincorporated nucleotides using a hand held Geiger
Mueller Tube, held approximately 2.5 feet away from the eppendorf tube containing
the radioactivity. Accurate percentage incorporations was calculated by performing a
Trichloroacetic acid (TCA) precipitation. 1ul of the labelling reaction was diluted into
99ul of 0.2M EDTA. 3l of this diluted sample was then dotted onto Whatman GF/C
glass microfiber filters in duplicate. The filters were air dried and one of the filters
was then washed three times in >10ml of ice cold TCA solution (10% TCA, 1%
sodium pyrophosphate) before being rinsed in 95% ethanol and then allowed to air
dry. After air drying cps were determined by scintillation counting. It was not
necessary to use scintillation fluid for counting 32p_Jabelled samples as the Cerenkov
radiation emitted can be detected by the scintillation counter set to monitor the tritium
window. Although the absolute number of cps will not be the same between the two
methods (because Cerenkov counting is less than half as efficient), they will be in
proportion from sample to sample. Percentage incorporation and thus specific activity

was calculated by comparing the cps of the unwashed relative to the washed filter.

2.5.16 Hybridisation of Filter Bound Nucleic Acid.

The temperature of hybridisation and the salt concentration and temperature of
washing solutions were dependent on the particular experiment being carried out and
precise details are given in the text. In all cases double stranded probes were boiled at
100°C for 10 minutes, snap cooled and then added to the hybridisation solution in the

bag.

2.5.17 Aqueous Hybridisations.

For DNA to DNA hybridisations Southern blots were pre-wetted and placed directly
into a polythene bag containing pre-hybridisation solution (5x SSC, 0.05% (w/v)
sodium pyrophosphate, 5X Denhardts, 0.1% (w/v) SDS, 100ug ml™! sonicated salmon
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sperm DNA). The volume of pre-hybridisation fluid was determined by filter surface
area x 0.2. The bag was placed in an shaking waterbath and the filter pre-hybridised
for at least 3 hours at 65°C. After pre-hybridisation the bag was opened, two thirds of
the fluid was removed and denatured labelled DNA fragment (Section 2.5.16) added.
The bag was resealed and the hybridisation carried out for >16hr in a shaking

waterbath at the appropriate temperature.

2.5.18 50% Formamide Hybridisations.

DNA to RNA hybridisations were carried out at 42°C in 50% formamide hybridisation
buffer (50% Formamide, 5xSSC, 0.05% (w/v) sodium pyrophosphate, 5X Denhardts,
0.1% (w/v) SDS). Pre-hybridisation of the filters was carried out for 3 hours and the
hybridisation carried out for >16hr in a shaking waterbath at the appropriate

temperature.

2.5.19 Washing of Filters.

The hybridised filters were washed in large volumes of buffer of appropriate ionic
strength, depending on the experiment. The temperature of this buffer was 65°C. After
washing the filters were autoradiographed damp (under Saran wrap) as described in

Section 2.2.6.

2.6 Screening of Phage Clones by Colony Hybridisation.

Recombinant phage clones were screened as described by Sambrooke et al., 1989. An
appropriate dilution of phage clones was mixed with the host cell strain (typically
XL1-Blue or LE392). and incubated at 37°C for 20 minutes to allow attachment of the
phage. After this period 4-7ml of molten agar was added to the cell / phage mixture
which was then spread out onto a suitable agar plate (e.g. the selective antibiotic
tetracycline was added to the agar if the host cell was XL1-Blue). The plates were
allowed to set for 15 minutes and were then inverted and incubated overnight at 37°C.
The plates were then removed from the incubator and allowed to cool to 4°C for 30
minutes to ensure the top agar remained stuck to the bottom agar. Reinforced
nitrocellulose filters (Hybond-C EXTRA, Amersham) were then placed in contact
with the phage plaques and allowed to sit for 1-20 minutes. (If duplicate lifts were
being taken then the first filter was allowed to sit for 30 seconds, the second for 2

minutes, the third for 5 minutes and the final filter lift was allowed to sit on the plate
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for a minimum of 20 minutes). Alignment marks were made on the filters by piercing
the nitrocellulose with a needle filled with ink and care was taken to ensure the
duplicate lifts were pierced in the same place. The filters were removed using two
pairs of blunt forceps and placed colony side down into denaturation solution (1.5M-
NaCl, 0.5M-NaOH) and left for 1 minute. The filters were then transferred to
neutralising solution (1.5M NaCl, 0.5M Tris HCI;pH 8.0 for 2-5 minutes. The filters
were then transferred to 2X SSC for a minimum of 10 minutes before being allowed
to air dry on 3MM filter paper, colony side up. Filters were baked at 80°C for 2 hours
to cross-link the DNA to the nitrocellulose filters prior to being hybridised with a

nucleic acid probe.

For screening of a genomic or cDNA library between 5-10000 pfu were plated out per
10cm square plate and when screening a phage plug it was typically the 10* or 10°

dilutions that were plated out.

2.7 Bacteriophage Plate Lysate.

A single well isolated plaque was picked into 1ml of phage buffer' (Section 2.2.8)
containing a drop of CHCl3 and kept at 4°C for 4-6 hours to allow the phage particles
to diffuse out of the top agar. 50-100pl of the phage suspension (approximately
10°pfu) was mixed with 100yl of indicator bacteria and incubated for 20 minutes at
37°C. 3ml of 0.7% top agar was added to the tubes and the mix plated out onto a dry
LB plate. The plates were then inverted and incubated overnight at 37°C.

The plates were overlaid with 6ml of phage buffer' and left on a rocker for an hour at
room temperature. The phage buffer was removed and centrifuged at 15,000g for 5
minutes to pellet bulk matter. 4ml of the supernatant was removed and 10pl of 100mg
ml™ RNase / DNase added and left at room temperature for 30 minutes. To this was
then added 4ml of precipitation solution (20% PEG, 2.5M NaCl) and the solution was

left on ice for 30 to 60 minutes.

The solution was centrifuged again at 15,000g for 10 minutes, the supernatant poured

off and then the tubes were rotated 180° and respun to ensure that all the PEG was
removed. (As much PEG was removed as possible to ensure that it did not inhibit any

subsequent reactions). The phage pellet was then resuspended in 500ul of phage
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buffer and transferred to an eppendorf tube. To this 500l of phage buffer plus pellet,
Sul of 10% SDS and Sul of 0.5M EDTA was then added and the phage suspension
incubated at 70°C for 15 minutes. A normal phenol / chloroform extraction was then
performed (Section 2.5.4). Approximately 300ul of the aqueous phase was then
removed and an isopropanol precipitation performed (Section 2.5.5). The solution was
left at room temperature for 30 minutes and centrifuged for 30 minutes. The
supernatant was removed and the pellet washed with 70% ethanol and once with
100% ethanol. It was then dried in a vacuum drier and resuspended in 100ul of TE.

5ul of this was used for restriction digests.

2.8 Large Scale Bacteriophage Preparation.

0.2ml of fresh host cells (typically XL.1-Blue or LE392) were mixed with 5x10° to
5x10” phage particles in phage buffer (Section 2.2.8) and incubated for 20 minutes at
37°C. This cell / phage mixture was then used to inoculate three 250m! conical flasks
containing 100ml of NZCYM broth which were grown overnight as described
(Section 2.3.4). The flasks were shaken continuously until good lysis was seen to have

occurred which typically was after about 15-16 hours.

After lysis the three flasks were combined and spun at 5,000 rpm for 20 minutes in the
Beckman JA 14 (6x250ml rotor) to remove cell debris. The supernatant was then
placed in fresh 250ml buckets and the phage particles pelleted by centrifugation at
9,000 rpm for four hours at 18°C. As much of the supernatant as possible was then
removed before the pellet was air dried and resuspended in 4ml of phage buffer. After
resuspension 3.5g of CsCl was dissolved in the solution which was then placed in
Beckman 0.5X2" ultra clear tubes and centrifuged to equilibrium (16-18 hours at
35,000 rpm (20°C) in a SW50.1 rotor). The phage particles banded half way up the

tubes and were collected by side puncture using a 21G 1 1/2 gauge needle inserted just

below the phage band.

2.9 Extraction of Bacteriophage Phage DNA.

CsCl was removed from the purified phage preparation by dialysis at 4°C for a
minimum of four hours against 5 litres of TE. After transferring the phage suspension
to a centrifuge tube, 0.2 volumes of 0.5M EDTA;pH8.0 were added to a final
concentration of 20mM. The tube was then incubated at 65°C for 10 minutes.
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Proteinase K or Pronase E was then added to a final concentration of 50ug ml™ as
well as SDS to a final concentration of 0.5%. These were mixed by inversion and

incubated at 37°C for one hour.

The mixture was then phenol extracted by adding an equal volume of equilibrated
phenol and mixed by inversion very gently for 3-5 minutes. This was followed by an
equal volume of chloroform and isoamy] alcohol (24:1) which was also mixed gently
for 30 seconds. The phases were then separated by centrifugation at 1,600 rpm for 10
minutes at room temperature. The aqueous phase was removed and re-extracted with a
50:50 mixture of phenol and chloroform which was separated by centrifugation as
before. A final extraction with chloroform and isoamyl alcohol (24:1) was performed

before the sample was dialysed against three changes of 5 litres of TE at 4°C.

2.10 Preparation of Drosophila Genomic DNA.

Genomic DNA was prepared essentially as described by Rubin (1986). 0.5-1.5g of
adult flies were cooled in liquid nitrogen and ground to a fine powder with a mortar
and pestle. This powder was then removed using a precooled spatula to a Dounce
homogeniser containing 9ml of homogenisation buffer (0.1M NaCl, 0.03M Tris-
HCL;pH8.0, 0.01M EDTA;pH7.0 to which 0.5% Triton and 10mM B—
mercaptoethanol had been added. The tissue was homogenised with 10 - 15 strokes of
a loose pestle then with 7 - 10 strokes of a tight pestle (the tight pestle allows only
nuclei through) and decanted into a 15ml Falcon tube which was centrifuged for 40
seconds in a Jouan CR312 centrifuge at 3,000g to sediment the insoluble material.
The supernatant was decanted into a clean corex tube and the nuclei collected by
centrifugation at 7,000 rpm for 7 minutes in a pre-cooled (4°C) Beckman JA20 or
JA17 rotor. The pellet was resuspended in 1ml of homogenisation buffer without
Triton or B—mercaptoethanol and drawn up and down in a Pasteur pipette to ensure
thorough mixing. Nuclei were then lysed by the addition of 5ml Nuclear Lysis Buffer
(0.1M Tris-HCI;8.0, 0.1M EDTA;pH7.0, 0.1M NaCl and 0.6ml of 10% sarcosyl. The
solution was mixed gently by swirling and mixing with a Pasteur pipette. After mixing
the solution was decanted into a pre-weighed 40ml oakridge tube, the weight of the
supernatant calculated and 1.25g of CsCl added per gram of supernatant (final density
of solution=1.7gml™). After the CsCl had dissolved the solution was loaded into
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Beckman 5/8" x 3" rotor tubes, heat sealed and centrifuged to equilibrium at 40,000

rpm at 20°C for 60 hours in a Beckman Ti50 rotor.

After centrifugation the tubes were removed, punctured at their top and 0.5cm above
the RNA pellets with 19G2 gauge needles. 0.5ml fractions were collected by dripping
the centrifuged solution through the bottom needle and collecting it in eppendorf
tubes. Syl of each fraction was ran out on a 0.8% TBE agarose gel to determine which
fractions contained DNA and its approximate size. Those fragments containing DNA
were combined and the CsCl removed by dialysing against three changes of 5 litres of
TE. The yield and purity of the DNA was estimated using spectrophotometry (Section
‘ 2.2.4). Typical yields were 150-170pg DNA per gramme of flies used.

2.11 Isolation of Total RNA.
A modification of the procedure described by |Glisini e al., 1974 and Ullrich et al,
1977, was used as described by Berger and Kimmel, 1987 and Sambrook e? al.,

1989. 0.5 to 10 grammes of developmentally staged tissue was homogenised using a
kinemattica (Switzerland) polytron homogeniser, in an appropriate amount (normally
10ml of buffer for every 1g of tissue) of guanidinium thiocyanate homogenisation
buffer (4.0M guanidinium thiocyanate, 0.1 M Tris HCL;pH7.5, 1% B—
mercaptoethanol). The resulting homogenate was centrifuged at 5,000 rpm in a
Beckman JA17 rotor to precipitate insoluble material. The resulting supernatant was
layered onto a CsCl cushion (5.7M CsCl, 0.01M EDTA;pH7.5, using a hypodermic
needle fitted with a 23G needle, in a RNase free polyallomer centrifuge tube. The

CsCl pad was a third of the volume of the tube. The tubes were then filled to around
Imm from the lip, balanced and loaded into the relevant rotor (SW28.1 or SW50.1).
They were then centrifuged at either 47,000 rpm for 8 hours (SW50.1) or at 27,000 for
26 hours (SW28.1) at 20°C.

After centrifugation the supernatant was aspirated off to the level of the CsCl cushion
and the tube inverted quickly to displace the rest of the contents. The pellet was then
allowed to dry for 30 minutes at room temperature. The RNA pellet was resuspended
in 1ml of 5% phenol, 3% sarcosine and then transferred to a 15ml falcon tube where it
was then allowed to dissolve completely. (Often it was necessary to alternatively heat

and chill the pellet to get complete resuspension). Two phenol / chloroform
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extractions were performed (Section 2.5.4) on the resulting solution, the solution
being made 0.3M with sodium acetate(pH4.0) to ensure the pH of the phenol
remained below 7. Two chloroform extractions were then performed to remove all
traces of phenol and then 2.5 volumes of ice cold ethanol were added followed by
incubation at -20°C to precipitate the RNA. The resulting pellet was washed twice in
70% ethanol at room temperature and then resuspended in a suitable volume of RNase
free water. The concentration of the RNA (and any contaminating DNA or
guanidinium) was measured spectrophotometrically (Section 2.2.4) The integrity of
the RNA was checked visually, firstly by the presence of 'tight' ribosomal bands on a
non-denaturing MOPS gel (Section 2.5.8) and secondly by the absence of smearing
when a control probe was used to probe the RNA on a Northern blot (Sections 2.5.8.2,
2.5.12 and 2.5.18).

2.12 Isolation of Small Amounts of Total RNA.

The method used was as described by] Chomczynski and Sacchi, 1987 with
modifications as described by Meltezer et al., 1990. 0.1 to 0.5g of tissue was
homogenised at 4°C in 10ml of denaturing buffer (4.0M guanidinium thiocyanate,
25mM sodium citrate;pH7.0, 0.5% Sarkosyl, 0.1M B—mercaptoethanol) using a
polytron homogenizer (Kinnemattica, Switzerland). 1ml of 2M sodium acetate
(pH4.0), 10ml water saturated phenol and 2ml of chloroform were added successively
to the homogenate. The mixture was vortexed after addition of each solution. (For
smaller amounts of tissue the volumes of the solutions was halved). The tubes were
centrifuged at 4,000g for 10 minutes, the aqueous phase saved and 10ml isopropanol
(IPA) added to it to precipitate the RNA. The precipitate was collected by

centrifugation at 3,000g for 10 minutes.

The pellet was then resuspended in 2ml of 4M LiCl to solubilise polysaccharides. The
insoluble RNA was pelleted by centrifugation at 3,000g for 10 minutes, the resulting
pellet then being dissolved in 2ml of water. 2ml of chloroform was added and mixed
by vortexing. The samples were then centrifuged at 3,000g for 10 minutes and the
upper aqueous phase collected and precipitated by the addition of 1 volume IPA or 2
volumes of ethanol (Section 2.5.5), depending upon the volume of the solution. The

RNA integrity was then checked as described previously (Section 2.11)
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2.13 Isolation of Poly A+ RNA.

Batch affinity chromatography on oligo(dT) cellulose was utilised essentially as

described by Sambrook et al., 1989 and Berger and Kimmel, 1987. Commercially obtained
oligo(dT) cellulose (Pharmacia) was swollen at 4°C for 2 hours by the addition of

20ml of 1x oligo(dT) binding buffer (20mM Tris HCI;pH7.6, 0.5M NaCl, ImM
EDTA;pH8.0, 0.1% sodium lauryl sarcosinate). 0.3g (dry weight) of oligo(dT)

cellulose was used for each 0.5mg of RNA. The matrix was activated by the addition

of 40 volumes of 0.1M NaOH followed by three washes in 40 volumes of 1X

oligo(dT) binding buffer. The pH of the final water wash was checked to ensure the

pH was 7 or less, (the pH was normally acidic due to the presence of carbonic acid

formed when DEPC was broken down into H,0 and CO; during autoclaving).

The RNA was dissolved in water and then an equal volume of 2x oligo(dT) binding
buffer was added (40mM Tris. HCI;pH 7.6, 1.0M NaCl, 2mM EDTA;pHS8.0, 0.2%
sodium lauryl sarcosinate). Ten volumes of fresh 1x oligo(dT) binding buffer was
added to the oligo(dT) cellulose which was then heated to 65°C for 5 minutes before
being added to the oligo(dT) cellulose and allowed to mix on a rock and roller' for 45
minutes at room temperature. The oligo(dT) cellulose was then precipitated by
centrifugation at 4,000 rpm in a Jouan CR312 centrifuge and the supernatant removed
to a fresh Falcon tube. (All supernatants and washes were kept until the end of the
procedure to ensure the polyA+ RNA was not lost mistakenly). The oligo(dT) cellulose
was washed three times in 40 volumes of 1x oligo(dT) cellulose binding buffer to
remove ribosomal RNA before the bound polyAr RNA was eluted by heating the
oligo(dT) cellulose to 70°C in 4x5ml aliquots of water. All four aliquots were
combined and 1pl dotted out onto an EtBr plate to show that RNA was still present
and had not been lost during the procedure. The 1x oligo(dT) cellulose was then
treated in 40 volumes of 0.1M NaOH to hydrolyse any residual bound RNA and to
denature any RNases before being washed three times in DEPC treated water. The pH

of the final water wash was again checked to ensure the pH was 7 or less.

The whole procedure was then repeated, so in total the RNA was washed six times
and bound twice, before it was finally eluted in 4x2ml aliquots of water by heating to
70°C. The RNA was then ethanol precipitated (Section 2.5.5) and the resulting
solution put at -20°C overnight to allow precipitation. The RNA was precipitated by
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ultra-centrifugation using a pre-cooled SW28.1 rotor at 0°C at 28,000 rpm. The
poly(A)+* RNA was then visualised by electrophoresis on a non denaturing 1.0%
agarose MOPS gel and compared with total RNA. Typically all the rRNA bands were
missing except the 18S which runs at 1.4kb.

2.14 Exonuclease 111 Deletions.

This is an adaptation of the original protocol (Henikoff, 1984), essentially as
described in the Promega Protocols and Applications Guide (1993). Around 20ug of
super coiled DNA in 50ul of TE was cut with a restriction enzyme (Section 2.5.3) at
the required end of the vector polylinker but not within the insert to leave a 3*
overhang (e.g. Apal, Kpnl, Pstl, SstI in pBS II). The DNA was checked to ensure
linearisation by running out a small amount on a minigel. (200ng of the DNA was
then frozen at -20°C for later controls). If complete digestion had occurred then the
plasmid was digested with a restriction enzyme to generate a 5 overhang either at the
same end of the polylinker as above or near that end of the insert. This digestion was
checked to ensure the enzyme had cut to completion by incubating 1pl (10-20ng) of
the DNA in 2l of Exo III buffer, 16l of water and 50 units Exo 11 at 37°C for 15
minutes. The DNA frozen after the first digestion was treated in exactly the same way
and then both samples were run out on a minigel with untreated samples of both
DNAs. The DNA with the 5’ overhang was observed to be the only one degraded, if
there was any full length band in this DNA it means the second digest did not go to
completion. The DNA was then phenol extracted (Section 2.5.4) and ethanol
precipitated (Section 2.5.5) and the pellet then resuspended in 60pl of TE. 6ul of this
was then removed and 1l ran on a mini-gel to check that the approximate DNA
concentration expected (>150ng) was present. 6l of 10X Exo III Buffer (0.66M Tris-
HCI;pH8.0, 6.6mM MgCl,) was then added to the tube which was then pre-heated to
37°C for 10 minutes.

30ul of 7.4X S1 buffer (0.3M KAc;pH4.6, 2.5M NaCl, 10mM ZnSOy4, 50% Glycerol)
was diluted into 192l of ice-cold water. To 9ul of this diluted buffer 1ptl (1000 units)
of S1 nuclease was added. The solution was mixed by pippetting and 0.7ul (70 units)
was added to the S1 buffer to a total volume of 212pl. This was mixed and 7.5l
dispensed into pre-cooled eppendorf tubes on ice, with 2.5ul from the 5pl remaining

above, in tube 1. 500-600 units of Exo III nuclease was then added to the DNA which
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had been pre-heated to 37°C and the digestion allowed to proceed. At approximately
30 second intervals, 2.5l of the DNA was removed to the S1 mix tubes. After all the
samples had been taken, the tubes were incubated at room temperature for 30 minutes
before 1pl of S1 stop mix (0.3M Tris base, 0.05M EDTA) was added and the tubes
heated to 70°C for 10 minutes. The deletions were checked by running out a small
amount of each sample on a minigel; typical rates were 250-350 bp digested per

minute.

The DNA was then blunt ended by the addition of 1l (5 units) of Klenow polymerase
at 37°C followed by the addition of 1ul 10mM dNTP mix incubating at 37°C for a
further 10 minutes. 40yl of Exo III ligase mix was then added to each tube (100l 10X
Ligase Buffer, 100ul 50% PEG, 10p1 0.1M DTT and 5 units of ligase made up to
1000ul with sterile water), which was then incubated at room temperature for 3 hours.
The ligated plasmids were then used to transform E.coli as described (Section 2.5.7)
and transformants obtained. Seven transformants were picked from each time point
and plasmids isolated as described (Sections 2.5.1 and 2.5.2). Plasmids in the

appropriate size range were then used for sequencing (Section 2.15)

2.15 Nucleotide Sequencing.

2.15.1 Sequencing by the Chain Termination Method.

Sequencing was carried out using the United States Biochemical Corporation (USB)
sequencing kit and protocols described in 'Step-By-Step Protocols For Sequencing
With Sequenase Version 2.0' were strictly adhered to. Sequenase Version 2.0 is a site
directed mutant of bacteriophage T7 DNA polymerase which carries no 3 -5’
exonuclease activity and gives a high rate of polymerisation of nucleotides (Tabor and

Richardson, 1989).

a) Preparation of Sequencing Template.

Sequencing was carried out using double stranded DNA. In order to use double
stranded DNA as a template for sequencing it must be denatured. The alkaline
denaturation method described in 'Step-By-Step Protocols For Sequencing With
Sequenase Version 2.0' was used for this purpose. The DNA was denatured in 0.2M
NaOH, 0.2mM EDTA (30 minutes at 37°C) and the mixture neutralised by the
addition of 0.1 volumes of 3M sodium acetate (pHS.5). The DNA was precipitated
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with 2.5 volumes of ethanol and the pelleted DNA washed with 70% ethanol, air dried

and resuspended in 7l distilled water before use in sequencing.

b) Annealing Primer to Template:

7ul of prepared template was annealed for 1 hour at 37°C in a mixture also containing:
1ul primer, (pBluescript, -40, -20, T3 or T7, see below)

2ul 200mM Tris-HCL;pH7.5, 100mM MgCl2, 250mM NaCl (5x Sequenase Buffer).

The primers used had the sequences:-

T3 3'-GAAATCACTCCCAATTA-5".
T7 3'-AATACGACTCACTATAG-5"
M13 (-20) 3'-GTAAAACGACGGCCAGT-5"
M13 Reverse Primer 3'-GTACCAGTATCGACAA-5"

¢) Sequencing Reactions:

To the annealed primer / template mix, the following were added; 1ul DTT (100mM),

2ul labelling mix (1.5mM dGTP, 1.5mM dCTP, 1.5mM dTTP), 0.5ul (5uCi) [%**S]-
dATP at >600Ci mmol™ (Amersham S$J.304) and 1.5 units of Sequenase Version 2.0.
After mixing the labelling reaction was incubated at room temperature for 2-5
minutes. After this incubation, 3.5ul of the labelling reaction were transferred to each
of four microfuge tubes labelled A, C, G and T, in which 2.5ul of the appropriate
termination mix (80uM dATP, 80mM dCTP, 80mM dGTP, 80mM dTTP, 8mM
ddNTP [appropriate analogue], SOmM NaCl) had been spotted at the bottom of the
tube. The contents of the tubes were mixed well and incubated at 37°C. Aftera 5
minutes incubation at 42°C, 41 of stop mix (95% (v/v) formamide, 20mM EDTA,
0.05% (w/v) Bromophenol Blue, 0.05% (w/v) Xylene Cyanol FF was added to each
tube and mixed with the reaction by a brief spin in a microfuge. The sequencing

reactions were then stored at -20°C.

For sequencing areas which were particularly G/C rich, the labelling mix contained
3.0uM dITP, 1.5mM dCTP, 1.5uM dTTP and the termination mixes were 80uM
dATP, 80uM dCTP, 80uM dITP, 80uM dTTP, 8uM ddNTP (appropriate analogue),
50mM NaCl, except the ddGTP termination mix (80uM dATP, 80uM dCTP, 160uM
dITP, 80uM dTTP, 8uM ddNTP [appropriate analogue], 50mM NaCl).
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2.15.2 Polyacrylamide Gel Electrophoresis.
The nested set of primer extended fragments produced by the sequencing reactions
described above were resolved by electrophoresis on thin polyacrylamide gels using

the Bio-Rad SequiGen™ sequencing gel apparatus. Gels contained:

Final

Concs
40% Acrylamide 18ml. 6%
(38% acrylamide, 2% bisacrylamide)
10X TBE 12ml 1X TBE
Urea 60g 8.33M
Distilled Water 36ml @~ -
10% (v/v) ammonium persulphate 600ul 0.05%
TEMED sl -

(N, N, N', N', tetramethylethylenediamine)

Gels were pre-run in TBE for at least 30 minutes at 50mA constant current before
loading samples. Samples were prepared by heating to 75-80°C for 2 minutes before
loading, during which the top of the gel was thoroughly cleared of any unpolymerised
acrylamide or urea and the lanes formed using a sharks tooth comb. The heat-
denatured samples were loaded immediately onto the gel and electrophoresis carried
out at 60W (constant power), SOmA, 2,000V. The duration of electrophoresis
depended on the length of sequence required. DNA extending 250bp away from the
primer was obtained from gels run for 2-5 hours, or until the dye front reached the
anode, while sequence from 200-400bp from the primer was obtained from gels run
for 6 hours. Routinely, 3l of each sample was run until the dye front reached the
anode and 3l run for 6 hours in order to obtain the maximum sequence from each

reaction.

All gels were fixed in 10% (v/v) acetic acid, 10% (v/v) methanol for 30 minutes
following electrophoresis and were then dried onto a sheet of Whatman 3MM paper

and autoradiographed as described (Section 2.2.6).

2.16 Computer Programs used in the Analysis of DNA and Amino Acid
Sequences.

A number of programs for the manipulation and analysis of DNA sequences of the

UWGCG (University Of Wisconsin Genetics Computer Group) package (Devereux et

al., 1984) were run on a VAX computer. This package contains programs for the
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comparison of DNA and amino-acid sequences with those in GenBank and EMBL
(European Molecular Biology laboratory, Heidelberg, Germany) databases. The
following UWGCG programs are some of those that were used:

SeqEd is an interactive editor which allows entering and modification of sequences.

Map displays both strands of a DNA sequence with a restriction map shown above the

sequence and possible protein translations shown below.

BestFit makes an optimal alignment of the best segment of similarity between two

sequences and inserts gaps if necessary (Smith and Waterman, 1981).

FastA searches for sequences similar to the query sequence in any group of sequences,

using a Pearson and Lipman search (Pearson and Lipman, 1988).

TFastA Does a Pearson and Lipman search as for FastA, but first translates the query

sequence in all six reading frames.

Strings finds sequences by searching sequence documentation for character patterns

e.g. ribosomal.

LineUp is a screen editor for editing multiple sequence alignment.

CodonPreference is a frame specific gene finder which tries to recognise protein
coding sequences by comparison to a codon frequency table, or by their composition

in the third position of each codon (Staden et al., 11_982; Gribskov et al., 1984).

TestCode identifies protein coding sequences by plotting a measure of the non-

randomness of the composition at every third base (Sharp et al., 1988).

Translate translates nucleotide sequence into peptide sequence.
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2.17 In situ Hybridisation to Tissue Sections using Digoxigenin-Labelled
Probes.
The method used is essentially as described in the Boehringer Mannheim non-

radioactive DNA labelling and detection kit protocol.

2.17.1 Subbing of Slides:- Slides were subbed in a solution composed of 0.5%
porcine gelatine and 0.05% chromium potassium sulphate. New slides were placed in
a tray and placed into a square glass jar, 2-3ml of 10% SDS added and distilled water
allowed to run into the jar until no more bubbles were formed (this is to remove any
grease or dust). The slides were then covered in the chrome allum solution for 1-2
minutes before being removed to a piece of blotting paper and after air drying for 10
minutes, were placed in a 60°C oven where they were left for >30 minutes to dry

completely.

2.17.2 Cutting:- Sections were cut on a Anglian Scientific 620 Compound Cryotome
(cryostat). Tissue was first embedded in Tissue-Tek O.C.T. (Miles Inc., Elkhart,
USA). After cutting, (typically 8-12um sections) the sections were dried onto the
slides for 1 minute at 45°C, then allowed to dry at room temperature for a further 30
minutes. They were then fixed in a 4% (w/v) paraformaldehyde solution in 1X PBS
for 7 minutes and then washed three times in 1X PBS for 5 minutes each wash.

Sections were then stored at room temperature until used.

2.17.3 Preparation of Dig-UTP Probes:- 50-1000ng of linearised DNA in 15ul of
water was denatured at 100°C for 10 minutes and then snap cooled in an ice/NaCl
mix. To this denatured DNA was then added 2ul hexanucleotide mixture (as supplied
by Boehringer Mannheim), 2l dNTP labelling mixture (1mM dATP, dCTP, dGTP,
0.65mM dTTP, 0.35mM Dig-dUTP;pH6.5, finally 1ul (5 units) of Klenow
polymerase was added and the whole mixture incubated overnight (12-16 hours) at
room temperature. After stopping the reaction with 2ul of 0.2M EDTA;pH8.0 labelled
DNA was precipitated by adding 2.5ul 4M LiCl and 75ul pre-chilled 100% ethanol
followed by centrifugation at 12000g for 30 minutes at 4°C. The pellet was washed in
500ul of 70% ethanol and then dried in a vacuum drier for 20 minutes before

resuspending in 50ul water. To calculate incorporation 10mCi of dCTP was added as
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a trace label and a TCA precipitation performed followed by scintillation counting

(Section 2.5.15).

2.17.4 Hybridisation of Sections:- Sections were first incubated in 2X SSC for 10
minutes at room temperature, the SSC removed and 200-300pl of pre-hybridisation
solution (50% deiononized formamide, 4X SSC, 1X Denhardts, 100ug ml™ freshly
denatured salmon sperm DNA, 125ug ml” yeast tRNA and 10% Dextran sulphate)
was added to each slide. The slides were then incubated at room temperature for 60
minutes. All incubations were carried out in rigid plastic boxes lined with several
sheets of flat, damp 3MM paper. After the pre-hybridisation step the slides were
briefly submerged in 2X SSC to remove the pre-hybridisation solution and after
removal of residual 2X SSC with lint-free tissue, 30-50ul of hybridisation solution
was added and the whole slide covered with a Parafilm coverslip that was wrinkle free
(Hybridisation solution = pre-hybridisation solution plus denatured labelled DNA at a
concentration of 50ng labelled DNA ml™). The slides were then incubated for 16
hours (overnight) at 42°C.

2.17.5 Visualisation of Bound Antibody:- The slides were washeci in 2X SSC for 60
minutes, 1X SSC for 60 minutes at room temperature, 0.5X SSC for 30 minutes at
37°C and finally in 1X SSC for 30 minutes again at room temperature. Detection was
accomplished using the Boehringer Mannheim digoxigenin non-radioactive nucleic
acid detection kit and the protocol used essentially as described by Boehringer

Mannheim. All steps were carried out at room temperature.

Slides were washed in Buffer 1 (100mM Tris-HCI;pH8.0, 150mM NaCl;pH7.5), for 1
minute, then incubated for 30 minutes in Buffer 1 plus 2% normal sheep serum
(obtained from Scottish Antibody Production Unit, Lanarkshire, Scotland) and 0.3%
Triton X-100. The anti-digoxigenin antibody was diluted 1:500 with Buffer 1 plus 1%
normal sheep serum and 0.3% Triton X-100 and 100pl applied to each slide which
were then incubated for 4 hours in a humid chamber. The slides were then washed in
Buffer 1 for 10 minutes with gentle shaking and then in Buffer 2 (100mM Tris-
HCI;pH 9.5, 100mM NaCl;pH7.5 and MgCl) for a further 10 minutes with more
gentle shaking.
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The bound antibody was visualised by applying 400-5001 of colour solution to each
slide (Colour solution= 451 NBT, (70% v/v 75mg ml ™ nitroblue tetrazolium salt in
dimethylformamide), 35ul X-Phosphate, (5-bromo-4-chloro-3-indolyl phosphate,
tolidinium salt 50mg ml” in dimethylformamide) with 2.4mg Levamisole in 10ml of
Buffer 2 to inhibit spurious colour reaction due to endogenous alkaline phosphatases).
The slides were then incubated in a light proof, humid chamber for 2 - 24 hours, the
colour reaction being monitored continuously and when judged to have stained to
completion the reaction was stopped by immersing the slides briefly in Buffer 3
(10mM Tris-HCI;pHS.0, ImM EDTA;pH8.0). Slides were then mounted (Section
2.2.8.6) using a gelatine / glycerol mix (Ashburner, 1989). Photographs were taken on

a Leitz Vario-Orthomat microscope fitted with Nomarski optics.
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Chapter Three



Chapter Three - Cloning of the shak-B Region and Localisation of Several

Chromosomal Aberration Endpoints.

3.1 Introduction.

3.1.1 Passover Genetics.

The Passover mutation (Pas) had been shown to lie proximal to forked by
recombination and within Df{1)16-3-22 at the base of the X chromosome (Thomas &
Wyman,1984b). Baird et al., (1990) placed Pas near the boundary of the R-9-29 and R-
9-28 complementation groups by deficiency mapping. They performed a
complementation analysis in which Pas failed to complement most of the previously

identified alleles belonging to the R-9-29 (now renamed shaking-B) locus.

One way to determine how the gene has its effects is by cloning the DNA containing
the shaking-B (shak-B) locus. It would then be possible to isolate transcripts from the
gene and so allow tissue expression patterns to be determined. As well as this, once
specific transcripts have been identified, it is then easier to the locate the alterations in
the genome at the molecular level associated with the different alleles. This then
allows the correlation of their position(s) with their ability to stop, or alter the
expression of the transcripts. This allows the assigning of specific transcripts or
groups of transcripts to specific functions. In the longer term it should be possible to
determine the structure and function of the protein products i.e. are they

transmembrane proteins and where are the protein(s) located in the cell?

It is known that at the genetic level there is a complex interaction between shak-B™*
and the other alleles of the shak-B locus (Section 1.2.5). This genetic complexity is
further compounded by the interaction of the shak-B region with proximal deficiencies
in the 19E region (as described in Section 1.2.6). These findings have led to the
suggestions that shak-B may be split by an intervening gene (or genes) located in one
or more of its introns. Another possibility is that the coding region is at 19E3 with a
long range interaction due to an enhancer or other control region in 19E5-6 (Baird et
al., 1990). Alternatively, position effects (for example see Pirotta (1990), and Section
3.10.3) may be having an effect. Cloning the shak-B region would allow us to confirm
which of these suggestions is responsible for the genetic complexity observed, or to

determine if another explanation exists. Once cloned, it would be possible to tie in the
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characteristics of the region at the molecular level with the genetics. The molecular
endpoints of the various deficiencies and duplications that have been shown
genetically to affect the locus when heterozygous with other deficiencies or with shak-
B alleles, could be determined. This would allow the wealth of genetic information
available about the locus and the region as a whole to be utilised. For example any
transcribed regions near to key chromosomal abnormalities could be localised, thus

giving indications of where the shak-B transcript (or transcripts) may lie.

3.1.2 Initial Work in the Cloning of the shak-B Locus.

Previous walks that started in the 19E-F region terminated prematurely as they ran
into blocks of repetitive DNAs (Miklos ef al., 1984). To overcome this problem two
microdissection experiments were performed (Pirotta et al. 1983; Miklos et al., 1988)
on bands 19E to 20, to generate microclones that could be used as entry points for
chromosomal walks (Bender et al., 1983). In the first experiment the whole 19EF-20
region was excised but this was later found to have been contaminated with
chromosome 4 DNA sequences. In the second experiment four microclone libraries
were generated that "began deep in subdivision 20 (mini-library 1) through to
subdivision 19E (mini-library 4)". The four libraries together were estimated to
contain ca. 1500kb of DNA from across the 19E- 20 region. The microclones from
each library were then localised by deficiency mapping, using deficiencies and
duplications covering or impinging upon the shak-B locus (J. Davies, this laboratory).
Three walks were started using microclones. A fourth walk was initiated using a
genomic phage clone isolated in the chromosomal walk that cloned runt (Gergen and
Weischaus, 1986) and kindly donated to this study by Peter Gergen. This walk was
then extended proximally towards shak-B. The three walks started with microclones
were named after the number assigned to the microclone i.e. 798, 896 and 952. The

walk started using the runt clone was termed the runt walk.

For the cloning of the shak-B locus it was decided to use genomic libraries
constructed using the EMBL phage vectors (Frischauf et al., 1983) in preference to
cosmid vectors (Collins & Hohn, 1978). This was for several reasons. Firstly phage
clones are easier to use with respect to analysis, for example restriction mapping.
However, the principal reason was that phage vectors are less prone to recombination

and / or rearrangements. This point was considered to be important as previous work
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at the base of the X chromosome had shown single copy DNA to be interspersed with

repetitive DNA at a relatively high frequency (Miklos et al., 1988 and Chapter 4).

In this chapter I report my part in the cloning of the shak-B locus and the surrounding
regions. I also report the results of studies which used Southern hybridisation to map

genetically defined endpoints of chromosomal abnormalities onto the molecular map.

3.2 Results.

3.2.1 The 798 Walk.

The 798 walk was initially thought to lie in the region of interest (19E3). However,
the distal endpoints of one deficiency, Dff 1)GA40, which breaks distally between runt
and mell and proximally deep in division 20 (Table 2.5 and Figure 3.06a,b and c) was
shown to be located in the walk. A second deficiency, Df{ 1 )Jmal”’, which breaks
distally between mal and LB5 (at 18F4) and proximally between runt and mell (19E1)
(Table 2.5 and Figure 1.03) may also lie within the 90kb encompassed by this walk
(Section 3.4). These findings allowed the walk to be oriented and localised to band
19E1, i.e. distal to runt and near to, or possibly containing, the melanised like locus.
Two clones were isolated from an EMBL 4 OrR genomic library (Section 2.3.1) using
a 2.5kb Eco R1/ Hin dIII fragment from A798C1004A as a probe. These extended the
proximal end of the walk and were called A7A1 and A7H7 (Appendix 3 and 3.1 for
locations and maps). Studies of this walk and of the runt walk were discontinued
when it became apparent that the 952 and 896 walks contained DNA from the relevant

regions of the chromosome.

3.2.2 The 896 and 952 Walks.

The 896 walk was oriented and localised prior to the start of this study by the
localisation of the distal breakpoint of Df{1)T2-14A (J. Davies and C. Taylor personal
communication). This removes the 19E5 to 19E7 region (Section 2.4.2 and Table 2.5).
The distal end of the 896 walk was then extended towards the shak-B locus. The 952
walk was oriented and localised in a similar manner, firstly by crossing the distal
breakpoint of Df{1)LB6 (Section 3.7) which femoves the 19E3 to 20A2 region and
also by crossing the proximal breakpoint of Df{1)16-3-35 (Section 3.6). The distal end
of the walk was extended (towards runt) by the isolation of four phage clones. These

were isolated using a 3.4kb Hin dIlI / Hin dIII fragment from AC5BO3 as a probe.
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Several clones were isolated from the EMBL 4 Oregon R (OrR) genomic library and
the two extending the furthest were restriction mapped. These were named AAGOO01

and AAGOO02 (Appendix 1 and 1.1 for locations and maps).

When AAGO02 was hybridised to a Southern blot of the restricted runt walk phages,
cross hybridisation occurred to the most proximal runt walk clone, ARC56. To
determine which fragment(s) were cross hybridising, the proximal clones from the
runt walk and the most distal clones from the 952 walk were restricted with the
appropriate enzymes, electrophoresed through an agarose gel, and then bidirectionally
blotted (Sections 2.5.11) to nitrocellulose. One of the blots was probed with the most
terminal fragment of AAGOO02 (Figure 3.01a), a 1.0kb Eco RI fragment that contains
an opa repeat (Section 4.3.6 for details). The duplicate blot was probed with the single
copy 1.9kb Eco RI to Hin dIII fragment that lies just proximal to the 1.0kb fragment
(Figure 3.01b). The opa repeat containing fragment hybridised to the two most
proximal fragments of ARC56, both of which are known to be repetitive and thus
could contain opa repeats themselves. The 1.9kb region hybridised only to the
expected regions in the 952 walk, suggesting that the homology observed between the

runt and 952 walks was due solely to the repetitive sequences.

For the next step in the walk, several clones were isolated from a library prepared
using Oregon-R DNA in the phage lambda Gem 11 vector (S. Tomlinson, personal
communication, Section 2.3.1). These were isolated using a 1.9kb Eco RI/ Hin dIII
fragment from AAGOO?2 as a probe. The two that appeared to extend the walk the
furthest were restriction mapped These were termed AAGO07 and AAGO09

(Appendix 1 and 1.1 for locations and maps). No hybridisation of the most distal
restriction fragment to the runt walk was found. The distal endpoint of Dp(1 )Ymal’ 7
which covers the region 19E3 to deep within division 20 (Section 2.4.2, Table 2.6)
was shown to lie within AAGOO1 (Section 3.5). This duplication covers the shak-B
locus but not runt (Gergen and Wieschaus, 1986 and personal observations) so
walking in this direction was discontinued as the distal extent of shak-B had thus been

reached.
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AGO02
AAGO01
AC5B03

Figure 3.01a and b-Ethidium bromide stained 'iel and duplicate Southern blots of &ha%cclones from the distal end of the 952
walk and the proximal end of the runt walk hybridised with A)1.9kb Eco RI Hin dIII fragment from AAGOO2;
B)1.0kb Eco RI Hin dIII fragment from AAGOO2. No hybridisation is observed to runt walk

sequences with the
1.9kb fragment whereas the 1.0kb probe hybridised only to repetitive regions. See text (3.2.2) and Figure 3.01¢c
for details. The genomic clones were restricted with the enzymes detailed 1n Section 5.3.

AR306 3 AC5BO3
L} _
i ARCS6 b i AAG002 :
§ | r 1
i Rje ol g H OB
H R HR

Figure 3.01c-Schematic diagram of the results from Figures 3.01A and B. See text (3.2.2) for explanation. opa repeat containing

regions are shown in blue, whereas the fragments used as probes in the study are indicated red. The regions
that hybridised (in the runt walk) with the 1.0kb fragment are indicated green.
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3.2.3 Extension of the 952 Walk Proximally.

This study isolated one phage clone from the proximal end of the 952 walk from an
EMBL 3 CS genomic library (Section 2.3.1). This clone was termed A94C11
(Appendix 1 for location and see Figure 1.04 for map). The 896 and 952 walks were
extended towards each other until both walks ran into regions that seemed to be
unrepresented in the phage genomic libraries. The reasons for this are unknown.
However, the distal end of the 896 walk (AH683) is slightly repetitive (see Chapter 4)
and 30% of the DNA within the phage clones eventually isolated from between the
walks (see below) is repetitive DNA. It was thus thought possible that, as in previous
walks in this region (Miklos et al., 1984; 1988), blocks of repeats were interfering
with cloning in some manner. In an attempt to traverse this region, cloned single copy
fragments, from the relevant ends of the 896 and 952 walks were isolated and used to
isolate cosmid clones. The fragments were a 4.3 Eco RI/ Eco Rl fragment from
A9915 at the proximal end of the 952 walk and a 2.7kb Hin dIII / Sal I fragment from
AH486 at almost the distal end of the 896 walk. Fragments from the most distal clone
of the 896 walk (AH486) were not used as they were shown to be slightly repetitive
(see Chapter 4 and Appendix 2). The rational behind this approach was that cosmid
clones, being two to three times the size of phage clones, would extend over this area.
Two cosmids were isolated using the 952 walk fragment, six using the 896 walk
fragment, and six that seemed to cross-hybridise weakly with both fragments (Jorg

‘Hoheisel ' personal communication).

DNA was prepared in duplicate from each cosmid by minipreps (Section 2.5.2) and
the DNA digested with various restriction enzymes and Southern blotted. These
Southern blots were then hybridised with the original fragments used to isolate them
from the cosmid library. This was done to verify that the cosmids originated from the
region of interest. One of the 952 cosmids and the six clones that seemed to hybridise
with both the 896 and 952 fragments, did not hybridise back to the probe used to
select them, and so were not characterised further. A single 952 cosmid and the 896
cosmids were found to hybridise to the fragments used to isolate them (Figure 3.02)
but not to hybridise to each other (other than vector sequences). The extent to which
the cosmids overlapped with their original parent walks was then determined by
sequentially hybridising whole phage clones, from the ends of the walks, to restriction

digested and Southern blotted cosmid DNA (Figure 3.03a and b). The 952 cosmid
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(c9A1) was found to be approximately 55kb in size of which approximately 11kb was
not previously cloned in the 952 walk. Of the 896 cosmids the largest (c8C1) was
approximately 45kb of which 17kb was not previously cloned in the 896 walk.

The restriction digested cosmids were then hybridised with nick-translated (Section
2.5.13.1) genomic DNA to identify regions containing repetitive DNAs. Bands unique
to the cosmid and not containing repetitive DNA were then isolated, radiolabelled and
used to screen the CS, EMBL 3 genomic library (S. Ji, personal communication).
Three clones were isolated using fragments from the c9A1 cosmid and mapped (see
Figure 3.04 and Appendix 1 for maps and locations). A single phage clone was
isolated using a fragment from the cosmid c8C1 (S. Ji, 1995). All the phage clones
failed to hybridise to their original parent walks. The new 952 and 896 phage clones
did not cross hybridise to each other. Although all of the phage clones isolated
hybridised to the cosmids used to isolate them, and the three isolated from the end of
the 952 walk hybridised to each other, the patterns of hybridisation to the cosmid were
not consistent with the restriction maps (Figure 3.04b). It was shown (Figure 3.04)
that the three clones isolated with the c9A1 fragments have internal regions that
hybridised to the cosmid, but terminal regions that did not. Several possible
explanations could account for this result. It was possible that as the region of
homology between the phage clones and the cosmid is repetitive all three clones may
have originated from elsewhere in the genome, the detected homology being a result
of repetitive DNA. Alternatively, it was thought possible that the cosmid c9A1 may
have had an internal deletion which brought together non- contiguous fragments.
Further analysis using the reverse Southern technique (Section 4.2.1) showed that the
regions of homology (other than the fragment used as a probe to isolate the phage
clones originally) were indeed partially repetitive (Figure 4.06). However, a genomic
clone isolated after this study was finished (S.Ji and J Davies, personal
communication) 'filled the gap' between the genomic clones and the end of the 952
walk. The most distal regions of AS4 and AS5 however (highlighted in green in Figure
3.04B) do not hybridise to the new phage clone (A9FD3) or to the cosmid. This result,
together with the fact that the S series phages and the cosmid were isolated from
libraries made from different strains, suggests that that the ‘extra’ DNA may be a
transposable element which has inserted into the region, i.e. it is present in this region

in the genome of the strain from which the S series phages were isolated but not in
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AH683
A9915
c9A1

¥ c9A2
c9B1
c9B2
A9915

\O
A N - o0
S alomD X
) SRR

0.5kb

0.5kb

Figure 3.02- Ethidium bromide stained gel and Southern blots of restricted cosmid and phage DNA (cosmids tracks are
prefixed with c), hybridised with the fragments used to isolate them from the cosmid library. The 896 walk
cosmids were challenged with a 2.7kb Eco RI - Sal I fragment from AH683 (A). The 952 walk cosmids were
challenged with a 4.3kb Eco RI fragment from 19915 (B). See text (3.2.2) for further details. The band that is
hybridising in the A9915 track in A comes from a previous hybridisation in which the cosmids were checked
for cross homology to the other walks. As only this band in the 19915 positive control was detected, the filter
was not stripped. The hybridising band in the AH683 track is partially obscured by the smear from the AH486

track so it has been asterixed for clarity.

The cosmids were digested with Eco RI and Sal I, the phages with the enzymes listed in Section 5.3
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1 kb Ladder

Sall
SI/HII
RI/ HIII

1 kb Ladder

1 kb Ladder

Sal I

1 kb Ladder

Hind IIT
EcoR 1

Hind IIT
EcoR 1

SI/HII

Figure 3.04a-Ethidium bromide stained gels and Southern blots of the AS genomic clones (isolated usin,
fragments from the 952 walk cosmid, c9A1) hybridised with the c9A1cosmid. The molecuin'
weights of some restriction fragments are indicated.

S H H S BB S S

S S HH B

Figure 3.04b-Schematic diagram of the results from Figure 3.04a. The regions of overlap between AS2, 4 and 5 and the
cosmid (c9A1) are shown in red. Repetitive regions are shown in blue. No homology exists at the termini
of the inserts of the genomic clones to the parent cosmid.
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those from the strains which the cosmid clone c9A1 and A9FD3 were isolated (See
Appendix 1.2). The region surrounding the insertion is repetitive and sequence
analysis (Section 4.2.4) suggests it may be the remnants of a retrotransposon. The re-
entry of transposable elements into the genome by inserting into other transposable
elements is a well documented phenomenon (Dawid et al., 1981; Scherer et al., 1982;
Di Nocera and Dawid, 1983; Young et al., 1983). The genomic clones extending the
952 walk proximally (the S series phages) do not hybridise to the 896 walk, and as yet

the two walks have not been joined.

3.3 Mapping Chromosomal Aberration Endpoints by Southern Hybridisation.
3.3.1 Approximate Location of Deficiency and Duplication Endpoints Within
the Walks.
Genomic DNA was prepared from fly strains bearing the relevant deficiencies and
duplications (Tables 2.5 and 2.6). .Heterozygous females were collected to prepare
the DNA from strains bearing chromosomal deficiencies. For strains bearing
duplications, males were collected. The rationale behind this is summarised in Figure
3.05A. On hybridisation to Southern blots, a band of half the intensity is expected if
the probe falls into a region uncovered by a deficiency, relative to a probe that is
outwith the deficiency (Figure 3.05B - probe B). Females were not used for the
analysis of duplications as there would be two copies of the X chromosome outside
the duplication compared to three within the duplication (two copies of the X and one
copy of the duplicated DNA). This intensity ratio of 2 : 3 or 2 : 2 is more difficult to
distinguish than the 1 : 2 or 1 : 1 intensities obtained using male flies (one X
chromosome and one copy of the duplicated DNA). When the endpoint of a
deficiency or a duplication was localised to a small enough region (>10kb), this region
was then hybridised to a genomic blot of wild-type and deficiency DNAs. If the
endpoint lies within the hybridising region then novel restriction fragments caused by
the loss of the original restriction fragment should be visible (summarised in Figure

3.05B - probe C).

Three tracks of genomic DNA, comprising two unknowns and a strain which had been
previously characterised (i.e. the endpoints of the deficiency / duplication had been
previously determined or which had been shown genetically to break some distance

from the shak-B region), were electrophoresed and prepared as described (Sections
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(Deficiency) (Duplication)
Female DNA Male DNA

= =

=

R &= T
Wild type females —

two copies of the region exist.
Males bearing an X - Y duplication

# only one copy of the X exists - no other

coples within the duplicated region.
=1 —
=

Deficiency females ﬁ
=

two coples of the region exist

as the probe is out of the deficiency H
—x * Males bearing an X - Y duplication

Two coples of the reglon exist - one on
the X chromosome and one duplicated

Deficiancy femolag on the Y chromosome or on a free-ring

Only one copy of the reglon exists

as the other Is within the deficlency chromosome
I — -
___Double copy of
region A - B
B C S
A ' 2o \\single copy of
B —_— region B - C
| e
A g D
Novel restriction
—_| fragment
A B e D caused by the
' : . ! loss of Site C
¢ Nl
D

In A the probe hybridises to a region which has two copies and thus a signal intensity of two will be seen. In B

an intensity of one is observed as the second area (B - C) is within the deficiency and so only the non-deficient
chromosome will be detected. In C the restriction fragment originating from region A - B will give an intensity of
two as both copies of the chromosome exist, whilst the region B - C will give an intensity of one as it does not
exist on the deficiency chromosome. A novel restriction fragment is formed by the joining of region B to D
which will have an intensity of one as it only occurs in the deficiency chromsome.

Figure 3.05- Rationale behind the approach used in mapping the Deficiency and Duplication breakpoints and the use of
'multiblots’ to determine the actual molecular endpoints. See text (3.3.1) for further explanations.
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2.5.3;2.5.8.1; 2.5.11; 2.5.16 and 2.5.17). As equal amounts of restricted genomic
DNA were loaded, it was possible to make a direct comparison between the intensity
of the signals in different tracks. The ‘correctness’ of estimation by the naked eye was
confirmed using laser densitometry of the autoradiographic results under conditions
recommended by Swillens et al., (1988). The intensity of the signal was observed to
be either half, equal to or double that of the control DNA track depending upon its
source. Using this procedure 7 of the 10 deficiency / duplication breakpoints
investigated were either localised to specific restriction fragments from the walks, or

shown to be outwith the regions presently cloned.

A further two breakpoints (Dp(1)mm2 and Dp(1)mmRing) were partially characterised
in that they were shown not to break in the 952 walk. Results using fragments as
probes from the proximal and distal ends of the 896 walk were confusing however as
they seemed to suggest that the 896 walk was not covered by these duplications. The
results were not consistent with the original cytological location of the breakpoints
(Green et al., 1987). Other studies (Prud’homme et al., 1995) suggest that in at least
one case (Dp(1) mm2) the organisation of the duplication has altered from that
originally described. They place the distal endpoint of Dp(1) mm2 at 19F which would
agree with the results this study obtained with the 896 walk probes.

Problems were encountered with the chromosomal abnormality stocks that were
ordered to complete the analysis of Df{1)LB7. Df(1)LB7 (Section 2.4.2, Table 2.5)
stocks were obtained from two different centres; Glasgow and Umea, Sweden. On
crossing to flies bearing the lethal shak-B alleles, shak-B**%° and shak-B**' (Section
2.4.2, Table 2.5) no complementation was seen. Flies were then obtained from the
Department of Cell Sciences, University of Leiden, Leiden, Netherlands, where the
stock was originally produced. This stock also failed to produce the expected F1
progeny, suggesting contamination or a recombination / rearrangement event may

have occurred prior to the distribution of the stock to the centres mentioned.

Results with Dp(1)mm2 and Dp(1)mmRing DNA, collected in the early stages of this
study, suggested the endpoints of these duplications occurred outwith the 952 walk
although as mentioned above the results with 896 walk probes were confusing. After

this initial analysis but prior to a more detailed analysis of these breakpoints it was
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noted that both the Dp(1)mmRing and Dp(1)mm2 stocks maintained at Glasgow, had
in the intervening time, lost the yellow phenotype indicative of the loss of the mini-
ring chromosome. Other stocks were ordered from three different stock centres, but
the flies died in transit or shortly after arrival. Time constraints meant the reordering
and retesting of these three strains was unfeasible. As no more DNA was available for
testing it was impossible to localise the distal endpoints of Dp(1)mmRing and
Dp(1)mm2, any further than in the early parts of this study i.e. the endpoints are
located outwith the 952 walk (Section 3.9).

3.4 Location of Deficiency Endpoints Within the 798 Walk.

As previously mentioned, the 798 walk was originally thought to be in the region of
interest (19E3); however, preliminary analysis showed that the distal end of
Df(1)GA40 (and probably the distal end of Df{1)N77 and the proximal end of
Df{1)mal’®) were situated within this walk. Five deficiency DNAs, Df(1)N77,
Df(1)B57, Df(1)GA37, Df{1)GA40 and Df{(1)A118 (see Section 2.4.2, Table 2.5, Figure
1.03 for details), were restricted with Bam HI. The fragments produced were
electrophoresed on a 0.8% agarose gel, blotted, and probed using two single copy Eco
RI fragments from each end of the 798 walk. These were p0505R3, which hybridises
to a 5.0kb BamHI fragment, and p79C1R6, which hybridises to a 6.5kb BamHI
fragment (Figure 3.06 and Appendix 3 for locations). The results obtained are shown
in Figure 3.06a. Comparison of signal intensities between the control DNA,
Df(1)A118 (known not to uncover this region thus giving an intensity of two), and the
experimental DNA showed that the distal breakpoint of Df{1)GA40 was situated
between these two fragments. The other deficiencies tested did not break in the walk,

except Df(1)N77 which breaks distal to both fragments.

Two fragments (respectively more distal and proximal than those above)
p7C1004AR1 and a 3.2kb Eco RI fragment from the phage clone AOSR308B (see
Figure 3.06 for locations), were hybridised to Eco RI digested Df{(1)16-3-35, Df(1)N77
and Df{1)mal'’ DNAs. The intensities in the Df{1)mal"tracks were consistent with the
3.2kb Eco RI fragment being in the deficiency [see C, Figure 3.06a], with
p79C1004AR1 from the other end of the walk being out of the deficiency [see D,
Figure 3.06a)). This suggests the proximal end of Df{1)mal” breaks in the 798 walk.
In the Df{1) N77 track the 3.2kb AOSR308B fragment hybridises with an intensity
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Figure 3.06a-Ethidium bromide stained gel and Southern blots of various deficiency DNAs that have endpoints
in the 19E1 region. Df(1) GA37, GA40, N77, B57 and mal” are the uncharacterised deficiency DNAs.
The Df(1)16-3-35 and A118 DNAs were included as intensity controls. A/B were restricied with Bam HI
whereas C/D were restricted with Eco RI. The regions used as probes are indicated on each image and on
the diagram below. The distal fragments (p0505R3 and 3.15kb AOSR308b) hybridise to 5kb and 4kb
ts respectivly, whereas the proximal fragments (p79C1R6 and p79C1004AR1) hybridise to 6.5kb

fragmen
and 8.0kb fragments respectivly
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Figure 3.06b-Schematic represention of the deficiencies in the area in which the 798 walk is situated. Df(1 )mal®,
Df(1)N77 and Df(1)GA40 all break in the walk itself, whereas the other deficiency breakpoints are
situated outwith the region presently cloned.
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double that of the p7C1004AR1 fragment. As the result in the Df{1) N77 track in
Figure 3.06A suggests that the distal breakpoint of the deficiency uncovers p79C1R6
but fails to cover p7C1004AR1 this strongly suggests that that the distal endpoint of
Df(1) N77 is located between p79C1R6 and P7C1004AR1 i.e. within in a 4kb region.

These results allow the orientation and localisation of the 798 walk, with p79C1R6
and p7C1004AR1 proximal and the 3.2kb AO5R308B and p0505R3 fragments being
distal. The walk was therefore localised to an area distal to runt but proximal to
maroonlike i.e. containing the mellanised like region (Figure 3.06b for summary of
above). These and other results obtained at the same time (see below) suggested that
the 952 and 896 walks, and not the 798 walk, were the walks containing or nearest to
the shak-B locus. A more detailed analysis of the regions encompassed by the 952 and

896 walks was therefore undertaken.

3.5 Location of the Distal End of Dp(1)Ymal'”".

The Ymal!” duplication has been shown genetically to cover shak-B but not to cover
runt, and so it defines the distal limit of the shak-B locus. A 1.9kb Eco RI/ Hin dIII
fragment, cloned and isolated from AAGO02, was shown to be outwith the
duplication. This was demonstrated by comparing the signal intensity of the fragment
when hybridised to two blots of Dp(1)Ymal'”? DNA and equivalent amounts of two
control DNAs (Df(1)LB6 and Df(1)16-3-35). One blot was restﬁcted with Eco RI
(Figure 3.07a), and the other with Eco RI and Hin dIII (Figure 3.07b). Df{1)LB6
removes DNA proximal to this region but does not uncover this fragment (Section
3.7) and therefore gives a signal intensity of two, as both copies of the X chromosome
exist in this region. Df{1)16-3-35 removes DNA distal to this fragment and has been
shown to uncover this region (Section 3.6) and therefore gives an intensity of one as
the deficiency chromosome has this region missing. The Dp(1)Ymal'”! track gave an
intensity of one on both blots using this 1.9kb region, and so this fragment lies

outwith the duplication.

A 3.4kb Hin dIII fragment from the phage clone AC5B03 was hybridised to a genomic
Southern blot of deficiency and duplication DNAs digested with Hin dIII. The distal
Hin dIII site, bracketed and marked X in Figure 3.07, is polymorphic i.e. it occurs on

the balancer chromosome FM6 (Lindsley and Zimm, 1990) but not on the other X or
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Figure 3.07a.

Ethidium bromide stained gel
of Eco Rl restricted genomic
DNAs, and the autorad after
probing the Southern blot
with a 1.9kb fragment from
the distal end of AAGO02.
The intensities of 1-1-2 show
this fragment is outwith the
Ymal"" duplication.

Figure 3.07b.

Ethidium bromide stained gel
of Eco RI/ Hind 11 restricted
genomic DNAs, and the autorad
after probing the Southern blot
with a 1.9kb fragment from

the distal end of AAGOO02.

The intensities of 1-2-1 show
this fragment is outwith the
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Figure 3.07c.

Ethidium bromide stained gel
of Eco Rl restricted genomic
DNAEs, and the autorad after
probing the Southern blot
with a 3.4kb fragment from
AC5B03. The polymorphism
shows this fragment is within
the Ymal"”' duplication.
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attached XY chromosomes. Thus, as two bands occurred in the Dp(1)Ymal’ T and
Df(1)A118 tracks, (one from the balancer and one from the normal X or attached XY
chromosomes) and only one occurs in the Df{1)16-3-35 track (from the balancer
chromosome), then this showed this fragment must be within the duplication (Figure

3.07f for summary).

These fragments define an area of 10.8kb within which the Dp(1)Ymal'” endpoint
must lie. This region can be divided into two fragments, one of 6.6kb which contains
repetitive DNA and one of 4.0kb which apparently contains single copy DNA (Figure
3.07f for map). A genomic blot of Dp(1)Ymal'”' and wild type Canton-S (CS) genomic
DNAEs, restricted with seven different restriction enzymes, was prepared and probed
with the 7.4kb fragment from AAGOO2 (Figure 3.07d). Several alterations in the
Dp(1)Ymal» DNA were visible, relative to the wild type DNA. These could be due to
the juxtaposition of novel DNA being brought in by the Ymal'”’ duplication, however,
it is also possible that as more than one band occurs in the altered Dp(1)Ymal'”! tracks
this may not be the duplication endpoint but simply a polymorphic region. It is
impossible therefore, to state categorically that the Dp(1)Ymal'” breakpoint lies in this
fragment and not within the repetitive fragment lying next to it. This repetitive
fragment was also hybridised to the genomic blot described above. The number of
bands (presumably due to hybridisation with the repetitive region), made it impossible

to determine if the breakpoint was localised here (Figure 3.07¢).

3.6 Location of the Proximal End of Df(1)16-3-35.

The approximate position of the region containing the Df{1)16-3-35 proximal
breakpoint was located as described (Section 3.3.1), to the genomic clone A94C11
(Appendix 1 for maps and location). The 3.9kb, 4.1kb and 4.9kb Eco RI fragments
from this clone were isolated, radiolabelled and hybridised (Sections 2.5.10, 2.5.17
and 2.5.13.2) to genomic blots of Eco RI restricted Df{1)16-3-35, Df(1)LB6 and
Df(1)A118 DNAs. The 4.9kb fragment yielded bands with equal intensities in the /6-
3-35 and A118 tracks whereas the intensity of the band in the Df{1)LB6 track was half
that of the Df{1)A118 signal (Figure 3.08a). The 4.1kb fragment yielded bands with
intensities which suggested that this fragment was uncovered by both the LB6 and 16-
3-35 deficiencies, as both had intensities half that of the Df{1)A118 control DNA
(Figure 3.08b). Thus the Df{1)16-3-35 break-point must lie between these two

120



Figure 3.07d-Ethidium bromide stained gel
and autorad of a genomic Southern blot of
Cs (C) and Dp(1)Ymal”* (Y) DNAs
hybridised with a 7.4kb Eco RI fragment
from AAGOQ2. See below and text (3.5)
for an interpretation of the results.

Figure 3.07e-Ethidium bromide stained gel
and autorad of a genomic Southern blot of
Cs (C) and Dp(1)Ymal” (Y) DNAs
hybridised with a 6.6kb Eco RI fragment
from AAGOO02. See below and text (3.5)
for an interpretation of the results.
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Figure 3.07f-Schematic representation of the region in which the distal endpoint of the Ymal " duplication lies. The
bracketed restriction sites are polymorphic. The regions in blue are known to contain opa rq;gats and so are
repetitive. See text (3.5) for full explanation. (Key to enzymes: R= Eco R1, B= Bam H]},, = Hin dIII).
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fragments, in an area composed of two Eco RI fragments of 1.4kb and 3.9kb (Figure
3.08f).

The 3.9kb fragment was hybridised to a genomic blot of Eco RI restricted Df{1)16-3-
35 and Df{1)A118 DNAs (Figure 3.08c). An extra band of 2.0kb was detected in the
Df(1)16-3-35 track. To confirm the presence of the breakpoint within this region the
fragment was hybridised to a genomic blot of wild type (OrR) and Df{(1)16-3-35
DNAs restricted with five enzymes. Extra bands were observed in four of the five
tracks containing Df{1)16-3-35 DNA; however, extra high molecular weight bands
were also observed in all of the OrR tracks (Figure 3.08d). To ensure this was not due
to partial digestion of the DNA the experiment was repeated, again using five
restriction enzymes, but with Sal I replacing Kpn 1. Extra bands were again observed
in all of the Df{1)16-3-35 tracks but as before extra bands were observed in the OrR
tracks (Figure 3.08e). When the sizes of the ‘extra’ bands from the first and second
results were compared they were found to be in agreement. It is therefore unlikely that
these bands originate from partial digestion of the DNA. Restriction map data for the
Eco RI and Hin dIII sites supported the idea that these bands were due to polymorphic
restriction sites in the OrR DNA (Figure 3.08f). If the Hin dIII and Eco Rl sites at X
are polymorphic then the size of the bands expected, matches the sizes of the bands
observed i.e. 5.3kb (3.9kb+1.4kb) and 5.6kb (1.4kb+4.6kb) in the Eco RI and Hin dIII
tracks respectively. No restriction sites are present in the cloned region to explain the
sizes of the extra bands in the Df{1)16-3-35 tracks and so these are due to the presence
of novel restriction sites bought in by the 16-3-35 deficiency from outwith the region.
The ‘extra’ bands in the Df{1)16-3-35 DNA are fainter than those in the wild type
DNA. This is presumably because the deficiency removes most of the 3.9kb fragment
from the deficiency chromosome. The extent of the DNA in the novel restriction
fragment homologous to the probe (compared to that from the balancer chromosome
which overlap completely) is much less and so a weaker signal is observed. This
location has since been confirmed using in situ hybridisation to Df{(1)16-3-35

chromosomes (Krishnan et al., 1993).
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Figure 3.08a -

Ethidium bromide stained

gel of Eco Rl restricted genomic
DNAs and the corresponding
autoradiograph of the Southern
blot, hybridised with the 4.9kb
Eco RI region from A94Cl1.
The signal intensities of 1-2-2
show that this area is out of the
16-3-35 deficiency.

Figure 3.08b -

Ethidium bromide stained

gel of Eco Rl restricted genomic
DNAs and the corresponding
autoradiograph of the Southern
blot, hybridised with the 4.1kb
Eco Rl region from A94C11.
The signal intensities of 1-1-2
show that this area is within the
16-3-35 deficiency. The bands
marked by * are undigested
mmlal. .

Figure 3.08¢c -

Ethidium bromide stained

gel of Eco RI restricted genomic
DNAs and the corresponding
autoradiograph of the Southern
blot, hybridised with the 3.9kb
Eco Rl region from A94C11.
The extra band at 2.0kb is
caused by the 16-3-35
deficiency bringing in a novel
restriction site.
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Figure 3.08d-Ethidium bromide stained gel (top) and Figure 3.08¢-Ethidium bromide stained gel (top) of a

the autoradiograph (bottom) arising from the hybridising  Similar Southern blot to that shown in Figure 3.08d.

of a 3.9kb Eco RI fragment from A94C11 to a Southern Extra bands of the same molecular weights are visible

blot of OrR (O) and Df(1)16-3-35 DNAs. See below and  in the OrR tracks of both autoradiographs (bottom

text (Section 3.6) for an interpretation of the results. images), showing that they originate from
polymorphisms in the OrR DNA.

(The bands labelled ** are polymorphic restriction fragments whilst those labelled * are caused by the Df(1) 16-3-35 breakpoint).

LB R g i 3
hooaX !
| 4.1kb | 1.4kb | 3.9kb | 4.9kb J

Figure 3.08f- Schematic diagram of the restriction sites and fragment sizes around the /6-3-35 endpoint. X marks
two restriction sites that are known to be polymorphic (see Figs 3.08d and e and text [3.06]). This
breakpoint is situated in the phage clone A94C11. (Key to restriction enzymes: R= Eco RI, H= Hin
dIll, B= Bam HI).
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3.7 Location of the Distal End of Df(1)LB6.

The region containing the Df{1)LB6 breakpoint was located as described (Section
3.3.1). It was shown that the distal end of Df{1)LB6 was situated within the region of
the genomic clone A9405, (Appendix 1 for map and location). Single copy Eco R1
fragments from across A9405 (see Figure 3.09d) were hybridised to a Southern blot of
Eco Rl restricted Df{1)LB6 and Df{1)16-3-35 DNAs. The 16-3-35 deficiency was
known to uncover this area (Section 3.6), therefore all fragments from this region
would give signal intensities half that of wild type DNA in the Df{1)16-3-35 track, as

only one copy of the X-chromosome was present.

Four subclones from across the A9405 region (see Figure 3.09d for locations) were
hybridised to a blot of Eco Rl restricted Df{1)LB6 and Df{1)16-3-35 DNA (Figure
3.09a). The intensities observed indicated that the more distal fragments used as
probes (p94.R3, p94.R5 and p94.R8) are all outside of the deficiency, all three giving
signal intensities double that of the Df{1)16-3-35 track. The p94.R2 subclone, from
the proximal end of A9405, was shown to lie within the deficiency as the signal
intensity was equal to that of the Df{1)16-3-35 track. The fragment observed to
hybridise to the p94.R2 probe in the Df{1)LB6 track is 7.4kb and not 6.0kb. This is
because the proximal Eco RI site of the 6.0kb fragment is polymorphic and is not
present in Df{1)LB6 DNA. Therefore it was concluded that the deficiency breakpoint
was situated in the DNA separating the p94.R3 and p94.R2 fragments i.e. within a
7.2kb region composed of p94.R1 and p94.R6 (Summarised in Figure 3.11d).

The 6.0kb p94.R1 subclone contained a region of repetitive DNA which precluded the
use of the whole fragment as a probe. It was mapped further and shown to contain
sites for the restriction enzymes Pvull, Bglll and EcoRV. The extent of the repetitive
region was then mapped by reverse Southern analysis (see Chapter 4.2.1 for details
and results of this). Further mapping (D.Crompton, personal communication) showed
the presence of an Accl site 1.5kb into the p94.R1 subclone. This 1.5kb Eco R1 - Accl
fragment is single copy, and so the fragment was used to probe a genomic blot of
Df(1)LB6 and Df{1)16-3-35 DNAs. An extra band of >20kb was detected (Figure
3.11b). The high molecular weight band was of lower intensity than expected (it
should be equal to the 6.0kb band). This can be the result of several reasons. It is
possible that most of the 1.5kb fragment could be within the deficiency i.e. Df{1)LB6
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Figure 3.09a-Ethidium
bromide stained gel image
and Southern blot of EcoR I
restricted LB6 and 16-3-35
DNAs challenged with various
fragments from across A9405.
The more distal fragments are
all double the intensity of the
16-3-35 track and thus are out
of the deficiency. p94.R2 is in
the deficiency and so is equally
as intense as the 16-3-35 track.

Figure 3.09b-Ethidium

bromide stained gel image

and Southern blot of EcoR 1
restricted LB6 and 16-3-35
DNAs challenged with a 1.5kb
EcoR V/Acc I site from A9405.
An extra band is visible at ca.20kb.
This is due to the precense

of the LB6 breakpoint which
is bringing in novel restriction
sites.

Figure3.09c-Genomic southern blot of LB6 and wild-type (OrR) DNAs restricted with various enzymes and challenged
with the 1.5kb EcoR I/Acc I fragment from p94.RI. Extra bands caused by the juxtgposition of novel DNA
are visible in 5 out of the 6 tracks. O=OrR DNA, L=LB6 DNA.
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breaks very near to the distal Eco RI site of p94.R1 so leaving very little DNA to
hybridise to the novel fragment. Alternatively the lower intensity may be explained by
the lower efficiency with which high molecular weight DNA transfers during
Southern blotting. The presence of the distal end of the LB6 deficiency in this
fragment was confirmed by hybridising the 1.5kb fragment to a genomic blot of wild
type (OrR) and Df{1)LB6 DNAs restricted with six different restriction enzymes.
Extra bands caused by the juxtaposition of novel DNA from the proximal end of the
LB6 deficiency, were detected in five of the six tracks relative to the OrR tracks

(labelled with asterixes in Figure 3.09c).

3.8 Location of the Distal End of Df(1)17-3-51.

The approximate position of the region containing the Df{1)17-351 breakpoint was
located as described (Section 3.3.1), to the genomic clone A9915 (Appendix 1 for map
and location). Two regions, a 4.3kb Eco RI fragment, from A9915, and a 5.4kb Eco RI
fragment from AH962, (Appendix 1 and 1.2 for locations) were hybridised to a blot of
Eco RI and Sal I restricted genomic DNAs isolated from Dp(1)mm2, Dp(1)mmRing,
Df(1)17-351 and Df(1)16-3-35 flies (Figure 3.10a). The 16-3-35 deficiency does not
uncover any of this area, and so two copies of this region are expected i.e. fragments

will give intensities of two in the Df{1)16-3-35 track.

The 4.3kb Eco RI fragment yielded a signal half the intensity of the Df{(1)16-3-35
control DNA showing that this fragment lies within the 17-3-51 deficiency. The 5.4kb
Eco RI fragment, however, was equally intense as its corresponding signal in the
Df(1)16-3-35 track indicating that it lies outside the deficiency. Therefore, the distal
endpoint of /7-3-51 must lie in the 35kb of DNA separating these two fragments. The
1.8kb Sal I fragment, from the distal end of the genomic phage clone A9915, is
approximately half way between these two fragments and was therefore hybridised to
Df(1)17-351, D{1)LB6 and Df{1)16-3-35 DNA restricted with both Eco RI and Sal 1.
Instead of yielding the two Eco RI - Sal I fragments of 0.5kb and 1.3kb expected, the
results obtained showed polymorphisms (probably arising because the mutations were
isolated in different genetic backgrounds) to exist between all three strains within this

region (Figure 3.10b and c for result and interpretation). The LB6 deficiency which
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Figure 310 a-

Ethidium bromide stained
gel and resulting genomic
Southern blot of Eco RI
restricted DNAs challenged
a 5.4kb and 4.3kb Eco RI
fragment from A9915. See
text for an explanation of
the results.

Figure 3.10b-

Ethidium bromide stained
gel and resulting genomic
Southern blot of Eco RI

/ Sal I restricted DNAs
challenged with a 1.8kb
Sal 1 fragment from A9915.
See text and Fig 3.10C for
further explanations.
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Figure 3.10c-Diagram of the region around the 1.8kb Sa/ I fragment used as a probe in Fig3.10c and an interpretation
of the genomic blot showing the differences that exist between the three strains used in the analysis. The
results are explained in the text (3.8). (Key to restriction enzymes: R= Eco RI and S= Sal I).
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uncovers this region possesses the 0.5kb Eco RI to Sal I band with an Eco RI or Sal 1
restriction site ca. 2.7kb distal to this fragment. The Df(1)17-351 strain had the 0.5kb
Eco RI to Sal I band but the nearest distal restriction site to this fragment is an Eco RI
site 3.7kb away. The Df{1)16-3-35 DNA which does not uncover this region had the
3.7kb and 0.5kb fragments on one chromosome but has a single fragment of ca. 3.1kb
on the other, presumably made up of the 2.7kb plus the 0.5kb band i.e. the Eco Rl site
from the 0.5kb fragment is missing (Figure 3.10c for summary of above). The signals
in the Df{1)17-351 DNA are twice as intense as any of the bands in either of the two
control tracks. The Df{1)16-3-35 signal looks half but is in fact equal in intensity to
the signal in the Df{1)17-351 DNA. The phenomenon is observed because the signal
is split due to the polymorphisms on the balancer and deficiency chromosomes. This
shows this fragment is again outwith the Df{1)17-351 deficiency. The distal endpoint
of Df(1)17-351 must therefore be located within the 10kb of DNA separating the
1.8kb and 4.3kb fragments in A9915. Dp(1)mmRing, Df(1)17-351 and Df{(1)16-3-35
DNAs. A polymorphism present in both the /6-3-35 and the /7-351 DNAs showed
that the 1.4kb fragment was outwith the 17-3-51 deficiency (Figure 3.10d). Both the
16-3-35 and 17-351 strains have one chromosome with the 1.4kb Sal I fragment, both
also have a second copy of the chromosome present but on this chromosome the distal
Sal I site is absent the next Eco RI or Sal I site being some 0.5kb away. This meant the
17-351 breakpoint must lie in either the 0.4kb Eco Rl to Sal I fragment or the 3.2kb
Sal T fragment. The 3.2kb fragment was hybridised to a genomic blot of Sal I
restricted Df{1)17-351, Df(1)LB6 and Df{1)16-3-35 DNAs and an extra band of ca.
1.3kb was observed in the /7-3-51 DNA (Figure 3.10d). This fragment was hybridised
to a blot of wild-type (OrR) and Df{1)17-351 DNAs restricted with seven different
restriction enzymes. With all seven different enzymes extra bands were observed

(Figure 3.10f); thus the Df{1)17-351 breakpoint lies within this fragment.

3.9 The Dp(1)mm2 and Dp(1)mmRing Breakpoints.

As can be seen in Figures 3.11a and Figures 3.11d, the 952 walk fragments used in the
Df(1)17-351 localisation suggested that they were not covered by the Dp(1)mm2 and
Dp(1)mmRing duplications. When the genomic blots were rehybridised with
fragments from the 896 walk (Figure 3.12) the hybridisation signals were very weak
(presumably due their frequent use in| hybridisations for localising the Df(1)17-351

~
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Figure 3.10d-Ethidium bromide stained gel and corresponding Figure 3.10e-Ethidium bromide stained gel and
autoradiograph of Eco RI/ Sal I restricted genomic DNAs, corresponding autoradiograph of DNAs restricted
Southem blotted and challenged with the 1.8kb SalIand 4.3kb  with Sal I and challenged with the 3.2kb Sal I fragment
Eco Rl fragments from A9915. See text (3.8) for explanation. from A9915. An extra band is visible at ca.1kb.

Figure 3.10f-Ethidium bromide stained gel and corresponding autoradiograph of OrR (O) and Df(1)17-351 (17) DNAs restricted with
several different restriction enzymes, Southern blotted and then hybridised with a 3.2kb Sal I fragment from A9915.
Extra bands are visible in all seven tracks showing the presence of novel DNA brought into the region by
the endpoint of the 17-351 deficiency (indicated by asterixds). Background hybridisation to the filter is
visible but does not obscure the restriction fragments caused by the deficiency.
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breakpoint causing the DNA to become dislodged). The results however suggested
that the 896 walk was not covered by the duplications. As mentioned previously
(Section 3.3.2) in the intervening time between these initial experiments and when the
duplications were looked at in more detail, the fly stocks maintained at Glasgow had
lost their mini-ring chromosome. As no more DNA was available for repeating the
experiments and as problems were encounterd with new stocks, time constraints made

it impossible to characterise these breakpoints further.

3.10 Location of Breakpoints Between Walks.

A blot of equally loaded Eco Rl restricted genomic DNAs, prepared from
Df(1)HC279, Df(1)26B, Df(1)B57, Df(1)A118, Df(1)16-3-35 and Df{1)LB6 flies, was
probed with a 4.3kb Eco RI fragment from A9915 (at the most proximal end of the
952 walk) and a 3.5kb Ava I fragment from AH683, the most distal fragment from the
genomic clone at the distal end of the 896 walk (Appendices 1 and 2 for locations of

phages).

The result obtained with the 4.3kb Eco RI fragment (Figure 3.11a) demonstrated the
presence of a polymorphic Eco RI site on both the Df{1)HC279 and Df(1)26B
chromosomes. This is probably the distal Eco Rl site of the fragment (see Figure
3.11b). The other chromosome in both strains had the 4.3kb band observed in the
original genomic clones. Thus there are two copies of the chromosome at this region
i.e. this region is not uncovered by these two deficiencies. The intensity of the signal
in the Df{1)A118 track indicated that this deficiency does not uncover this region
either. This was because the signal intensity was equal to control deficiencies known
not to uncover the region i.e. Df{1)16-3-35 and double the intensity of deficiencies

known to uncover this region i.e. Df{1)LB6 and Df(1)B57.

The signal observed with the 3.5kb Ava I fragment showed all three deficiencies

discussed above to uncover the fragment, as the signal intensity was half that of the
Df(1)16-3-35 signal and equal to the other deficiency DNAs which do uncover this
region. Thus the distal endpoints of the three deficiencies under investigation were
shown to lie outside regions at present cloned (Section 3.2.2), between the 896 and

952 walks (see Figure 3.11b for a summary of the above).
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Figure 3.11a-Ethidium bromide stained gel and corresponding autoradiograph of EcoR I restricted deﬁcicnc¥ DNAs,
Southern blotted and then challenged with a 4.3 Eco RI fragment from A9915 and a 3.5kb Ava I fragment from
AH683. See text (3.10) and Figure 3.11b for an interpretation of the results. The bands are labelled with their
relative intensities.

The EcoR I site marked %

is polymorphic on one of the
chromosomes of the HC279
and 26B strains.
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Figure 3.11b-Schematic representation of the results obtained in figure 3.11a. The 4118, HC279 and 26B
deficiencies all have their distal breakpoints between the two fragments used for the analysis
and so lie between the 896 and 952 walks as they stood at this time.
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3.11 Discussion.

3.11.1 Chromosomal Walking.

The nature of the problem which prevented the isolation of phage clones from the
proximal end of the 952 walk is unknown. Several other studies however, have also
reported difficulties in the cloning of DNA whilst chromosomal walking in this region
at the base of the X chromosome. For example in the su(f) locus (Langley et al., 1993;
Mitchelson et al., 1993); in the unc locus (HHealy et al., 1988), and in the B214 locus
(Russell et al., 1992). In I(1)B124 in the 19F1-F2 region walking stopped ‘despite
extensive screening of three different libraries’ (Russell et al., 1992). To date, six
phage clones have been isolated using fragments from the walks themselves or from
fragments isolated from cosmids that extended the walks (S. Ji and this study).
Although all the phage and cosmid clones shared regions of homology, as shown by
hybridisation studies (S. Ji, personal communication and this study, Section 3.2.2), the
restriction maps of the hybridising regions differed. The explanation for this was
thought to be an insertion of a transposable element into the DNA from which the AS
series phages were isolated. This does not explain however why two genomic libraries
were screened with the distal 4.3kb Eco RI fragment from A9915 (which is not
repetitive) without success. One possible cause may be the repetitive nature of the
DNA into which the insertion occurred as it is known that in E. coli host cells,
homologous recombination can occur between repetitive DNA. It may have been that
recombination between tandemly repeated region(s), leading to elimination, and
therefore under-representaion of the sequences including the 4.3kb A9915 sequence
occurred in the two genomic libraries screened. This type of effect has been observed
previously. For example when Lohe and Brutlag (1986) attempted to isolate and study
fcpetitive DNAs from Drosophila they found that when isolating large plasmid clones
containing satellite DNA through several rounds of purification in E. coli, 95% of the
genomic inserts were deleted. Upon studying this effect they described the creation of
inversions, duplications, deletions and a gradual shrinkage of the extent of the satellite

DNA region with a concomitant alteration in restriction pattern.

Recombination events between homologous sequences are also known to occur in in-
vivo within Drosophila,. These have been observed in internally repetitive genes, as
unequal crossing over and / or slippage events during DNA replication, e.g. the

period, salivary gland secretion, and dec-1 genes (Costa et al., 1991; Muskavitch and
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Hogness, 1982; Andersson and Lambertsson, 1993). Recombination events have also

been described in non-transcribed regions, for example the Antp37b mutation has Doc
elements at both ends of the inversion (Schneuwly et al., 1987). Recent work also
suggests that recombination between homologous sequences may lead indirectly to the
elimination of chromosomal DNA (Spradling e? al., 1993). It has been suggested that
such events may be responsible for such chromosomal features as under-
representation of heterochromatic sequences in Drosophila polytene chromosomes
(Karpen and Spradling, 1990) and in addition may be responsible for the creation of
the chromocenter and other features such as ectopic fibres (Spradling et al., 1993). It
is suggested that this mechanism acts primarily on little studied repetitive DNA
species. Heterégeneity (i.e. creation of chromosomal abnormalities) may be
exaggerated near junctions, between centromeric heterochromatin and euchromatin
(such as the 19D - 20F region), since cis-acting sequences that are presumed to control
elimination may no longer be able to function properly (Spradling ez al., 1993). A
mechanism of this type could cause differences between strains and although it would
not interfere with cloning directly, if the region used as a probe was deleted in the
strain used to construct the genomic libray from, it would be impossible to isolate

genomic clones from this library.

Although these in vivo mechanisms are known to exist in Drosophila it is much more
likely that the problems observed in the cloning of the DNA, at the proximal end of
the 952 walk, is a result of artefacts created by the E. coli hosts. There are several
options available for overcoming these difficulties. An unamplified (i.e. primary)

genomic library may be constructed and used to isolate clones from the region using

rec strains of bacteria (e.g. i(See Stratagene Catalogue).. - - limiting the number of
rounds of purification to the minimum possible to stop or limit recombination
between repetitive regions. However, probably the easiest solution would be to use
non-repetitive fragments from clones in the region to isolate sequences from outwith
the area of the DNA that is under-represented in genomic phage libraries. This
approach has since been used to isolate a genomic clone, AFD3, that contains
sequences from A9915 and which overlaps with the more proximal régions of the AS
series phages and with the c9A1 cosmid (S. Ji and J Davies personal communication).
It does not contain the region inserted in two of the S series clones (see Appendix 1.2

for summary).
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3.11.2 Restriction Site Polymorphisms.

A large number of polymorphic restriction sites were encountered across all four
walks between the different strains used in this study. Previous work suggests that a
polymorphism i.e. a change in any one nucleotide, will occur at a probability of
around 1 base pair every 200bp of DNA, even between closely related strains of
Drosophila melanogaster (Miyashita and Langley, 1988). As this study was not
concerned with the identification of the polymorphisms present in the walks, no
definite comparisons could be drawn between the results obtained and other, more
detailed studies carried out in Drosophila. However, several interesting observations
can be made. Using the 952 walk as an example, in a region of 180kb of DNA a total
of 113 sites were identified for four, hexanucleotide recognising restriction enzymes.
Of these, 15% were polymorphic, i.e. present in one phage clone but not in another
overlapping clone isolated from the same or a different library. Previous studies
showed 34% of the hexanucleotide restriction enzyme recognition sites within 45kb of
DNA from the white locus were polymorphic (Miyashita and Langley, 1988), whereas
only 11% of similar sites were polymorphic in 13kb of DNA from the Zw locus
(Miyashita, 1990). In the 6.4kb of DNA from the suppresser of forked (su(f)) locus
(Langley et al., 1993) none at all were polymorphic.

This figure of 17% is probably an underestimate of the actual number of polymorphic
restriction sites present in the 19E3 region, as only three (sometimes four) restriction
endonucleases were used to map and characterise most of the walk phages in the 952
walk, whereas the studies mentioned used seven restriction endonucleases. Also a
large percentage of the fragments used as probes in the breakpoint localisation
exhibited polymorphisms; indeed the presence of these polymorphisms often aided the
analysis (e.g. Figure 3.11a). It is impossible to compare the occurrence of
polymorphisms detected in this study with those mentioned above as the 64 different
X chromosome lines investigated by Miyashita and Langley, (1988); Miyashita,
(1990) and Langley et al., (1993), were isogenic; and unfortunately the CS and OrR
libraries used in this study were not (Pirotta et al., 1983). When studying the white
locus and 3B1 - 3C2 region of the X chromosome, Pirotta et al., describe restriction
site polymorphisms between homologous genomic clones from the CS and OrR
strains. They also describe the isolation of several insertions in genomic clones from

the same OrR Heidleberg library, showing that the flies used to construct the library
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were not a pure strain {t has been shown that transposable element number is
relatively stable within isochromosomal strains, Eggleston et al., 1988). It is
impossible to estimate just how many sub-strains existed in the fly population used to
construct the libraries and therefore calculate just how many X chromosomes were

available for detection in this study

It was observed that the majority of the fragments used as probes in the deficiency and
duplication breakpoint analysis, had polymorphic restriction sites near to them;
however, it is probable that this reflects the fact that more fly strains (i.e. different

deficiency and duplication chromosomes) were analysed in these regions. Very few of

Very few polymorphisms were identified in overlapping phage clones that occurred in
regions containing the deficiency or duplication endpoints. There seems to be no
obvious clustering of the polymorphisms in any particular region of the walk including

non-transcribed regions compared to transcribed regions.

Only two insertions were identified in the 180kb of DNA that makes up the 952 walk.
These are a 1.2kb insertion in a clone containing DNA also found in A9405, and the
insertion in the AS series phages. The 1.2kb insertion is not repetitive (i.e. it gives
single bands on a genomic blot) and is not transcribed at any stage of development as
shown by the reverse Northern analysis. The AS insertion is repetitive (Section 4.2.1)
but it is not known whether it is transcribed. It is possible that other insertions /
deletions etc. occur in the walks. However, unless the size difference between two
restriction fragments is greater than 400bp it is unlikely to be observed by the

comparison of restriction fragments on a gel and would not be detected by this study.

A more detailed study of the occurrence of polymorphisms and other gross DNA
changes (such as insertions and deletions) across the 19E3 region (952 walk), could
prove to be very interesting. To date there has been work on only a handful of regions

e.g. white (Miyashita and Langley, 1988); Adh (e.g. Kreitman and Hudson, 1991;
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Laurie et al., 1991); the male accessory gland gene Mst26A (Aguade et al., 1992) and
suppresser of forked locus (Langley et al., 1993). Thus relative to other areas of
evolutionary biology very little information is currently available on the number and

type of nucleotide changes that occur in coding and non-coding DNA.

The complex nature of the shak-B locus, with its large number of splice variants and
long distance interactions (e.g. the interactions that have been shown to occur at the
genetic level between 19E3 and 19ES / 6, makes it an ideal model system for
determining how polymorphisms have occurred and altered the region in different
strains. In addition it would be possible to see what effects these alterations have had
on the organism e.g. there is a large difference between the CS and OrR strains in the
extent if their GF responses and morphologies even though at the cytological level the
19E3 region is identical between the two strains. How the polymorhphisms between
the two strains affect the shak-B locus would aid the long term understanding of the
effects of polymorphic changes on gene structure and function, specifically on the
shak-B locus, and more generally in Drosophila melanogaster. Drosophila has proved
itself an ideal model system for undertaking studies of this nature. This was
demonstrated by studies on the ‘hitchhiking * effect (Kaplan et al., 1989), a theory
developed to explain the low incidence of polymorphisms in regions with low
recombination frequencies. Work in Drosophila has demonstrated the validity of the
theory and it is now widely accepted as being a plausible model (e.g. Stephan and
Mitchell, 1992; Kliman and Hey, 1993a+b; Ohta, 1993; Eanes et al., 1993). A study
of this nature may also yield valuable information as to how these mechanisms

function in other organisms, including humans.
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3.11.3 Breakpoint Analysis.

The finding of the distal end of Df{1) GA40 and Df{1) N77 and the proximal end of
Df(1) mal” was important as this allowed the localisation of the 798 walk to 19E1,
and suggests that it contains the mell locus (Schalet and Lefevre, 1976; Perrimon et

al., 1989), but that it was away from the region of interest to this study at 19E3.

mell has only been defined in females, trans heterozygous for the two overlapping
deficiencies Df{1)mal'’ and Df{1)N77. has only been where they have a darker body
colour than normal (especially the thorax). Additionally, the abdominal tergites have
slightly transverse wrinkles (Schalet and Lefevre, 1976). It was not possible using
genetic techniques to tell whether mell is a separate locus or whether the phenotype is
caused by a the chromosomal breakpoints encroaching upon existing gene landscapes
f(P_ern'mon et al., 1989b). Now that this study has determined the exact molecular
location of the mell region it should be possible to confirm or deny its status as a bone

fide gene.

Of the breakpoints found in the 952 walk the location of the distal end of

Dp(1 )Ymal'”' was one of the most important as it has been shown genetically (Section
1.2.5), to define the distal limits of the shak-B locus. The chromqsomal walk could

thus be stopped in this direction and DNA proximal to the Ymal'”! breakpoint studied
in more detail, either for the presence of shak-B transcripts and / or control regions or

for other deficiencies and duplications that affect the locus.

The proximal end of Df{1)16-3-35 and the distal end of Df{1)LB6 define genetically
the lethal domain of the shak-B locus (Baird et al., 1990). The 17kb of DNA between
these two endpoints must contain either structural or regulatory DNA that is necessary
for a vital function in the developing embryo (Section 1.2.5). When DNA proximal to
the Df1)16-3-35 proximal breakpoint was radiolabelled and used as a probe to screen
a 12-24 hour embryonic cDNA library a 1.8kb clone was isolated (Crompton et al.,
1992). A variety of techniques have since been used to isolate a further four clones
from this region, three of which have been isolated by workers from this lab. (M.
Wilkin, S. Ji, D. Crompton, personal communications) and a fourth has been isolated
by another group (Krishnan et al.,|]1993). To date, at least five different transcripts

have been isolated from the region defined by these two endpoints.
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Little can be said about the breakpoints of Df(1)A118, Df(1)HC279 and Df{(1)26B as
they break between the walks, and so the positions of the endpoints relative to the
walks and to any transcripts and / or control regions is unknown. One breakpoint that
may help explain the effects these deficiencies have on the shak-B locus is Df{1)17-
351, the distal end of which was found in the proximal end of the 952 walk (Section
3.8). Df(1)A118 and Df{1)HC279 when heterozygous for shak-B alleles give severe
neural effects i.e. they cause severe shaking under ether anaesthesia (G.L.G. Miklos,
unpublished observations) whereas Df{(1)17-351 gives only a mild effect (shakes
mildly under ether). The position of the Df{1)17-351 breakpoint is intriguing as the
molecular location does not fit the location expected from the genetic analysis of these
deficiencies. It has less of an effect than Df{1)A118 or Df{1)HC279, even though it
deletes the same regions of DNA plus other more distal regions (Figure 3.10g).
Several possible explanations could account for this. It is possible that an antimorphic
effect is occurring due to a structural region of the shak-B locus or even a second
locus the protein products of which interacts with shak-B, being disturbed by
Df(1)A118 and Df(1)HC279. If only a part of the coding region was deleted then the
remaining portion of the protein could have a deleterious effect on the fly as the
altered protein may compete for a target with the wild type protein. Df{1)17-351 will
delete all of the protein coding region and so will have a less severe effect as there is
no interference with wild-type function. Another possibility is a position effect.
Df(1)A118 and Df(1)HC279 may have their severe effects by bringing in novel
sequences that interfere with the production of the shak-B transcripts or proteins
produced either from the 19E3 or 19ES5-19E6 regions. This is made more likely by the
fact that both Df(1)A118 and Df{1)HC279 break genetically in the same place (at unc,
a locus which is known to be rich in repetitive DNAs [Healy et al., 1988]). This effect
could also be due to the introduction of a new regulatory region, for example an
enhancer that causes aberrant expression of the shak-B products either temporally or
spatially. This effect is unlikely to be causing over expression of the protein as
genetically this type of mutation would be dominant i.e. Df{1)A118 / + would have a
mutant phenotype, which is not observed. Alternatively, a region that is regulating the
19E3 region could be replaced by a ‘silencer’ region which switches off production of
shak-B products. A similar effect to this would be caused by the juxtaposition of
heterochromatic DNA which would cause a condensation effect on the chromatin

(Pirrotta, 1990). This effect can often stretch for several hundred kilobases and
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effectively switches off the whole region as RNA polymerases cannot penetrate the
condensed structure. This effect is observed when genes are placed next to o-
heterochromatin (Section 1.4.1). However it is unlikely that this effect would also be
observed when juxtaposed to the f—heterochromatin, present in and around the unc

locus (Miklos et al., 1984, Healy et al, 1988), which is where both the A118 and

HC279 deficiencies have their proximal endpoints. Another possible explanation
could be the deletion of one enhancer by Df{1)A118 and Df(1)HC279 which is also
deleted by Df(1)17-351 but which is then replaced by a novel enhancer almost as
effective from the tuh / eo region at 20A1 / 2 in which the proximal end of Df(1)17-
351 lies.

One other factor that may be responsible for the effect of Df{1)17-351 is the unusual
structure of the deficiency. Prud’homme et al., (1995) suggest that it may have
multiple small deletions more distal than the ‘major’ deletion and so it is possible that
this study has detected one of these smaller deletions, more distal than the one that
actually has the effect on the shak-B locus. These speculations will not be resolved
until the cloning of the 19E3 to 19ES5 region, along with the associated localisations

and characterisations of the A718 and HC279 deficiencies, is completed.
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Chapter Four



Chapter Four - Characterisation of Repetitive DNA From the 19E Region.

4.1 Introduction.

Repetitive DNA is a characteristic feature of eukaryotes and can account for 10 - 60%
of the genome (for example Goldberg et al., 1975). General information about the
organisation of this repetitive DNA has been obtained from an extensive analysis of
the reassociation kinetics of DNA from many species (see Davidson and Britten, 1973
for review). This procedure makes use of the fact that in reassociation experiments

repeated DNA sequences reanneal at low to moderate Cgt values and single copy
sequences at high Cyt values. Using hydroxyapatite columns which holds back partly

and completely double stranded molecules, it is possible to measure the percentage of
DNA held back by the column as a function of the length of the DNA fragments, (a so
called interspersion analysis). Using this approach studies have revealed two major
patterns. The first is exemplified by human DNA in which low copy number
sequences of about 2.2kb separate repetitive regions of around 0.3kb, in
approximately 60% of the genome (Schmid and Deininger, 1975). In contrast to this
pattern, Manning et al., (1975) showed that “The average distance between repeated
sequences in Drosophila melanogaster is at least 12kb, the largest fragments used in
the experiment.” Electron micrographs of the reannealed molecules also showed that
on average the length of the repeats in the Drosophila melanogaster genome was 5 to

6kb (Manning et al., 1975).

The characterisation and occurrence of this repetitive DNA in the Drosophila genome
has since been investigated using a variety of different approaches. One approach
involved the identification and cloning of DNA solely on its repetitiveness (e.g.
Wensink et al., 1974; 1979 ; Lohe and Brutlag, 1986). Others have involved locating
and characterising transposable sequences (see Section 1.4.2. 1) in the genome using in
situ hybridisation based techniques (Ananiev et al., 1984; Hey and Eanes personal
communication). Still others have involved characterising repetitive DNA near to or
within transcripts of genes under investigation (e.g. Magoulas and Hickey,1992;
Wharton et al., 1985) or the characterisation of repetitive fragments from genomic
regions that have been microdissected from polytene chromosomes and then cloned
(Pirrotta et al., 1983, Miklos et al., 1984). Probably the most informative approach

however, has involved the characterisation of repetitive DNA isolated in chromosome
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walks (Bender et al., 1983a). There are several examples of long ‘walks’ whose
repetitive DNA content has been characterised to at least some degree. These include
the 195kb of the Bithorax-complex walk (Bender et al., 1983b), the 200kb walk that
cloned the white locus (Pirotta et al., 1983), the 115kb of DNA cloned from in and
around the Antenapedia-complex (Scott et al., 1983) and the 315kb of DNA that was
isolated (Bender et al., 1983a) and characterised (Hall et al., 1983) in the cloning of

the ace-rosy region.

4.1.1 The 19E Region.

Four chromosomal walks have been analysed in this study. These are located in a
transition zone between the euchromatic and heterochromatic parts of the
chromosome. The euchromatic half consists of approximately a thousand vital
complementation groups (Lefevre and Watkins, 1986) and contains very few
repetitive sequences compared to the heterochromatic half of the chromosome. The
heterochromatic region is composed of two main types of repetitive DNA interspersed
with single-copy gené sequences. a-heterochromatin is highly compacted chromatin
which is located principally at the centromere. It is largely transcriptionally silent and
only 30 or so vital genes can be assigned to all of the X and autosomal -
heterochromatic regions. Many of the genes in the o-heterochromatin seem to rely on
the peculiar a-heterochromatic environment for their functioning (Section 1.4.1) e.g.
the rolled locus (Eberl et al., 1993). Other transcribed regions such as the 18S and 28S
rRNA genes and some type I insertion sequences are also found in the a-
heterochromatin of the X chromosome (Kidd and Glover 1980; Hilliker et al.,|1980a;
Hilliker and \ Appels, 1982). It is thought that o-heterochromatin is made up of highly
repetitive sequences such as the satellite DNAs (Brutlag, 1980; Miklos and Cotsell, 1990; Lohe
and Brutlag, 1986; John and Miklos 1979; 1988). The o-heterochromatin is bounded
by diffuse blocks of the second type of heterochromatic DNA, f—heterochromatin.
This is transcriptionally active and has a gene frequency little different from that of
the euchromatic portion of the chromosome (Miklos and Cotsell, 1990). B—
heterochromatin does however, contain much more repetitive DNA than (most)
euchromatic regions. The majority of this repetitive DNA is thought to be
predominantly composed of nomadic elements (Ananiev et al., 1984) and has a large
proportion of clustered scrambled repeats (Wensink et al., 1974; 1979) and other, as

yet unidentified repetitive non-satellite repeats (see Yamamoto et al., 1990 for more
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details). Thus, from the point of view of studying repetitive DNAs, the area in which
the walks are situated is a fascinating region, being as it is on the border between the
largely non-repetitive euchromatin and the highly repetitive, heterochromatic parts of

the X chromosome.

In this chapter, I report the use of three approaches to characterise repetitive DNA
contained within the four chromosomal walks used in this study (Chapter 3). Firstly,
the number of times a fragment is repeated in the genome was determined by
hybridising them to blots of genomic DNA. Secondly small fragments (1kb or less), or
the ends of larger fragments known to be located in repetitive regions, were
sequenced. The sequences obtained were used to search the GENBANK and EMBL
databases (Devereux et al., 1984). The last approach involved using previously
identified and characterised transposable elements to probe blots of the genomic

phage clones from the walks.

4.2 Results.

4.2.1 Location of Repetitive Regions in the Four Walks.

460kb of DNA had previously been isolated in four chromosomal walks across the
19E1 - 19E4 region. This DNA was examined for repetitive sequences using the
reverse Southern technique. Southern blots were prepared of the genomic phage
clones from the walks. These Southern blots were hybridised with OrR genomic DNA
labelled to low specific activity (5 x 10 cpm ng™) using nick-translation (Section
2.5.13.1). The results obtained are shown in Figures 4.01. The AS genomic clones
(Section 3.2.3) were not included on the 952 walk blot (Figure 4.01A) as they were
isolated after this part of the study had been completed. However they were restricted
with Hin dIII / Sal I and Southern blotted and a reverse Southern analysis carried out.
The results are shown in Figure 4.06. Due to time constraints it was not possible to
hybridise the repetitive fragments from these clones to a genomic blot so actual levels
of repetition could not be assessed further. The repetitive region in the 6kb p94.R1
fragment was mapped further using the same technique. Only those regions repeated
several times in the genome will be visible upon autoradiography. Non-repetitive
DNA will have been labelled but to such a low level as to be invisible or at best,
visible only weakly depending upon the actual concentration of the sequence. The

intensity of the signal is dependent upon the number of copies of the repeat. For
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example the fragments (labelled X in Figure 4.01a) contain opa repeats (Section
1.4.2.3) which occur hundreds of times in the genome (Wharton et al., 1985) thus
giving a strong signal in the hybridisation. It is difficult to give an exact figure as to
how many times a sequence must be repeated, for it to be detectable with the reverse-
Southern technique, due to the unknowns and variables involved e.g. length of
repetitive DNA, hybridisation rates etc. However, it is possible, to estimate the degree
of repetition that is detectable from the number of bands that were obtained when the
repetitive fragments were hybridised to genomic blots. (It should be noted that some
fragments must be excluded from this analysis as when hybridised to a genomic blot
they gave only the number and size of bands expected from their size (see below for
an explanation of this). When the genomic blots are studied (Section 4.2.2 and Table
4.1), it is possible to say that sequences repeated more than four times were identified
i.e. the minimum number of times a region must be repeated to be detected by this
study was four. This is provided that the fragments do not contain short or weakly

homologous sequences (see below).

Using the reverse Southern technique many repetitive regions were identified, 16 of
these (the strongest hybridising and those known to be repetitive from use in other
parts of this study) were then characterised in more detail. See Figure 4.01a, b, ¢ and
d; Table 4.1 and Appendixes 1, 2, 3 and 4 for the locations of the repetitive regions
studied.

4.2.2 Determination of the Repetitiveness of the Regions.

Genomic regions identified as containing repetitive DNA were isolated from their
parent phage clones by electroelution and radiolabelled using random priming
(Sections 2.5.10, 2.5.13.2). The labelled fragments were then hybridised under
standard conditions (Sections 2.5.16), to genomic blots of OrR, CS and Sierra Leone
genomic DNAs which had been digested with three restriction endonucleases, Eco Rl,
Bam HI and Hin dIIL. Three different restriction enzymes were used to alleviate the
problem of one enzyme cutting out the same size fragment from multiple copies of the
same repeat but apparently giving only one band. The concentrations of the probes
were adjusted such that the specific activity per ug and per kb of the labelled
fragments were equivalent. The regions used as probes to challenge the restricted

genomic DNAs were always the smallest possible restriction fragments that
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completely contained the repeats, as judged by the reverse Southern analysis (Section
4.2.1). If the repetitive region extended over a large area, with several identified
internal restriction sites e.g. the region in the genomic phage clone A798-051-07
(Appendix 3 for map and location) then subfragments were individually isolated and
used as probes. The largest fragment used in this study was 11.2kb and the smallest
1.0kb; the average probe size was 3.5kb. All the probes used in this part of the study
had an average specific activity of 1.3 x 10° cpm pg™, which was judged to be

satisfactory.

All filters were hybridised and washed under standard conditions (0.1X SSC, 0.1%
SDS at 65°C). The filters were then autoradiographed (Figures 4.02, 4.03, 4.04 and
4.05). After exposure the number of bands were counted and the repetitive fragments
placed into one of three groups. Group I contained repetitive regions that yielded 15
bands or more, Group II fragments yielded between 4 and 14 bands whereas Group III

fragments yielded three bands or less. Table 4.1 contains a summary of the results.

4.2.3 Transposability of the Repetitive Sequences.

The task of identifying a repetitive sequence as a transposable element is normally not
difficult. If the sequence is observed to hybridise to multiple locations in the genome,
and if these locations are different in different strains of Drosophila melanogaster
then a conclusion of transposition is warranted. The most direct method of showing
transposability is of course hybridisation to a panel of previously identified
transposable elements, which was one approach utilised in this study (Section 4.2.5).
However, even if all the transposable elements so far reported are used, this approach
can never be said to be complete as new elements are continuously being reported e.g.

Bari-1 (Caizzi et al., 1993).

An alternative approach is to perform in situ hybridisations of unknown repetitive
sequences to polytene chromosomes. However, it has been shown previously (for
example see Wharton et al., 1985) that short repetitive regions such as the opa, pen,
and ala repeats yield poor quality results with in sifu hybridisations. This is
presumably due to the small size of the repeats (ca. 150bp or less) giving low regions
of homology. As a large number of the repetitive regions were known to contain opa

repeats (Section 4.2.5) this approach was not pursued.
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Figure 4.04g and h-Ethidium bromide stained gels and corresponding autoradiographs from genomic Southern blots of
restricted wild type DNAs hybridised with G) 3.5kb Hin dIII and 5.2kb Eco RI-Bam HI fragments
from A0510705B and H) 0.8kb Eco RI-Bam HI and 2.1kb Hin dIII-Bam HI fragments from AO5R308B.
The sizes of the restriction fragments to which the regions used as probes will hybridise, are indicated
by asterixs. See Table 4.1 and text for interpretation of the results.
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The approach described in Section 4.2.3 (i.e. hybridising unknown repetitive
sequences to restricted genomic DNA prepared from three different Drosophila
melanogaster strains) will also indicate transposability (Strobel et al., 1979). It has
been shown that although transposable elements can have very different genomic
locations between Drosophila melanogaster strains (for example Ananiev et al.,
1984), within isochromosomal lines most elements transpose at very low rates
(Eggleston et al., 1988) although some are known to transpose more frequently when
flies are exposed to detrimental environmental conditions such as heavy heat shock
(Ratner et al., 1992). Thus by comparing the pattern of bands obtained when
hybridising the unknown repetitive sequence to genomic blots it should, if the
sequence is transposable, be possible to observe differing banding patterns (and hence

chromosomal locations) between the three strains.

This method of inferring transposability employs an important assumption. This is
that none of the repetitive regions under investigation are sequences that can expand
or contract within populations such as seen with satellite sequences (Waye and
Willard, 1985) as these will be indistinguishable from transposable elements using
this approach. It is also difficult to distinguish between a single transposable sequence
and two unrelated sequences lying next to each other, only one of which is
transposable. It is therefore only possible to say that at least some of the sequences in
the repetitive regions have homology to regions that are repeated many times
throughout the genome and so are likely to be transposable elements. As it is known
that many element families have members that are heterogeneous, in size and
restriction pattern (e.g. Finnegan and Fawcett, 1986), it is not possible to estimate the
number of different transposable elements amongst the repetitive sequences reported
here. This is because homologous sequences could yield apparently differing results
so leading to an overestimation of the number of types of transposable elements
amongst the repetitive sequences. Time constraints meant that internal redundancy
experiments were not performed which would gone some way to answering this

question.

4.2.4 Sequencing of Repetitive Fragments.

For this part of the study four repetitive regions were chosen for sequence analysis.

The main criteria for choosing these fragments was the proximity of the repetitive
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sequences to an identified restriction site. Small fragments were sequenced from both
sides whereas those repetitive sequences with an identified internal restriction site
were subcloned and sequences immediately next to this restriction site obtained. A
fifth region was sequenced during the course of an unrelated study (D. Crompton,
personal communication). Sequencing rationales for each fragment are shown (with
full sequence obtained) in Appendix 5. Two fragments from the distal end of the 952
walk, a 1.0kb Eco RI - Eco RI fragment and a 3.2kb Bam HI - Eco Rl fragment from
the distal ends of AAGOO02 and AAGOO1 respectively were sequenced. A 3.2kb Hin
dIlI - Hin dIII fragment from the clone AR209 which is situated in the middle of the
runt walk was also sequenced as was a 1.4kb Sal I fragment from the proximal end of
AS2. The fragment sequenced by D. Crompton was from a 6.0kb Eco RI - Eco RI
region situated within the 952 walk clone A9405. All four 952 walk repetitive regions
analysed are from Group I (see Section 4.2.2), i.e. they are very repetitive, whereas the
runt walk fragment was placed in Group III i.e. it is likely that it contains a region
which is weakly homologous to other sequences in the genome, or it contains a short
repetitive region that is not long enough to incorporate adequate radioactivity to be
visible upon autoradiography. Similar regions have been described previously (Hall et

al., 1983; see Section 4.3.5).

The 1.0kb AAGOO02 and 3.2kb AAGOO01 fragments were sequenced from both sides
using T3 and T7 primers. The 3.2kb fragment from AR209 was separated into two
fragments of 1.8kb and 1.4kb, by restriction with Bam HI and the sequences adjacent
to the 'internal' Bam HI site determined using the relevant primer. The outer 'ends'
were not sequenced as it was known that both the 1.8kb and 1.4kb regions were
repetitive and thus it was likely that the repetitive sequence spanned the middle of the
3.2kb fragment. The 1.4kb AS2 fragment is from a highly repetitive region which has
been mapped. This fragment was subcloned into pBluescript and sequencing reactions

performed as described (Section 2.15.1).

The sequences obtained (Appendix 5), were used to search the GENBANK and
EMBL databases (Devereux et al., 1984) as described (Section 2.16). Both the 1.0kb
AAGOO02 and 3.2kb AAGOO1 sequences displayed strong homology, over an
approximately 100bp region, to a large number of developmentally important genes in

a wide range of species. Upon further investigation both regions of homology were
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shown to be due to the presence of opa repeats (Wharton et al., 1985). The
comparisons between the opa repeat, the 1.0kb AAGO02 sequence and the 3.2kb
AAGOOL! sequences are shown in Figure 4.07a and b. The 1.4kb AS2 sequence had no
homology at the nucleotide level to any sequence in the databases but one of the
TFasta (Section 2.16) searches with the frame 1 translation, detected low level
homology to the Ulysses retrotransposon from Drosophila virilis (Figure 4.08). No
significant homology was detected in the database search to any sequence from the
3.2kb AR209 region (in either the 1.4kb and 1.8kb fragment). The nucleotide sequence
found in the 6.0kb Eco RI - Eco RI fragment, from the middle of the 952 walk,
showed homology to a large number of sequences in the database. The homology
between the sequence from p94.R1 and three of these is shown in Figure 4.9. This
homology is restricted to approximately 150bp of the sequence and the similarities

range from 60-80% at the nucleotide level.

After examination of the initial sequence obtained from the 1.0kb Eco RI subclone
from AAGOO?2 it was decided to attempt to sequence the rest of the fragment. To do
this, Exo III deletions were prepared across the 1.0kb insert - This
sequencing was done for two main reasons. Firstly it was necessary to show that the
repetitiveness of the fragment was due solely to the opa repeat and no other repetitive
sequence existed within the fragment. This was because the region was used as a
probe to detect other opa repeats in the walks and it was therefore necessary to
confirm that no other repetitive sequences would be detected. Secondly the
sequencing was also performed to determine if the opa repeat was situated in an open
reading frame. The sequencing rationale and sequence itself is shown in Appendix 5.
The majority of the plasmid was sequenced using these overlapping Exo III deleted
transformants. One region from the middle of the clone could not be sequenced
however. The reasons for this are unknown but it was thought likely that the Exo III
enzyme had ‘chewed back’ past the 3’ overhang which was supposed to act as a block
to the exonuclease activity (i.e. Exo Il can delete the overhanging strand froma 5’
DNA overhang but not the 3’ overhang). This ‘chewing back’ therefore deleted the
priming sites. Other sequencing primers were used, none however would give
satisfactory sequence implying the enzyme had removed most, if not all of the

polylinker. From the size of the fragment on agarose gels and from the amount of
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sequence obtained, it was estimated that 150bp of sequence could not be determined

because of this.

4.2.5 Hybridisation of Previously Characterised Transposable Elements to the
Chromosomal Walks.
The inserts of the transposable element clones listed in Table 2.3a were isolated and
labelled by random priming. The probes were used to challenge Southern blots of
restricted genomic phage clones from all four walks. A dilution series of the
transposable element, from 1ng - 0.1pg, was dotted out onto nitro-cellulose as a
positive control for hybridisation. The transposable elements, Doc, pogo, P, mdgl,
Jjockey, Springer, mdg4, I and hobo failed to hybridise to any sequences within the
walks. The copia probe had homology to a 1.4kb Eco RI - Kpn I fragment from the
A896-C21 phage clone and to a group of fragments at the proximal end of the 798
walk (Figures 4.11c and d). The 412 and 297 elements had homology to the same
2.4kb Eco RI - Eco RI fragment from the AM281 clone (Figures 4.11a and b). The opa
repeat hybridised to several fragments from each walk to varying extents (Figures

4.12a and b).

4.3 Discussion.

4.3.1 Repetitiveness of DNA Within the Four Walks.

Other studies at the base of the X chromosome in Drosophila melanogaster have
identified “thick nests of repetitive sequences" in which several walks have terminated
(e.g. Miklos et al., 1984;1988; Russell et al., 1992; Langley et al., 1993; Mitchelson et
al., 1993). No large nests of repetitive sequences have been identified in this study,
with the possible exception of the region between the 952 and 896 walks (see Section
3.4). However, 58% of the genomic phage clones isolated from 19E1-19E4 /5 do
contain repetitive regions of varying extents and degrees of repetition (see Figure
4.01a, b, c and d). 100% of the genomic phage clones from the 798, runt and 896
walks contained restriction fragments that had repetitive sequences within them, as
judged by the reverse Southern analysis. Only 26% (4 out of 15) of the clones from

the 952 walk were found to be repetitive.

The differences between the numbers of, and types of repetitive sequences between

the four walks (summarised in Table 4.2) is of note. Of the eight repetitive regions
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24k B

1.4kb

1.4kb

Figure 4.1 1 -Hybridisation of various transposable elements to the chromosomal walks. A) 412 element to the 896 walk;

B) 297 element to the 896 walk, (There is some background hybridisation to the nitrocellulose filter but only
a single band is apparent on each blot); C) copia element to the 896 walk; D) copia element to the 798 walk.
See text (4.2.5) and appendices 2 and 3 for details of locations. Restriction fragments to which the elements
are hybridising are marked with asterixs.
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from the 798 walk that were hybridised to genomic DNAs, two regions were shown to
fall into Class I (yielded more than 15 bands upon hybridisation to restricted genomic
DNA), four into Class II (yielded between 4 -14 bands) and two were shown to fall
into Class III (yielded less than three bands). The runt walk contains both Class I and
III fragments but none from Class II, whereas in contrast the 952 and 896 walks
contained fragments that only fall into Class I and III respectively. Thus the amount
and type of repetitive DNA changes across the 19E subdivision. High, middle and low
repetitive sequences occur relatively frequently across the 798 walk (at ca. 19E1); just
low and highly repetitive sequences exist at ca. 19E2. Whilst comparatively less
frequently occurring but more highly repetitive sequences exist at 19E3, whilst
frequently occurring low copy number sequences exist at 19E4. It is therefore possible
to think of the molecular landscape of the region as a mosaic, with single copy
sequences lying next to either low, medium or highly repetitive sequences. This lack
of homogeneity in the microgenomic organisation across the 19E sub-division, has
been observed previously; Miklos et al., (1984) noted that commonly occurring
middle and highly repetitive DNA exists at 19E8 whilst a chromosomal walk located
at 19F6, six bands away, “extended for over 100kb without encountering any
repetitive sequences of note”. This lack of homogeneity aside, many other studies
which have carried out chromosomal walks near to centromeric regions have reported
repetitive sequences (see section 1.4). It is interesting that the frequency of the
occurrence of the repeats in the walks does appear to have a correlation with the
number of known single copy transcripts it also contains. For example, there are at
least seven single copy transcribed regions across the 19E3 walk (see Chapter Five).
None were identified in the other walks (although this may have been because they
were not studied in as much detail). Therefore, as discussed in Chapter 5 it is possible
that a large part of the 952 walk contains transcripts or their regulatory regions.
Recombination events (or transposition events) that would bring repetitive DNA into
the area would be very rare as the majority of them would be unstable as they would
impinge upon at least one of the transcripts and would thus be probably deleterious for
the fly. It should be noted however that this study did not distinguish bone fide
transcripts that contain repetitive DNA, (in either their transcribed sequences or their
introns), from transcribed repetitive elements. This is one possible reason why a single
copy transcript is not apparent in the 798 walk, as chromosomal deficiency endpoints

localised to the walk (Df{1 )mal®®, Df(1)GA40 and Df{1)N77) would suggest that the
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melanized like (mell) locus (Section 3. ) is contained in the region. mell however has
only been defined in females, trans heterozygous for the two overlapping deficiencies
Df{1)mal'® and Df{1)N77. 1t is not possible to tell whether mell is a separate locus or
whether the phenotype is caused by the chromosomal breakpoints encroaching upon
existing gene landscapes (Perrimon et al./1989b).[t may be that the walk contains only

regulatory sequences which would be undetectable by this study.

4.3.2 Identity of the Repetitive Sequences.

The 19E subdivision is a region where certain transposable elements preferentially re-
enter the genome (Berg et al., 1980; Bingham et al., 1982; Green and Miklos, 1983;
Ananiev et al., 1984; Hey, 1987; Miklos and Costell, 1990). It is thought that areas
such as 19E may be 'hot spots' for re-entry because of macro-structural features, such
as chromosomal coiling, which guide transposable elements to the region. Micro-
structural features, such as the target sequences, then allow the element to re-enter the
genome (Craigie, 1992). In most regions the transposable element is able to jump out
again, but in subdivisions 19 and 20 it appears that the element becomes 'stuck’; the
reasons for this are unclear, although this may be a reflection of the lack of
recombination at the base of the X chromosome which means that the effects are not
deleterious i.e. recombination does not occur between elements and so chromosome
abnormalities do not occur. In other regions recombination events would eventually
remove the element; near to the centromere however recombination events are rare so
that element numbers build up. Work by Sniegowski and Charlesworth (1994)
suggests that natural selection actually opposes the build up of large numbers of
transposable elements in euchromatic areas. If the number of transposable elements
does build up, ectopic meiotic exchanges can occur between them i.e. exchanges can
occur between regions of chromosome containing transposable elements. Such
recombination events are nearly always deleterious and the fly die or fail to breed.
Only those flies without large numbers of elements transposed to the euchromatin can
survive and so most of the elements are maintained in their original, non-transposed
locations. This constrains element numbers by reducing the fitness of those genomes
with higher numbers of elements. This model would therefore predict a build up of
transposable elements in regions with reduced levels of meiotic exchange, such as the

base of the X chromosome.

174



31% of the repetitive sequences used in this study are thought to have homology to
transposable elements. This homology was shown by hybridisation (Section 4.2.5); by
nucleotide and amino-acid homologies (Section 4.2.4); or by inference from
restriction pattern differences between strains (Section 4.2.3). Previous studies in this
region have also identified a number of repetitive sequences as belonging to
transposable element families. For example Miklos et al., (1984;1988) identified 297,
hobo and I element sequences in microclones. Similar results have been reported by
Ananiev et al., 1984; Healy et al., 1988; Yammamoto et al., 1990; Russell et al.,
1992.

Other types of repetitive sequences have also been identified by other studies in this
region. For example several tRNA genes were found at 19F1 /2 (Russell et al., 1992)
and a cluster of type I-like sequences were identified at 19E8 (Miklos et al.,
1984;1988; Healy et al., 1988). It is also known that subdivision 20 does not harbour
‘significant amounts of the major satellite DNAs’ (Yammamoto et al., 1990) though it
does contain a large proportion of repetitive non-satellite DNA sequences of uncertain
origin (Young et al., 1983; Donnelly and Keifer, 1986;1987; Miklos et al., 1988;

Yammamoto et al., 1990).

Some of the regions in this study were shown to contain more than one type of
repetitive DNA. Several regions from each walk contained opa repeats (Section 4.2.5)
and some of these regions also possessed homology to transposable element clones
used in this study. Table 4.1 lists the homologies identified within each region. The
1.4kb AS2 fragment that was sequenced had a low level of homology to the Ulysses
retrotransposon at the amino acid level. There are several stop codons in the putative
amino acid sequence. This does not prohibit it being an ancestral transposable element
origin, however, as the remnants of a retrotransposon would be expected to
accumulate multiple sequence changes and so the presence of stop codons are not
surprising. The 2.4kb Eco RI - Eco RI fragment from AM281 had homology to both
the 412 and 297 element probes used, as well as to the opa repeat probes (Section
4.2.5). It has been reported that the 297 element long terminal repeat (LTR) has
extensive similarity with the 17.6 element LTR. However, no homology has been
reported in the literature between the 297 and 412 elements. Nor could homology be

detected between the opa repeat sequences reported here and the 297 and 412
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sequences currently in the sequence database. Thus, these three sequences exist within
a 2.4kb fragment. The opa repeat is quite small (ca. 100bp), however complete 412
and 297 elements are 7.6kb and 7.0kb respectively (Finnegan and Fawcett, 1986), It
follows therefore, that only fragments of these two elements can exist in this region. It
is known that transposable elements have a tendency to insert in or near to other
repetitive sequences (e.g. Dawid et al., 1981; Scherer et al., 1982; Di Nocera and
Dawid, 1983; Young et al., 1983) and it has been suggested that a large proportion of
the B-heterochromatin arose in such a fashion i.e. “it represents the end product of
insertion, deletion and amplification of mobile elements into each other as well as into
regions containing unique sequences” (Miklos et al., 1988). The discovery of three

repetitive sequences in one small fragment would support this idea.

It is likely that the hybridisation observed to the 1.0, 1.6, 6.0kb fragments from
A05107 and with the 0.8kb, 3.1kb fragments from AO5R308B is also to fragments of
an element, in this case the copia element. This is the only explanation that could
account for the results obtained when these regions were hybridised to genomic
Southern blots (Figures 4.04f and g). The copia element has an estimated 60 copies in
the genome (Table 2.3a and Berg et al., 1990), therefore a multitude of bands were
expected. However, only restriction fragment sizes corresponding to those found in
the genomic clones were observed (although several extra bands are visible with the
A05107 fragments). It is therefore likely that the homology detected is to small
fragments of the copia element, a greater amount of which is located in the 6.0kb
fragment. This would explain why a much greater signal intensity was observed when
this 6kb fragment was challenged with the copia probe (Figure 4.11D). This would
also explain why those hybridisations that included the 6kb fragment (Figure 4.04F)
detected multiple signals on a genomic Southern, whilst hybridisation with a region
homologous to the 1.6kb and 1.0kb fragments (a 5.2kb Eco RI fragment from A798-
051 (Figure 4.04E) which it is proposed contains less of the element sequence
available to incorporate radioactivity, hybridised only to restriction fragments of the

sizes corresponding to those expected from the fragments if they were single copy.

Several regions gave only the expected bands when hybridised to genomic Southern
blots. It is likely that these contain sequences that are either very diverged, or that

possess repetitive regions that are too short to incorporate enough radioactivity to be
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visible when they hybridise to other bands. However, this short sequence must be
sufficiently abundant, such that when the whole genome is randomly labelled enough
sequences incorporate the label to allow the fragment to be detectable upon
autoradiography. Similar repetitive sequences yielding only single copy bands have
been reported previously (Pirotta et al., 1983; Hall et al., 1983; Miklos et al., 1988,
Russell et al., 1992).

4.3.3 Correlation between Repetitiveness of a Region and the Number of
Randomly Recovered, X-ray Induced, Deficiencies.
Cytogenetic studies (see Kramers et al., 1983 for references) showed that divisions 19
and 20 are differentially susceptible to X-ray induced breakage (Lefevre, 1981). It was
previously noted that there appeared to be a correlation between the repetitiveness of a
region and the number of randomly recovered, X-ray induced, deficiencies (Miklos et
al., 1984). The results from this study also support such a correlation. The 798 walk at
19E1 /2 is the most repetitive walk in this study and the region in which it lies has the
highest number of X ray induced deficiency end-points. The reasons for this
observation are uncertain. As mentioned previously Yammamoto et al., (1990)
suggest that genes encompassing long stretches of single copy DNA may be just as
prone to breakage as an equally long stretch of repeated DNA. It is known that
ectopic, meiotic, recombination between transposable elements can result in
deficiencies (see Langley et al., 1988, and Sniegowski and Charlesworth, 1994), and it
has been postulated that similar mechanisms may contribute to the creation of several
chromosomal features, such as the centromere (see Section 3.11.1 and Spradling e? al.,
1993). If it is true that long stretches of unique DNA are more prone to breakage in
some parts of the chromosome than in others e.g. the base of the X chromosome, then
the events, or structures, that lead to these breakages are still unknown and must await

further analysis.

4.3.4 The Small Repetitive Regions Identified by Sequencing.

4.3.4.1 The opa Repeats.

It is interesting to note that a large majority of the repetitive regions from the four
walks contained sequences homologous to the opa repeat. It is thought unlikely
however, that the degree of repetition detected in the Southern blot analysis (Section

4.2.2) was due solely to opa repeats for all of these fragments, unless there are
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multiple copies of opa within the fragments. This is because it is presumed that the
signal intensity observed when the fragments were hybridised to genomic Southern
blots was too great to have been caused by the amount of radioactivity it would have
been possible to incorporate into a single sequence, only 100bp to 150bp long, when
this sequence is situated in at least ten times (and upto one hundred times) more

surrounding DNA.

It would be worthwhile pursuing a sequence analysis of the region surrounding the
opa repeats for several reasons. Firstly it would be interesting from the viewpoint of
the opa repeats, as no research has been done on their occurrence in non-transcribed
genomic DNA, relative to their occurrence in transcribed genomic DNA. Secondly, it
is possible that at least some of the eleven opa repeat containing regions identified by

this study, will be situated within a transcript.

No homology to the sequences obtained from the 1.0kb opa repeat containing region
from AAGOO?2 at the distal end of the 952 walk (outwith the opa repeat itself) was
detected in the database, thus this particular opa repeat may not be transcribed
although it is situated in an open reading frame that extends for 135 residues and
probably more as the coding frame continues to the end of the available sequence and
thus continues an unknown distance past it (see Appendix 5 for sequence and open
reading frame). Previous work has shown an extensive association of opa repeats with
important, developmentally regulated genes which was one of the reasons why this
opa repeat containing fragment was sequenced. The region was shown to be expressed
at all developmental stages (except L3, section 5.4.1) however the actual pattern of
expression may be being masked by the hybridisation of the opa repeat to the many
opa repeat containing transcripts in the mRNA. It is known that a fragment just
proximal to it contains a transcribed region that is differentially expressed in
development (see Section 5.4.2), it is possible that the 1.0kb region contains a
transcribed sequence other than the opa repeat. It may have been unfortunate that this
particular opa repeat containing region from the 952 walk was chosen for analysis and
not the one situated some 6kb proximal (and nearer to the single copy transcript in the
7.2kb Eco RI - Eco RI fragment from AAGO001) as this opa repeat may be inclﬁded in
the transcript detected in the region. It will have to await the results of further

research, on the occurrence of these repeats in non-coding and coding genomic DNA,
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before the probability of finding an opa repeat in a transcribed region, as compared to

a non-transcribed region, can be calculated.

4.3.4.2 The A9405 Repetitive Sequence.

The 150bp region located within the 6.0kb fragment from the 952 walk is highly
repetitive and has a wide range of homologies across the Drosophila group. This was
shown by both the hybridisation results (Figure 4.02c) and the large number of "hits"
in the database search. Nothing however, explains why it should be repetitive, as there
are no obviously repetitive structures e.g. dinucleotide repeats or short regions like the
opa sequences. In addition, there is no detectable homology to any transposable
sequences. It is unlikely to have a structural function as the homologies to the
database entries show it to be spread throughout the genome where it is located within
transcripts, within introns, within non-transcribed DNA and next to a repetitive region
that is specific for the Drosophila virillis phylad Zelentsova et al., 1986; see Figure

4.09 and below for other references).

The database hits would seem to indicate that it is almost completely Drosophila
specific. Added to this it is interesting to note that many of the homologies the
database search identified, were within sequences mostly located near to, or actually
within, regions of B—heterochromatin. For example, one of the homologies detected
was to a tandem repeat in an intron of the su(f) gene (Mitchelson et al., 1993; Langley
et al., 1993) which is the most proximal on the X chromosome; a second was to a
region near to the Arg-tRNA genes at 42A on chromosome 2L. A third was to a
region near to a tandem repeat from the lethal (2) giant larvae gene (Mechler et al.,
1985) which is the most distal gene on chromosome arm 2L. Drosophila telomeres are
unusual compared to those in most other eukaryotes. Most eukaryotic telomeres
contain short, simple repeats that are highly conserved. Drosophila does not have such
sequences but carries at the ends of its chromosomes one or more LINE-like
retrotransposable elements. Proximal to the terminal array of transposable elements
are regions of tandem repeats that are structurally, (and probably functionally),
analogous to the subterminal regions in other eukaryotes (Karpen and Spradling,
1992). The tandem repeat from lethal (2) giant larvae is probably one of these. It is
possible therefore that this sequence from the 29405 clone could be similar to

repetitive sequences identified in several previous studies (e.g. Miklos et al.,
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1984;1988; Yammamoto et al., 1990) as being specific for certain types of repetitive

DNA e.g. B—heterochromatin.

Heterochromatin was once thought of as ‘junk’ DNA but has since been shown to
have several important roles in Drosophila and other organisms (see Section 1.4.1.1).
In view of this it is probably premature to call opa repeats, or other repetitive
sequences such as the sequence from A9405, ‘junk . It would seem logical to assume
that the fact that these repeats occur at such a high frequency within the genome
suggests they have, (or may have had) a function for the fly. It is however possible
that they exist as ‘selfish’ DNA, as has been postulated for transposable elements
and their derivatives (Doolittle and Sapienza, 1980; Orgel and Crick, 1980;

Charlesworth et al., 1994) or have no function whatsoever.
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Chapter Five - Identification and Characterisation of Transcribed Regions
Within the Chromosomal Walks.

5.1 Introduction.

Over 460kb of DNA has been cloned in this laboratory (see Chapter 3) from the 19E1
- 19ES region at the base of the X chromosome. This region contains three lethal
complementation groups, runt, formerly known as legless, (Kramers et al., 1983;
Gergen and Wieschaus, 1985), R-9-28 (Lindsley and Zimm, 1992) and shak-B, (Baird
et al., 1990). It also contains at least one identified non-vital locus, mal (Schalet and
Lefevre, 1976) and possibly a second, mell (Schalet and Lefevre, 1976). A deficiency
and duplication breakpoint analysis (Chapter 3) indicated the probable locations of the
four walks and showed where at least part of the lethal domain of the shak-B locus
was situated. A more detailed analysis was then performed to identify regions of DNA
transcribed at different developmental stages. This transcriptional analysis was
performed primarily to identify transcripts from the shak-B locus, but would also
identify previously uncharacterised transcripts from unidentified genes. This was
thought to be an important consideration because although the base of the X
chromosome has been saturated in screens for lethal complementation groups (see
Section 1.3), it has probably not been saturated for non-vital loci which may possess

subtle phenotypes which would have been 'invisible' in the screens used to date.

Several techniques exist for identifying transcribed regions within cloned genomic
DNA. Genetic screens for open reading frames (Gray et al., 1982), enhancers, (Weber
et al., 1984) and promoters (Allen et al., 1988; Gossler et al., 1989) are available but
their value appears limited for identifying genes in long segments of cloned genomic
DNA. The two most successful approaches to date involve either hybridising whole
genomic phage clones to Northern blots (Section 2.5.8.2) or reverse Northern analysis.
Reverse Northern analysis involves hybridising radiolabelled first strand cDNA
prepared by reverse transcription of polyA” RNA, to Southern blots of genomic walk
phages (see Sections 2.5.13.4, 2.5.16). Any transcribed region in genomic DNA will
hybridise to its radiolabelled counterpart in the cDNA and so be detectable upon
autoradiography (Section 2.2.6, 2.2.7). If RNA is isolated from different
developmental stages of the fly’s life cycle then it is possible to determine which parts

of the chromosomal walk are expressed in what stage.
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Three factors precluded the use of whole genomic phage clones, from the walks, as
probes to challenge Northern blots. Firstly, the large numbers of genomic phage
clones from the four walks would mean an unfeasible amount of work preparing and
running Northern blots. Secondly, the use of whole phage clones as probes may cause
problems with the detection of rarer transcripts. This is because of the difficulty in
labelling the large segments of genomic DNA within each phage clone to an
appropriately high degree of specific activity. Finally, the large number of repetitive
sequences, known to be situated within the phage clones (Chapter 4), would give rise

to spurious results if transcribed (e.g. Finnegan, 1989; Section 1.4.2.1).

It was therefore decided to carry out a reverse Northern analysis which, in conjunction
with the repetitive DNA analysis, would show the locations of single copy transcribed
regions. The regions identified could then be studied in more detail i.e. used as probes
to screen cDNA libraries to isolate transcripts or to probe Northern blots. This
approach has been used successfully (Hall et al., 1983; Scott et al., 1983; Knipple et
al.,{1991) to identify transcripts within long segments of cloned DNA.

In this chapter, I shall discuss the characterisation of all four walks using this reverse
Northern technique and the further characterisation of some of the transcribed regions

in the 19E3 region (952 walk) using Northern blots.

5.2 Results.

RNA was prepared for use in a transcription analysis as described (Section 2.11) and
the polyA” fraction isolated by oligo dT cellulose chromatography (Section 2.13).
Northern blots were carried out under standard conditions (Section 2.2.8.2) as was the
reverse transcription (Section 2.5.13.4) and associated procedures. All stages of the
life cycle were used for this investigation with the exception of second instar (L2)
larvae. It was decided to omit this stage due to the problems associated with reliably
collecting L2s and also the low level of developmental gene activity that occurs during

this time (Ashburner, 1992).

5.2.1 Reverse Northern Analysis.
The aim of this experiment was to produce radiolabelled first strand cDNA for use in

identifying transcribed regions within the chromosomal walks. The walk phages were
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digested with appropriate restriction enzymes (Section 2.5.3) and transferred onto
nitrocellulose (Section 2.5.11). The nitrocellulose filters produced (hereafter called
‘walk filters * ) were probed with radiolabelled first strand cDNA (Sections 2.5.16,
2.5.17) and autoradiographed for up to four weeks (Sections 2.2.2, 2.2.7).

5.2.2 Optimisation of Experimental Conditions.

5.2.2.1 Choice of Reverse Transcriptase.

Pilot experiments, using avian myeloblastosis virus reverse transcriptase (AMV
RTase) and Moloney murine leukaemia virus reverse transcriptase (MMLYV RTase),
were performed to determine which enzyme gave optimal incorporation with optimal
transcript length. Results from these pilot experiments, using standard conditions,
contradicted published results in that in my hands MMLYV RTase gave better
incorporation and longer transcripts| MMLV Rtase was therefore,

used throughout the reverse Northern analysis.

5.2.2.2 Choice of Experimental Primer.

Control experiments were undertaken to determine the best method of priming first
strand cDNA synthesis. Random hexamers have the benefit of priming throughout the
length of the mRNA and not just at the 3’ end, as is the case for oligo dT. This can
therefore avoid the problems associated with secondary structure caused by GC rich

regions. Oligo dT , _mers have the benefit of only priming off polyA"RNAs and so

avoid transcription of contaminating ribosomal RNA. Both types of primer were used
to prime cDNA production at concentrations of 0.6ptgml” and 2pgml* respectively.
Although both types of primers yielded probes of the appropriate size range (200 -
1000bp) and with approximately the same amount of incorporation, the probes primed
with random hexamers always gave unacceptably high levels of background on
hybridisation to the walk filters. No explanation could be found for this observation
though it had been noted previously by several workers (S. Russell and S. Tomlinson

personal communications). It was therefore decided to use oligo dT mers as

primers to initiate cDNA production.

It was discovered that the major factor determining the success of the reverse
Northern analysis was probe length. Short probes, where the cDNA product was
<400bp, failed to hybridise successfully to control DNA (see below) under standard
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hybridisation conditions (5X SSC, 65°C). Probes with the majority of the product in
the size range 200bp - 1000bp hybridised satisfactorily to the control DNA, thus this
was the size range of the cDNA product used throughout this study. As probe size was
so important controls for it were carried out for each hybridisation. A small amount of
the cDNA probes were electrophoresed through alkaline denaturing gels (Section
2.5.8.3; Figure 5.02) together with appropriate marker end labelled with **P dATP
(Section 2.5.13.3). Only those probes where the product was in the optimal size range

were used.

5.2.3 Hybridisation Controls.

A hybridisation control (which doubled as a second control for probe length) was
included in each experiment. This control consisted of a Southern blot of the
Drosophila melanogaster Actin 5C plasmid restricted with Hin dIII. This control
Southern blot was simultaneously hybridised to the cDNA probes with the walk
filters. The Actin 5C gene was chosen as a positive control for reverse Northern
analysis as it is known to be expressed in all tissues and it is expressed consistently
throughout development (excepting a slight elevation in embryonic and early pupal
tissues, Fyrberg et al., 1983). The six Drosophila melanogaster actiﬁ genes all have
highly homologous protein coding regions yet exhibit little homology in their 5’ and
3 untranslated regions (Fyrberg et al., 1981). The Actin 5C plasmid used was an
8.7kb Eco RI - Eco RI fragment originally isolated by Fyrberg et al., (1981; 1983) in
pBR322 and kindly donated to this study by Guy Wakefield, (Cambridge University).
A Hin dlII digest yields fragments of 0.36kb, 1.60kb, 1.80kb and 4.9kb. The 1.60kb
fragment contains a portion of the 3 untranslated region, the 1.8kb fragment contains
the remaining 3’ untranslated region, the complete protein coding region and a small
part of the 5 untranslated region. Both of these fragments should hybridise to
radiolabelled first strand cDNA provided the probe is of an appropriate length, (i.e.
longer than the 3’ untranslated region) and the hybridisation is successful (Figure

5.01A to G).
Hybridisation to actin also gives an approximate indication of the relative amounts of

mRNA homologous to the transcribed region. Actin is taken as 1% of the total poly A"
transcripts at any stage of the fly’s life cycle (Berger and Kimmel, 1987), therefore a
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Figure 5.01-Ethidium bromide stained gels (A) and results of hybridising first strand cDNA to Hin dIII restricted,
Southern blotted Actin 5C plasmid. The probes used are B=Embryonic cDNA; C=L1 cDNA; D=L3 cDNA
E=Pupal cDNA; F=Adult cDNA; G=Body cDNA.
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direct comparison of the signal intensities produced from the Actin 5C and the

transcribed region provides a rough estimate of the amount of radiolabelled transcript.

5.3 Detection of Genomic Regions Transcribed in Various Stages of the Flys
Lifecycle.
Radiolabelled first strand cDNA was prepared from polyA* RNA from the relevant
stage of development and from adult bodies and hybridised as described (Section 5.2 -
5.2.2). The Actin 5C Southern blots included as positive controls for the
hybridisations are shown in Figure 5.01. The cDNA probes that were electrophoresed
through an alkaline denaturing gel to determine their sizes prior to use are shown in
Figure 5.02. Several bands were detected upon autoradiography from each walk fi<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>