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ABSTRACT

Dosage compensation is a gene regulatory mechanism that equalizes the expression
of X-linked genes in the two sexes despite a two-fold higher X-linked gene dosage in the
females relative to males. In Drosophila, dosage compensation is accomplished through
the transcriptional hyperactivation of X-linked genes in males to approximately twice that
in females. The transcriptional hyperactivation is believed to be mediated through the
interaction between cis-acting sequences of the X chromosome and trans-acting factors
that appear to act in a male-limited manner. One of the major questions arising from this
model has been the identity and properties of cis-acting dosage-compensatory sequences.
So far no discrete sequence that mediates male-specific transcriptional hyperactivation has
been identified. The study reported in this dissertation is the initiation of a project, the
long term goal of which is to identify and characterize cis-acting sequences that mediate
male-specific transcriptional hyperactivation. The focus of this study has been the X1R
chromosome of D. miranda, since the homolog of this chromosome in D. melanogaster
is autosomal (3L) and therefore does not face the problem of dosage effect in the two
sexes. This lends an evolutionary perspective to this study, since it can be expected that
the nature of modifications that a gene is subjected to due to its X-linked and dosage
compensated status may be highlighted by a comparison with a homolog that is not X-
linked and under no pressure to overcome a dosage difference in the two sexes. This
dissertation describes the characterization of an X1R-linked gene of D. miranda with the
major objective of establishing it as a system which could be subsequently exploited in
the detailed characterization of cis-acting sequences that mediate dosage compensation in
Drosophila. The results of this study establish that a retina-specific gene, 507, which is
3L-linked in D. melanogaster, is a potentially good system with which to address some
specific questions regarding dosage compensatory cis-acting sequences: What are they?
What is their physical and functional relationship with other cis-acting transcriptional
control elements that influence gene transcription? In addition it is expected that a
comparative study of gene 507 of D. miranda and D. melanogaster may address the

question of how dosage-compensatory cis-acting sequences evolve. In this study, gene
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507, was shown to be X1R-linked and dosage-compensated in D. miranda. In order to
initiate the mapping of its transcriptional control regions, gene 507 of D. miranda, 5 07mr,
was introduced into the D. melanogaster genome at autosomal sites. The transgenic 507mr
is expressed in the retina-specific manner appropriate for this gene and furthermore, the
steady-state levels of transgene-derived mRNA were 1.4-1.6 fold higher in males,
indicating a partial response to the dosage-compensatory machinery of D. melanogaster.
A nucleotide sequence comparison of the transgene with that of the D. melanogaster
homolog has highlighted some interesting features which may be involved in male-
specific transcriptional hyperactivation of this gene. In addition, the conceptual
translational product of this gene was found to be a homolog of the vertebrate visual

system protein, arrestin, which plays an important role in visual transduction.
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CHAPTER 1

GENERAL INTRODUCTION

SEX CHROMOSOMES AND DOSAGE COMPENSATION

In many sexually reproducing organisms, certain chromosomes are either limited
to a particular sex or are present in varying numbers in the two sexes. Such chromosomes
for which the two sexes are dimorphic are referred to as sex chromosomes. Examples are
the Z and W chromosomes in birds and the X and Y chromosomes in mammals and
Drosophila. In the XY system, the X and Y chromosomes are morphologically
distinguishable from each other and are referred to as heteromorphic chromosomes. In
mammals and in Drosophila the female carries two homomorphic sex chromosomes, the
X chromosomes, and the male carries two heteromorphic sex chromosomes, the X and
the Y. Models describing the evolution and establishment of heteromorphic sex
chromosomes are based on the idea that the chromosomes have evolved from a single
ancestral element (Bull 1983 and references therein). In the XY system, for example, the
proto Y chromosome is believed to have lost, through a process of degenerative evolution,
alleles of most X-linked genes and is now a largely heterochromatic chromosome bearing
a very small number of active genes (reviewed by Bull 1983 ; Jablonka and Lamb 1990;
Charlesworth 1991). This loss of alleles of X-linked genes from the Y chromosome in
turn results in an imbalance of X linked gene dosage in the two sexes, because the males
have one dose and females have two doses of the X chromosome. However, as early as
the 1920s, many Drosophila geneticists were attaching considerable significance to the
observations that, despite this dosage difference, the phenotypic expression of most X
linked genes were similar in the two sexes (reviewed by Stern 1960 ; Luchesi and
Manning 1987). Muller (1931) examined the expression of an X-linked hypomorphic
mutation white apricot (w*) which affects eye pigmentation and found that homozygous

(X* X") females and hemizygous (X** Y) males had similar eye pigmentation. On the



other hand a female with one dose of the w* allele and a deficiency for this locus on the

other chromosome showed a lower level of pigmentation than the male hemizygous for
w*. The implication that the single w* allele in the males represented the equivalent of
more than a single w* allele in the female led Muller to suggest the existence of a
mechanism that accounts for the phenotypic equivalence of X- linked genes which are in
one dose in males and in two doses in females (Muller 1931 ; 1950). He called this
mechanism dosage compensation and predicted that it must operate at most X-linked loci
and that although studies of this mechanism were necessarily limited to mutant alleles,
it must have evolved to operate on wild type loci. Stern (1929 ; Stern 1960 for review)
proposed a hypothesis to explain the evolution of such a mechanism which acts to
neutralize X linked gene dosage difference in the two sexes. Stern (1929) invoked the
principles of natural selection in his proposal that a consequence of having different doses
of X-linked genes would be differences in selectiveness between the two sexes which in
turn could be disastrous for a species. A simplistic interpretation of this would be that an
extra dose of X-linked genes could make females "more fit" than males, resulting in a
preferential "survival" of females, a situation that would affect the propagation of a
species. Interestingly, he successfully tested one of the predictions of this hypothesis. The
dosage-compensatory mechanism need not evolve to operate at an X-linked locus that is
in equivalent dosage in the two sexes. His studies (Stern 1929) of a locus, bobbed (bb),
that is present both on the X and the Y chromosome, showed that the expression of
bobbed in two dose females (X"X”) was twice that in one dose males (X°0), implying that
the dosage compensatory mechanism had not evolved at this locus. The evolution of a
dosage compensatory mechanism is thus seen to be an adaptation to the establishment of
heteromorphic sex chromosomes, and in the XY system it can be said, albeit arguably,
that the dosage-compensation mechanism operating on the X chromosomes has co-evolved
with the functional degeneration of its homologue, the Y chromosome. Dosage
compensation, first demonstrated in Drosophila, has since been demonstrated in mammals
(Russell 1961; Lyon 1961), in fishes (Anders and Klinke 1966), in the nematode

Caenorhabditis elegans and in coccids (Berlowitz et al.1968).



MECHANISMS OF DOSAGE COMPENSATION

Dosage compensation serves to override the imbalance in X-linked gene dosage
and ensures equivalent amounts of X-linked gene products in the two sexes. An obvious
requirement is that each sex possess mechanisms both, for sensing the number of X
chromosomes and for modulating X-linked gene activity to some level common to both
sexes. The mechanism of counting chromosomes, despite a steady flow of information
now starting to emerge from studies in Drosophila (Torrez and Sanchez 1989 ; Parkhurst
et al.1990 ; Duffy and Gergen 1991), is a relatively uncharted terrain and is not
considered here. On the other hand, the mechanisms of modulation of X chromosomal
activity to effect dosage compensation are relatively well understood.

In mammalian somatic cells one of the two female X chromosomes is
heteropycnotic or highly condensed (Ohno et al. 1957) and late in replicating (Yerganian
1960). However, the non-heteropycnotic X chromosome resembles the single male X
chromosome both in morphology and in terms of replication pattern (Yerganian 1960).
The speculative connections that could be made between these observations and dosage
compensation were strengthened by an interesting set of observations made by Russell
and Bangham (1959) (Russell 1961 for review). Mice homozygous for the recessive allele
of the autosomal brown (b) locus have a uniformly brown coat color while those
heterozygous (b*b) have a uniformly wild-type (agouti) coat color. However, in
heterozygous mice, when the b* allele was placed on one of the two X chromosomes via
a translocation event, the coat color was found to be mosaic for brown and wild-type
(Russell and Bangham 1959). Furthermore, this mosaicism was restricted to females and
males carrying the same translocation had a uniform wild-type coat color. The
interpretation of this observation led to the hypothesis (Lyon 1961) which proposed that
one of the two female X chromosomes was randomly inactivated so that each cell has a
single activekX chromosome, thereby equalizing the dosage of functional X-linked genes
in males and females. Thus in the case of the brown locus translocations, cells differed
with respect to the activity status of the X chromosomal segment adjacent to b*. Those

in which b* lay next to inactive X chromosomal DNA did not express b*. This was
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presumably due to a "position effect” whereby the inactive status of the adjacent X

chromosomal DNA caused the inactivation of the b* allele. While X chromosome
inactivation has now been well established as the mechanism of dosage compensation in
mammals, by the time of the formulation of this hypothesis, it had become clear that in
Drosophila both X chromosomes in the females are active.

In Drosophila, the formation of giant chromosomes in larval tissues through the
process of polytenization greatly simplifies analysis of chromosome morphology and
function. As early as 1936, Offerman observed that the width of a single polytene X
chromosome in males is comparable to that of the paired X chromosomes of the female
suggesting that the single male X chromosome may be twice as wide as each female X
chromosome. Dobzhansky (1957) used interspecific hybrids to be able to compare the
single X chromosome in males with unpaired, individually distinguishable X
chromosomes of the females and found that the male X chromosome was twice as wide
as each of the female X chromosomes. There was no visible difference in morphology
between the two X chromosomes in the female. Moreover, Drosophila females
heterozygous for X-linked loci were not known to exhibit the mosaicism characteristic of
random X inactivation. Kazazian et al. (1965) observed that female Drosophila
heterozygous for the alleles of the X-linked 6PGD gene encoding "fast" and "slow"
electrophoretic variants of the enzyme, have enzymes of "fast", "slow" and "intermediate"
mobility, the latter presumably being heterodimers including both the "fast" and "slow"
monomers. Barring a case of escape from inactivation, these observations indicated that
both X chromosomes within a female cell are active. These observations and transcription
autoradiography experiments (Mukherjee and Beerman 1965, 1966) to be discussed later
in this chapter resulted in X inactivation being ruled out as a mechanism of dosage
compensation in Drosophila. It follows then that a sex-specific modulation of the rate of
activity of X-linked genes is responsible for dosage compensation in this organism.

If unequal dosage of X-linked genes is to be compensated for through the sex-
specific modulation of X-linked gene activity, the mechanism of modulation can be
expressed in terms of the basal level of activity of an X-linked gene. This would in turn

lead to either hyperactivation to account for the single X chromosome dose in males or
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hypoactivation to account for the double X chromosome dose in females. Nevertheless,

since it is the males who have the lower dose, either kind of modulatory activity
described is bound to manifest itself as an observation that an X-linked gene in males is
twice as active as each of its counterparts in female. Then, of course, there is the question
of the level in the hierarchy of gene expression at which gene activity is modulated,
bringing along with it the currently fashionable questions of the identity and functions of
cis-acting elements and trans-acting factors that must be involved.

A variety of kinds of evidence has accumulated that has significantly enhanced
our understanding of the mechanism of dosage compensation in Drosophila (reviewed by
Stern 1960 ; Lucchesi 1973 ; Lucchesi 1978 ; Baker and Belote 1983 ; Mukherjee 1986;
Lucchesi and Manning 1987). This evidence is reviewed here in order to present the
various aspects of dosage compensation in Drosophila as they are understood today.
Most of the studies of this phenomenon in this genus have centered around the species
D. melanogaster and so unless mentioned otherwise all subsequent references are to this

species.

Dosage compensation in Drosophila: Transcriptional hyperactivation of the male X

chromosome relative to the female X chromosome

The observation that the male X chromosome had twice the width and
diffusiveness of each of the single female X chromosomes had prompted a prophetic
comment from Dobzahansky (1957), who wrote, " the bloated appearance of the male X
indicates accumulation in this chromosome of some products of gene activity. A male has
only one X, but this single X works apparently twice as hard as does each of the two X’s
in the female". Aronson et al. (1954) and Rudkin (1964) used UV
microspectrophotometry to show that the single X chromosome in the males has half the
amount of DNA but approximately 10% more protein than the paired X chromosomes in
the females. Mukherjee and Beerman (1965, 1966) measured *H-uridine uptake by X
chromosomes in male and female nuclei and demonstrated that the single X chromosome

in males incorporates twice as much *H-uridine as each of the two X chromosomes in the
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females. These results are consistent with the hypothesis that the X chromosome in the

male is twice as active as each of the X chromosomes in the female. Furthermore, they
strongly suggest that the modulation of X chromosomal activity takes place at the level
transcription.

Ganguly et al. (1985) measured the steady-state level of the transcript encoded by
the X-linked gene G6PD, (glucose-6-phosphate dehydrogenase), and showed it to be equal
in the two sexes. This was then observed to be the case with transcripts from other X
linked genes like those encoding Sgs4, and 6PGD (Breen and Lucchesi 1986 ; Kaiser et
al. 1986 ; Gutierrez et al. 1989). While it could still be argued that the equivalence of
steady state levels of transcripts is established post transcriptionally, the possibility does
seem remote in view of the results transcriptional autoradiography mentioned earlier, and
it has come to be accepted that sex-specific modulation of X chromosomal activity is at

the level of transcription.

Models For Sex-Specific Modulation of Transcription of X-Linked Genes

The sex-specific modulation of sex-linked characters in the two sexes had been
attracting a lot of attention even in the early 1920s. Bridges (1922), Stern (1960 for
review), proposed that for every gene there exist plus and minus modifier genes randomly
distributed over the genome. As such the sum of the effects of all the modifier genes
would then result in the observed level of activity of the target gene. The X chromosome
was also hypothesized to carry modifier genes and it was proposed that any gene, whether
X-linked or autosomal, whose plus or minus modifiers are disproportionately represented
on the X chromosome, would show a different activity in males relative to females. On
the other hand X linked or autosomal genes that were not controlled to a significant
extent by modifiers on the X chromosome would be unaffected by the X chromosome
dosage difference in the two sexes. Muller (1950) built on this modifier hypothesis to
suggest that the X chromosome encoded minus modifiers that are not dosage-compensated
and that they served as repressors of X-linked gene activity (reviewed by Lucchesi 1973).

This would result in lower X-linked activity in females relative to males because the
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female would have two doses of minus modifiers while males would have one. A testable

aspect of such a model is the existence of distinct X-linked loci that repress X-linked
gene activity.

This has been attempted through the use of heteroploids and X-segmental
aneuploids. Heteroploids are flies and larvae that have an abnormal number of X
chromosomes or of sets of autosomes while segmental aneuploids are those that have an
abnormal number of any segment of a single chromosome. Fig. 1., adapted from Lucchesi
and Manning (1987), shows the summary of observations of X linked gene activity in
heteroploids. On a per-gene dose basis, the rate of X chromosomal activity in a triploid
(3X:3A) female was found to be equivalent to that of a normal (2X:2A) female, based on
the observation that the triploids had 1.5 times more X chromosomally encoded products
than did the normal diploid females (Lucchesi and Rawls 1973a ; Lucchesi and Rawls
1973b ; Faizullin and Gvozdev 1973 ; Maroni and Plaut 1973b). On a per-gene dose
basis, the X-linked gene activity, in triploid intersexes (2X:3A) was found to be greater
than that in diploid (2X:2A) or triploid (3X;3A) females, but less than that in diploid
males (1X:2A) (Lucchesi and Rawls 1973b ; Maroni and Plaut 1973a ; Maroni and Plaut
1973b ; Faizullin and Gvozdev 1973). Similarly, in the case of metamales (1X;3A), X-
linked gene activity was found to be substantially higher than that of a normal diploid
male and that of a diploid or triploid female (Lucchesi et al. 1977). A generalization that
emerges from these results (Fig. 1) is that X-linked gene activity, per gene dose, increases
with a decrease in the ratio of the number of X chromosomes to the number of sets of
autosomes, the X:A ratio. It needs to be mentioned here that in Drosophila, it is the X:A
ratio that determines sex in a cell-autonomous fashion; male cells have an X:A ratio of
0.5 while female cells have a ratio of 1.0 (reviewed by Cline 1985). The results from
experiments in hyperploids are also suggestive in that when the X:A ratio is less than that
in a normal diploid male, X-linked gene activity is higher than that in normal males and
normal females. This suggests that an X:A ratio of less than one enhances X linked gene
activity. Moreover, these results raise the possibility that autosomes play a role in dosage
compensation, and as such they are inconsistent with the hypothesis that negative

regulators of X-linked activity encoded by the X chromosome are the mediators of
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Figure 1. Quantitation of X-linked gene activity in heteroploids.

The illustration shown is adapted from Lucchesi and Manning (1987). Activity per
gene dose is plotted against karyotypes representing normal or various heteroploid
situations. In the case of metamales (1X:3A), X-linked activity per gene dose has been
reported as being substantially higher than that of a normal male and so the representative
bar has an open, hatched end. X-linked activity was determined as the level of X-linked
gene encoded enzyme activity as well as by quantitative transcription autoradiograpy

analysis of X chromosomes.



dosage compensation. The above observations are consistent, however, with a model
proposed by Maroni and Plaut (1973b) in which the X chromosome titers a factor(s) of
autosomal origin that enhances X chromosomal activity in the males. This model was
further strengthened by Maroni and Lucchesi (1980), who used X-Y translocations to
produce X-segmental aneuploids with one single whole X chromosome along with
different segments of the X chromosome so that they had 1.25, 1.5, 1.62 and 1.85 X
chromosomes relative to the normal complement of autosomes (Fig. 2). The striking
observation was that, relative to autosomal transcription, the total transcriptional activity
of the X chromosome remained unchanged in all the aneuploids. Thus with an increase
in X chromosomal material, the amount of transcription per locus was seen to be
decreased so that the overall X linked activity is equivalent. No difference was observed
between regions of the X that were duplicated and those that were present in single
copies. The apparent suggestion is that X chromosomal DNA competes for a limiting
factor that ordinarily serves to enhance X chromosomal transcription. However this
particular interpretation would convey the impression that there are no distinct loci on the
X chromosome that participate as numerator elements in the calculation of the X:A ratio
unless one assumes that such loci were fortuitously either present or absent in each of the
aneuploids studied. The term numerator elements ( see Cline 1988) designates X-linked
loci that are thought to participate in the mechanism by which chromosomes are counted
to determine the X:A ratio. At this time there is some information on hand about the
identity of numerator elements of the X:A ratio; one such element has been shown to be
the T4 gene within the achaere-scute complex at 1A on the X chromosome (Torrez and
Sanchez 1989 ; Parkhurst et al. 1990). In light of this information a reasonably accurate
explanation of the experiments of Maroni and Lucchesi (1980) would be that despite the
increase in X chromosomal material in each of the aneuploids tested, the X:A ratio as
such did not change and remained at 0.5, triggering the male mode of dosage
compensation (note that the achaete-scute complex (As-c) is unduplicated in all
aneuploids studied, Fig. 2). Perhaps the increasing amounts of X chromosomal DNA
titrated a fixed amount of autosomally encoded trans-acting factors so that at any locus

transcription decreased with an increase in X chromosomal DNA. The results of these
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Figure 2. Quantitation of X-linked gene activity in segmental
aneuploids.

The illustration shown is adapted from Lucchesi and Manning (1987). Solid black
bars represent X chromosomal DNA while open bars designate the region of the X
chromosome immediately below them that were analysed by transcription autoradiography.
At the bottom of the figure is the normal 1X:2A male X chromosome. The level of activity
in the region designated by the open box in the normal male is 1.0. Quantitation of X-
linked activity of the same region in each of the aneuploids is reported as percentage of
activity in the normal male. At the extreme left of each full length X chromosome, a small
rectangle indicates the As-c complex which is unduplicated in all the aneuploids used in this
study.
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experiments with segmental aneuploid would then be consistent with the Maroni and Plaut
(1973b) model for a male mode of dosage compensation in which the X:A ratio of 0.5
causes the expression of autosomally encoded factors that mediate hyperactivation of X-
linked transcription. Such factors would then have to necessarily be superimposed upon
the basic transcriptional machinery of each X-linked gene that needs to be hyperactivated.
This indeed is the currently prevailing model and has been strengthened by the discovery
of autosomal mutations, to be discussed later, that exert a lethality on males due to a

failure of X chromosome hyperactivation.
X-chromatin conformation in the two sexes

The higher order structures of transcription units and neighboring regions are
thought to play an important role in transcriptional activity. Thus differences in
transcriptional activity of the male and female X chromosome could be caused by
differences in X-chromatin conformation in the two sexes. The probe of choice for
chromatin conformation has been relative nuclease sensitivity of the regions being
compared. Hypersensitivity to nucleases is correlated with increased accessibility, a
parameter taken to be directly proportional to the transcriptional activity of the template
(Weintraub and Groudine 1976). Eisenberg and Lucchesi (1976 ; 1983) compared
nuclease sensitivity of the X-linked, dosage-compensated heat shock gene, Hsp82, of D.
pseudobscura and failed to detect any sex-specific differences. This however, does not
rule out the possibility that sex specific differences in conformation do exist but lie
outside the region tested in their study. Another attempt at probing X-chromatin
conformation in the two sexes was the use of a semi in-vitro assay in which a
heterologous (E. coli) polymerase was used to transcribe preparations of fixed polytene
chromosomes (Umeil and Plaut 1973 ; Sederoff et al. 1973). Utilizing this strategy,
Chatterjee and Mukherjee (1981) observed a higher transcriptional activity of the male
X chromosome relative to the female X chromosome, presumably indicating a more
accessible X-chromatin conformation in males. Chatterjee (1981) further demonstrated that

the male and female X chromosomes displayed a differential susceptibility to high salt
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treatments prior to the heterologous polymerase assays. This has led to the suggestion that

a difference in the nucleoprotein organization of the X chromosome exists in the two
sexes (Chatterjee 1981). However, it needs to be emphasized here that a central caveat
in the interpretation of differences in chromatin conformation is the degree to which the
observations reflect a cause rather than an effect of functional differences. At this time
therefore it must be said that no correlation has been made between transcriptional
hyperactivity of the male X chromosome and any definable sex-specific differences in

chromatin structure of the X chromosome.

Cis-acting Elements and Trans-acting Factors in Dosage Compensation

An essential aspect of a regulatory mechanism acting at the level of a chromosome
is the interaction between trans-acting "effector” factors and cis-acting "identifier"
elements. In a model in which a single X chromosome in males is to be hyperactivated
by autosomally encoded factors, the immediate considerations are the sequences that
confer a "X chromosomal identity", and the nature and mode of action of the factors that
actually cause hyperactivity. On both these fronts some information is on hand.

The existence of cis-acting sequences that regulate male specific hyperactivity has
been demonstrated in a number of cases (reviewed by Lucchesi and Manning 1987). An
X-chromosomal segment transiocated to an autosome is transcriptionally hyperactivated
in males (Seecof et al. 1969; Tobler et al. 1971). Ectopic autosomal expression of specific
X-linked genes rather than chromosomal segments has also been examined using the
technique of P-clement mediated transformation (Rubin and Spradling 1982) Such studies
have suggested that cis-acting sequences mediating male-specific transcriptional
hyperactivity are closely linked to the genes they regulate (Hazelrigg et al. 1984 ; Pirrotta
et al. 1985; Hoffmann et al. 1987; Gutierrez et al. 1989). The observation that an
autosomal gene, Xdh, (Spradling and Rubin 1983) or a normally non-dosage compensated
X-linked gene, Lsp, (Ghosh et al. 1989), can be hyperactivated when at ectopic sites on
the male X chromosome suggests that the cis-acting sequences mediating male-specific

transcriptional hyperactivation have the properties of orientation and position
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independence characteristic of enhancer-like sequences. On the other hand, however,

Roehrdanz et al. (1977) showed that a large autosomal fragment, does not appear to be
dosage compensated when X-linked. However, it has not been possible to identify a
discrete sequence that mediates male-specific hyperactivation of an X-linked gene or even
to draw a consistent picture with regards the organization of such sequences on the X
chromosome. '

The function of a cis-acting sequence is almost always expressed in terms of the
function of trans-acting factors that directly or indirectly bind to it. A set of autosomal
mutations collectively called "male-specific lethals" (msl) have been shown to exert their
lethality through the reduction of X linked gene tfanscn'ption by two-folds in the males
(Golubovsky and Ivanov 1972 ; Tanaka et al. 1976 ; Belote and Lucchesi 1980a ; Belote
and Lucchesi 1980 ; reviewed by Lucchesi and Manning 1987). These mutations do not
appear to have any effect on X chromosome transcription in the female somatic cells
(Belote and Lucchesi 1980a) and are therefore thought to be involved as trans-acting
determinants of male-specific hyperactivation of X-linked gene transcription ( reviewed
by Baker and Belote 1983 ; Lucchesi and Manning 1987). Recently, one of the male-
specific lethal genes, maleless (mle) (Golubovsky and Ivanov 1972 ; Fukunaga et al.1975;
Tanaka et al. 1976), has been cloned and its product shown to interact specifically with
the X chromosome in a male-limited manner (Kuroda et al. 1991). The predicted mie
gene product contains regions of similarity with a family of RNA and DNA helicases and
especially resembles the former (Kuroda et al. 1991). A speculative generalization with
respect to the products of the male-specific lethal genes would be that they interact with
specific X-linked cis-acting sequences that mediate male specific hyperactivation.

Given our current understanding of the involvement of cis-acting and trans-acting
elements in dosage compensation, some aspects of the problem on hand become readily
apparent. It can be expected that the hyperactivation machinery is superimposed on the
other transcriptional control elements of a gene, like those that confer tissue or
developmental stage specificity of transcription. As such this can be visualized as
occurring independently at every transcription unit, or at the level of discrete domains,

microenvironments of hyperactivity, each of which encompasses a few genes. At any of
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these levels the hyperactivation machinery could act by either generating and stabilizing

a chromatin conformation promoting hyperactivity, or by interacting directly with the
transcription apparatus, or both! As such the molecular mechanisms involved in male-
specific hyperactivation can serve as a system for the study some very relevant questions
asked in the field of control of gene transcription. However, what does appear to be a
unique feature of this hyperactivation mechanism is the apparent precision with which a

two-fold increase of transcription occurs in males.

THE XIR CHROMOSOME OF DROSOPHILA MIRANDA: A MODEL TO
STUDY THE MECHANISMS OF DOSAGE COMPENSATION IN
DROSOPHILA

This dissertation describes the characterization of an X-linked gene in Drosophila
miranda as an initiation of a project, the long-term goal of which is to understand the
molecular mechanisms involved in X-linked dosage compensation. The choice of the
system described offers the additional perspective of evolution of the cis-acting sequences
involved in this mechanism. The ancestral chromosomal arrangement of the genus
Drosophila is believed to have consisted of five acrocentric rod shaped elements, A - E,
and a small dot-shaped element, F, (Patterson and Stone, 1952). During the course of
evolution, these chromosomal elements have undergone several structural rearrangements
to give rise to the karyotypes of the present day species (Patterson and Stone 1952). Fig.
3 is an illustration depicting the origin of the karyotypes of D. melanogaster and D.
miranda, species of the melanogaster and obscura groups respectively. Element A is the
ancestor of the telocentric X chromosome while element D is the ancestor of the
autosomal arm 3L of D. melanogaster. A centric fusion between these two elements gave
rise to a metacentric A-D or X-D element in D. miranda. While females are homozygous,
males are hemizygous for this metacentric chromosome (Patterson and Stone 1952). This
metacentric X chromosome of D. miranda is also referred to as XL.XR (Patterson and

Stone 1952) in which XL and XR have originated from ancestral elements A and D
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Figure 3. Origin of karyotypes of D. melanogaster and D. miranda.

The ancestral chromosomal elements of genus Drosophila are depicted in panel 1.
Fusion of elements D and E, and elements B and C gave rise to the karyotype of D.
melanogaster shown in panel 2. Panel 3 shows the karyotype of D. miranda. Fusion of
element A and D and subsequent loss of the free-standing D element has given rise to the
X1R chromosome. The X1R chromosome is in two copies in females and a single copy in
the males. Fusion of element C to the Y chromosome has given rise to a neo-Y
chromosome. The free standing C element is in two copies in the females and a single copy
in the male and has been designated as the X2 chromosome.
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respectively. Through an unrelated translocation event, D. miranda also possesses another
X chromosome referred to as X2 (Fig. 3).The right arm of the metacentric X chromosome
resulting from the A-D fusion is therefore referred to as the X1R chromosome. Since
autosome 3L of D. melanogaster and the X1R chromosome of D. miranda have the same
origin, they are expected to be homologous to each other. Homology between the X1R
of D. miranda and autosome 3L of D. melanogaster, first observed through cytogenetic
analysis, has now been established at the level of interspecific hybridization of cloned
sequences to polytene chromosomes (Steinmann 1982 ; Steinmann et al. 1984). The D
element has therefore evolved as the autosome 3L in D. melanogaster and the X1R
chromosome in D. miranda. In the latter species, X1R-linked genes face the problem of
unequal dosage in the two sexes and they are expected to have evolved to respond to the
dosage-compensatory machinery. Transcriptional autoradiographic analysis of the distal
20% of the X1R chromosome has demonstrated that this chromosome is dosage
compensated (Strobel et al. 1978). Also, in D. pseudobscura, a sibling species of D.
miranda, a comparable situation exists in the form of an XR chromosome representing
the A-D fusion. This chromosome too, has been analyzed by transcriptional
autoradiography and shown to be dosage compensated (Pierce and Lucchesi, 1980).
Further, the steady-state level of an XR linked gene Hsp82 has been shown to be equal
in the two sexes, suggesting that XR linked genes are dosage compensated (Pierce and
Lucchesi 1980; Dey and Lucchesi 1983).However, no study of dosage compensation at
the level of an individual X1R-linked transcription unit of D. miranda has been reported
so far.

Given our understanding of the mechanism of dosage compensation it is reasonable to
assume that the X1R chromosome of D. miranda has acquired cis-acting sequences that
mediate dosage compensation. The X1R chromosome of D. miranda thus represents a
chromosome that is dosage-compensated in one species and not another. At the level of
an individual X1R-linked gene which is dosage compensated it becomes interesting to
seek the modifications within the transcription unit relative to its 3L-linked homologue
in D. melanogaster that enable it to be hyperactivated in a male-specific manner. The

nature of such modifications can be expected to shed some light on the mode of evolution
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of cis-acting transcriptional control elements in general and dosage compensatory-

sequences in particular.

PROJECT OBJECTIVES AND SIGNIFICANCE

It is the objective of this study to characterize an X1R-linked gene of Drosophila
miranda in order to establish it as a system that can be exploited to study the mechanism
of dosage compensation at the level of a single transcription unit. The primary interest
lies in characterizing the cis-acting sequences that mediate male specific hyperactivation
in terms of their organization with respect to other cis-acting sequences that regulate
tissue or developmental stage-specificity of transcription of a gene, a first step towards
analysis of their function. As detailed in section C, an X1R-linked gene is expected to
have an autosomal homologue in D. melanogaster. It can be assumed that while the basic
transcriptional control elements of the gene, like those that confer tissue and
developmental stage-specificity would be conserved in the two species, the X1R-linked
gene would have additional regulatory elements mediating male-specific transcriptional
hyperactivation. The identity, organization, and function of such sequences will therefore
be of considerable importance both in terms of elucidating the molecular mechanisms of
transcriptional hyperactivation as well as in terms of the mode of evolution of cis-acting
sequences that regulate transcriptional hyperactivation.

The specific objectives of this study are described below:

Objective 1

Establishment of the appropriateness of an X1R-linked genomic clone of D.
miranda for use as a system to study the molecular mechanisms of dosage compensation
in Drosophila with an emphasis on the characteristics and organization of cis-acting
sequences that mediate male-specific transcriptional hyperactivation.

An ideal choice is that of a gene which is dosage-compensated, and transcribed
in a tissue, and developmental stage-specific manner and whose mRNA is abundant

enough to be easily quantitated.
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Objective 2A

Characterization of the X1R-linked gene of D. miranda and its 3L-linked
homologue in D. melanogaster in terms of the extent of transcription units and homology
between them.

The usefulness of carrying out an analysis of homology between the X1R linked
gene being studied and its homologue in D. melanogaster is that information with respect
to highly conserved regions in non-coding DNA could highlight putative regulatory
sequences that have to do with transcriptional control of this gene in terms of tissue and
developmental stage specificity. While such conclusions are necessarily speculative they
are also testable and would aid the design of constructs to be tested in P-element

mediated transformation experiments.

Objective 2B

Localization of the cis-acting sequences involved in transcriptional control of an
X1R linked gene of D. miranda using P-element mediated transformation. This will
involve the construction of transgenic flies carrying the X1R-linked gene at autosomal
sites in D. melanogaster. Male-specific hyperactivity of the transgene is expected to be
reflected by a higher steady state level of transgene derived mRNA in the males relative
to females.

Expression of the X1R-linked gene of D. miranda in D. melanogaster is the
method of choice for localization of cis acting transcriptional control elements at this
locus. An XR linked gene, HSP82, of D. pseudobscura has been successfully expressed
at autosomal as well as X-linked sites in D. melanogaster and has been reported to
respond to the dosage-compensatory machinery (Jaffe and Laird 1986). This precedent as
well as the lack of a suitable method for germ line transformation of D. miranda, makes
the choice of P-element mediated transformation of D. melanogaster, a valid one.

It is essential to emphasize here that, with the exception of its "enhancer-like"
properties, there is at present no established characteristic shown by such sequences that
would aid this search. Thus it may be possible that localization of the basic transcriptional

regulatory elements of this gene, ones that enable it to be expressed in its characteristic
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tissue-specific pattern, can be accomplished, but that cis-acting elements mediating male-
specific transcriptional hyperactivation lie outside the regions tested during the duration
of this study. In any case, the appropriate (in terms of its basic expression pattern)
expression of this gene from a defined transgenic fragment will serve, in future studies,
as the reference point in the search for the more significant element(s) that mediate male-

specific transcriptional hyperactivation.
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CHAPTER 2

DOSAGE COMPENSATION OF AN X1R-LINKED RETINA-
SPECIFIC GENE IN DROSOPHILA MIRANDA

INTRODUCTION

Dosage compensation refers to the mechanism which equalizes the amounts of
X-linked gene products in females with two and males with one dose of X-linked genes.
In Drosophila this is mediated by the hyperactivation of transcription of the male X
chromosome to approximately twice the level of that of the female X chromosome. This
transcriptional hyperactivation is in turn thought to be mediated by trans-acting factors
that, in a male-limited manner, interact with specific cis-acting sequences on the X
chromosome. No discrete cis-acting sequence(s) that confers male-specific transcriptional
hyperactivation has been identified yet. As such therefore, very little is known about the
physical and functional relationships between such sequences and those that mediate the
basic transcriptional patterns of a gene in terms of its tissue or temporal specificity.

With the long-term goal of addressing the above questions, the work described in
this dissertation is focussed on the X1R chromosome of D. miranda. The XIR
chromosome is the right arm of the metacentric X chromosome in this species and X1R-
linked genes are present in two copies in females and in a single copy in males. This
chromosome therefore faces the problem of dosage compensation. Transcription
autoradiographic studies of 20% of this chromosome have suggested that it is
transcriptionally hyperactivated in males (Strobel et al. 1978). An X1R-linked gene which
is dosage compensated and expressed in a tissue specific manner would be a good system
with which to characterize cis-acting sequences mediating dosage compensation. The
fundamental questions to be asked would be the with regards the physical and functional
relationships between such sequences and those that confer the basic expression pattern

of the gene. They could be represented by a single sequence motif or by dispersed
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elements that collectively function to cause the optimal level of hyperactivation. In either
case such an element(s) could be completely separable from other transcriptional control
elements of a gene or could be tightly linked. These questions have been asked of some
X-linked genes in D. melanogaster (see chapter 1) and of an XR-linked gene, Hsp82, of
D. pseudobscura (Jaffe and Laird 1986; Sass and Meselson 1991 ; see chapter 1). At this
stage the only consensus property that has emerged is that the cis-acting sequences
mediating dosage compensation appear to be "enhancer-like” in their function.

There is also an additional attraction in choosing the X1R chromosome of D.
miranda for the purpose of characterization of dosage compensatory cis-acting sequences.
Studies of chromosome evolution in the genus Drosophila have suggested that the X1R
chromosome of D. miranda and the autosomal arm 3L of D. melanogaster have evolved
from the same ancestral element, D (Paterson and Stone 1952). Homology between these
two chromosomes has since been established by cross-hybridization of cloned DNA
probes to polytene chromosomes (Steinmann 1982 ; Steinmann et al. 1984). This therefore
presents a unique situation wherein a gene that is X-linked and dosage-compensated in
one species would be autosomal and non-dosage compensated in another. A comparison
of the transcriptional control regions of the gene in these two species can therefore be
expected to shed some light on the mode of evolution of cis-acting sequences that mediate
dosage compensation.

In this chapter the initial characterization of an X1R-linked gene of D. miranda
is described. It was isolated as a homologue of one of twenty genomic clones of D.
melanogaster isolated by Levy et al. (1982). The twenty genomic clones were isolated
using the criterion that they hybridized with end-labelled mRNA isolated from tissues of
the adult head, and not with end-labelled mRNA isolated from the rest of the body. One
of these, clone 507, was mapped to the autosome 3L of D. melanogaster, and appeared
to contain a simple transcription unit encoding an 1.8 kb mRNA which was extremely
abundant, constituting 0.66% of the head poly-adenylated mRNA (Levy et al. 1982 ; Levy
and Manning 1982). It was expected that the D. miranda homologue of this clone would
be X1R-linked and as such could be a suitable candidate for this study. A transcribed
fragment of clone 507 of D. melanogaster (507ml) (Levy et al. 1982) was used to isolate
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the D. miranda homologue, clone 507mr, from a D. miranda genomic library (Krishnan
et al. 1991). The results described in this chapter demonstrate that clone 507mr is X1R-
linked in D. miranda and like in D. melanogaster encodes a 1.8 kb mRNA. In both
species this mRNA (507 mRNA) is detected only in the retinal photoreceptor cells of the
adult compound eye. In D. miranda, the steady state level of 507 mRNA in the two sexes
is equal, demonstrating that it is dosage compensated. Clones 507ml and 507mr show
considerable restriction polymorphism and lack of sequence similarity, as judged by
nucleic acid hybridization, in some regions including the 3’-transcribed region of the
gene. The 5’-portion of the transcribed region as well as some regions outside the
transcribed regions appear to be highly conserved in the two species, and these latter
regions may have some regulatory significance at this locus. A major portion of this
chapter has been published in a modified form in Krishnan et al. (1991).

MATERIALS AND METHODS

Drosophila strains and cultures

Wild type D. melanogaster and D. miranda (strain $204) were obtained from Dr.
J. Lucchesi, University of North Carolina and Dr. R. Norman, Arizona State University,
respectively. Eye missing (eym) flies were received from Y. Inoue, Mishima, Japan and
glass flies were received from the Bloomington stock center, Indiana. Flies were raised
on cornmeal-agar-molasses medium at 23 C and 60% humidity with a 12 h dark/light

cycle.

Genomic clones 507, 507ml and 507mr

The isolation of clone 507 has been described by Levy et al. (1982). A 2.3- Kb
EcoRI fragment from this clone was used to isolate an overlapping clone 507ml and clone
507mr from EMBL 3 genomic libraries of D. melanogaster and D. miranda respectively.

These procedures are detailed in Appendix I.
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Nucleic acid isolation, labeling and blot hybridization

Total cellular RNA from whole adult flies, heads only and bodies only, were
isolated by a hot phenol method (Helms et al. 1985). Oligo (dT)-cellulose chromatography
of RNA was performed according to Maniatis et al. (1982). High-molecular-weight
nuclear DNA from adult flies and DNA from the recombinant lambda clones were
prepared according to Ganguly et al. (1985) and Helms et al. (1982), respectively. DNA
fragments were labeled by the nick-translation procedure using a commercially available
kit (Bethesda Research Laboratories, Md.). The specific activity of the *H and *P labeled
DNA was 2 x 10" and 1 x 10° cpm/ug respectively. The poly (A)+ RNA was end-labeled
using T4 polynucleotide kinase to a specific activity of 2 x 10° cpm/ug according to Levy
et al. (1982). Random hexamer-primed, single-stranded heterogeneous cDNA probes of
specific activity 2 x 10° cpm/ug were made against adult head poly (A)+ RNA according
to Maniatis et al. (1982). DNA and RNA blot hybridizations were performed according

to Maniatis et al. (1982). These procedures are detailed in Appendix 1.

In situ hybridization

In situ hybridization to the polytene chromosomes was performed according to
Levy et al. (1982). In situ hybridization of 507 gene probe to 507 mRNA within cryostat
sections of heads of D. melanogaster and D. miranda were performed by Ken Swanson
as described by Hafen and Levine (1986). The DNA probe was labelled with *H to a
specific activity of 2 x 10’ cpm/ug according to Hafen and Levine (1986). The procedures
are detailed in the Appendix.

RESULTS

Isolation of clones 507ml and 507mr

Clone 507 was originally isolated by Levy et al. (1982) as a genomic clone that
hybridized to end-labeled mRNA from heads but not bodies of D. melanogaster. The
terminal 2.3-kb EcoRI fragment within clone 507 (Fig. 4) was shown to hybridize to a
1.8 kb mRNA (R.Ganguly unpublished observations). Since the 2.3 Kb EcoRI fragment
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Figure 4. Restriction maps of clones 507, 507ml and 507mr.

On top is shown clone 507 originally isolated by by Levy et al (1982). Clone 507ml
and clone 507mr were isolated from genomic libraries of D. melanogaster and D. miranda
respectively using the 2.3 kb Eco RI fragment of 507ml as probe. Restriction sites with
asterisks belong to the lambda vector arms. Arrows indicate the 3.3 Kb EcoRI and 3.8 Kb
Sall fragments of the 507ml and 507mr clones respectively which are the only fragments
detected by the 2.3 Kb EcoRI fragment of clone 507. Also these fragments appear to
contain the entire transcribed portion of gene 507. Detailed restriction maps of these two
clones are also shown (3.3RI and 3.8 SI).

E - EcoRI; B - BamHI; S - Sall; P - Pstl; H - HindIIL; A - Aval; G - Bglll; V - Pvull; N -
Ncol; O - Xhol; T - Sstl; M - Smal; R - Narl; X - Xbal; K - Kpnl
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represents a transcribed portion of the gene (gene 507) encoding the 1.8-kb mRNA it was
chosen as the probe used to isolate the homologous clone, 507mr, from a genomic library
of D. miranda (Fig. 4). The 2.3-kb EcoRI fragment of clone 507 hybridizes (not shown)
to a 3.8-kb Sall fragment, which is approximately centered within clone 507mr (Fig. 4).
Since one of the EcoRlI sites of the terminal EcoRI fragment of clone 507 could belong
to the vector (Fig. 4), this fragment was used as a probe on a Southern blot of EcoRI-
digested genomic DNA of D. melanogaster and hybridization was seen with a 3.3-kb
fragment (not shown). In order to isolate a clone in which this transcribed region of gene
507 could be accompanied by flanking sequences it was necessary to isolate an
overlapping clone containing sequences flanking this region. Clone 507ml is one such
overlapping clone in which the 3.3 Kb EcoRI fragment is approximately centered within
the insert (Fig. 4). The detailed restriction maps of clones 507ml and 507mr are shown

in Fig. 4.

Transcription mapping of gene 507

To determine the extent of the transcribed regions within clones 507ml and 507mr,
various restriction fragments from these clones were probed with labeled random-primed
cDNA made against adult head mRNA and also separately with end-labeled poly (A)+
mRNA from adult heads. The 3.3 Kb EcoRI fragment of clone 507ml and the 3.8 Kb Sall
fragment of clone 507mr (see Fig. 4) were the only fragments within these clones that
hybridized with these heterogeneous cDNA or end-labeled mRNA probes. These two
fragments were also the only ones to hybridize to a 1.8 Kb mRNA in the adult head poly
(A)+ mRNA on Northern blots (Fig. 5). The heterogeneous cDNA probes, described
above, were then used to further localize the transcribed region within the 3.3 kb EcoRI
and 3.8 Kb Sall fragments. Detailed restriction maps of these fragments and the extents
of the transcribed region within them are shown in Fig. 4. The precise boundaries of the
transcribed regions and the locations of introns, if any, could not be detected by this
analysis.

To determine the direction of transcription (Fig. 4) the 3.3 Kb EcoRI and the 3.8

Kb Sall fragments were cloned into the vector pPGEM3. Single stranded probes
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Figure 5. Northern analysis of clone 507ml and 507mr.

Equivalent amount (0.1 ug) of head poly (A+) mRNA of D. miranda (lane a) and
D. melanogaster (lane b) was electrophoresed on a formaldehyde agarose gel, blotted onto
nylon membrane and hybridized to 32P-labelled 3.8 Sall fragment of 507mr (lane a) and
3.3 Kb EcoRI fragment of 507ml (lane b). Lines on the margin represent migration of
(from the top) 23.1, 9.4, 6.6, 4.4,23, 2.0, and 0.6 Kb marker DNA fragments.
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complementary to one or the other strand were generated by transcription from either SP6
or T, promoters, and hybridized to northern blots containing mRNA from adult heads (not
shown).

Two additional observations made during these transcription mapping experiments
need be mentioned here. The 0.7-kb Kpnl-Sall fragment of D. miranda (Fig. 4) did not
hybridize to heterogeneous head cDNA or end-labelled head mRNA probes from D.
melanogaster and similarly the 0.65-kb HindIII-EcoRI fragment of D. melanogaster (Fig.
4) did not cross hybridize with heterogeneous cDNA probes from D. miranda. This
suggested an apparent lack of homology between the 3’ transcribed regions of gene 507
in the two species and this is discussed later. There is also an as-yet unconfirmed
possibility that the 5’ most fragments of the 3.3 Kb EcoRI and 3.8 Kb Sall fragments
have some transcribed region of a 1.8 Kb mRNA. The 0.45-kb EcoRI-BglIl fragment of
D. melanogaster (Fig. 4) shows faint hybridization with a 1.8 Kb mRNA when used as
a probe on northern blots containing head poly (A)+ mRNA of D. melanogaster (not
shown). Also, when the 0.4-kb Sall-PstI fragment of D. miranda (Fig. 4) was used as a
probe on northern blots containing head total RNA of D. miranda, a faint hybridization
at 1.8 Kb was observed after prolonged exposure (not shown). In later studies discussed
below it appears that this region, relative to other regions mapping outside the major
transcribed portion of this gene, is highly conserved in the two species. It is therefore
tempting to speculate that an exon of gene 507 or one that encodes a 1.8-kb mRNA exists
within the 0.45-kb EcoRI-BglII fragment of D. melanogaster (Fig. 4) and the 0.4-kb Sall-
Pstl fragment of D. miranda (Fig. 4).

Barring the possible presence of small exons which escaped detection by the
transcription mapping methods discussed above, the entire transcribed region of gene
507ml and 507mr appears to be centered within the 3.3-kb EcoRI and the 3.8-kb Sall
fragments of clones 507ml and 507mr respectively. As such therefore clones 507ml and
507mr appear to contain a simple transcription unit and considerable amount of flanking
sequence at either end. This latter characteristic makes them suitable for use in the search

for the transcriptional control elements of gene 507, a major objective of this study.
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Chromosomal locations of genes 507ml AND 507mr

Polytene chromosome preparations of D. melanogaster and D. miranda were
hybridized with *H-labeled 507ml and 507mr DNA respectively. Fig. 6a and 6b show that
in female as well as male D. miranda a single site of hybridization is seen on the X1R
chromosome. The site of hybridization was mapped as 12A according to the published
chromosome map of Das et al. (1982). Fig. 6¢ shows that in the case of D. melanogaster
hybridization of the 507ml probe is seen only at 66D on the 3L chromosome. This
matches the observation of Levy et al.(1982) who mapped clone 507 to the same site in
D. melanogaster. The chromosomal location of gene 507mr is thus in agreement with the
established homology between the chromosome 3L of D. melanogaster and the X1R
chromosome of D. miranda. Furthermore, in the latter species the females have two
copies of gene 507 while males have one, necessitating that this gene be dosage-

compensated.

Dosage compensation of gene 507 in D.miranda

The presence of gene 507mr in two copies in the females and a single copy in the
males raised the question of whether gene 507mr is dosage-compensated. The steady state
level of 507 mRNA in the two sexes was determined by northern-blot analysis. In order
to eliminate loading differences between sexes so as to ensure that equal amount of
mRNA from each sex was being compared, the blots had to be hybridized with a gene
probe whose mRNA is known to be in equal amounts in the two sexes. The hybridization
intensity of this internal control was then used to normalize the hybridization intensity of
507 mRNA in each sex. The Adh gene which is autosomal in D. miranda (R.Ganguly,
unpublished observations) and is expected to be in equal amounts in the two sexes was
used as the internal control in these experiments. Adh has served as an internal control
in sex-specific quantitation of mRNA in D. melanogaster (Ganguly et al. 1985 ; Guiterrez
et al. 1989), but no previous report on the level of Adh mRNA in the two sexes of D.
miranda existed. Therefore a quantitative RNA dot-blot analysis was carried out (Fig.7)
and the levels of Adh mRNA in the two sexes of D. miranda were shown to be equal

(Tables 1 and 2). The quantitative northern analysis for sex-specific levels of 507
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Figure 6. Chromosomal locations of genes 507ml and 507 mr.

In situ hybridization of the 3H-labelled 507mr DNA to D. miranda female (a) and
male (b) polytene chromosomes; and 3H-labelled 507ml DNA to D. melanogaster (c)
polytene chromosomes. The higher magnification of the X1R chromosome of male D.
miranda is shown in panel (d). Arrows indicate the sites of hybridization.

Bars = 10 microns.
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Figure 7. Dot-blot analysis of Adh mRNA levels in male and female D.
miranda.

For each dot, total RNA isolated from adult males (M) and females (F) were
denatured, spotted onto nylon membrane and hybridized to 32P-labelled Adk gene probe
of D. melanogaster. The autoradiogram was scanned with a laser densitometer ( LKB

2222-010 Ultroscan XL) and the scans analysed with the LKB 2400 Gelscan XL software.
The values for each dot are shown in Tables IA and IB.
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TABLE 1

Dot blot quantitation* of Adh mRNA . I

%z
9]
o

SEX DOT1 DOT2 DOT3 mean+ SD  M/FRati
Male 0.76 0.87 0.80 0.81 + 0.05

Female 0.74 0.82 0.76 077+ 0.03 1.05

* Laser Densitometric units ; 0.5 micrograms poly A+ RNA /Dot

TABLE 2
Dot blot quantitation* of Adh mRNA . IL

SEX DOT4 DOTS DQTo Mean + SD M /F Ratio
Male 1.63 1.61 1.52 1.58 + 0.05

Female 1.53 1.60 1.51 1.55+ 004 1.02

* Laser Densitometric units ; 1.0 micrograms poly A+ RNA /Dot
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mRNA in the two sexes was performed with head poly (A)+ mRNA (Fig. 8), and whole
adult poly (A)+ mRNA (Fig. 8). Hybridization intensity of a band to be quantitated was
determined by laser densitometric scanning of autoradiograms with non-saturated
exposure. The normalized level of S07mRNA in each sex is expressed in terms of the
ratio between levels of 507 mRNA and Adh mRNA (Table 3). Two additional Northern
blots of whole adult poly (A)+ mRNA (not shown) were hybridized as for the above

experiment but were quantitated differently. In this case bands to be quantitated were
excised from the blot and radioactivity in each excised band determined by liquid
scintillation counting. The normalized level of 507 mRNA in each sex is once again
expressed as the ratio between levels of 507 mRNA and Adh mRNA (Table 4). The
normalized male / female ratios of 507 mRNA (Tables 3, 4) clearly show that the steady
state level of 507 mRNA is equal in the two sexes of D. miranda. Since 507mr is X1R-
linked and present in two doses in the females and a single dose in males, on a per-gene-
dose basis, males have twice the amount of 507 mRNA relative to the females indicating

that gene 507mr is dosage-compensated.

Tissue-specific expression of gene 507

Levy et al.(1982) showed that the 1.8 Kb 507 mRNA is approximately 177 times
more abundant in the head tissues relative to body tissues of D. melanogaster. This
apparent tissue specificity of 507 gene expression was a significant aspect of the rationale
for choosing clone 507 for this study. Since it can be assumed that discrete cis-acting
sequences mediate tissue specificity of transcription of this gene it is expected that such
sequences will be important reference points for the characterization of the cis-acting
sequences that mediate dosage compensation of this gene in D. miranda. In D. miranda,
as in D. melanogaster, the 507 mRNA is undetectable in tissues other than those of the
head (not shown). The head of an adult Drosophila comprises mostly of tissues of the two
large compound eyes and of the brain. To localize the 507mRNA to either the brain or
the eye, the mutation eym (eye missing) was exploited. These flies lack both the
compound eyes (Inoue 1980 ; Lindsey and Zimm 1985) and do not have any detectable

retinal or laminal tissues (Ganguly et al. unpublished observations). The 507 mRNA was
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Figure 8. Quantitation of steady-state level of 507 mRNA in male and
female D. miranda.

Equivalent amount (0.5 ug) of male (M) and female (F) head and whole-fly poly
(A)+ mRNA were electrophoresed on a formaldehyde agarose gel, blotted and hybridized
to a mixture of 32P-labelled 507mr and Adh coding fragments. After exposure the
autoradiograms were scanned with a laser densitometer ( LKB 2222-010 Ultroscan XL)
and the scans were analysed with the LKB 2400 Gelscan XL software. Lighter exposures
than the one shown in the Figure were used scanned to ensure linearity. The values for
each band are given Table 3.
Blot a.- head poly (A+) RNA ; Blot b.- whole fly poly (A+) RNA.
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undetectable in the heads of eym flies (Fig. 9 b,c) suggesting that gene 507 is transcribed
only in tissues of the adult compound eye. To further localize the expression of gene 507
to specific cells within the eye the mutation glass which removes all the photoreceptor
cells of the adult compound eye was used. As shown in (Fig. 9 d,e), 507 mRNA is
undetectable in head tissues of glass flies suggesting that gene 507 is transcribed only
within the photoreceptor cells. S07mRNA was also localized to the retina of the adult
compound eye by in situ hybridization of *H labelled gene 507 DNA to sections of heads
of D. melanogaster and D. miranda (Fig. 10). These results collectively establish that

gene 507 is expressed only in the retinal photoreceptor cells of the adult compound eye.

Analysis of homology between clones 507ml and 507mr

The considerable restriction pattern polymorphism between clones 507ml and
507mr is evident in Fig. 4. To determine the pattern of divergence in nucleotide
sequences of these two clones, a series of inter-species cross hybridizations were carried
out. Such a comparison was expected to be useful in several ways. Defined cloned loci
of chromosome 3L of D. melanogaster and their homologues in D. miranda have not
been compared in terms of degree of sequence divergence. D. melanogaster and D.
miranda are thought to have diverged approximately 45 million years ago (Pardue et
al.1987). During the course of this divergence gene 507 of D. miranda has been subjected
to additional selection pressures brought on by its X-linked and dosage-compensated
status. In general, functionally constrained sequences at this transcription unit could be
expected to be conserved in the two species. Regions that are found to have diverged
considerably could either be functionally unimportant or could reflect changes that
accomodate the X-linked and dosage-compensated status of this gene in D. miranda.
Comparisons were made of the entire genomic lambda clones 507ml and 507mr, followed
by a more detailed comparison of the transcribed regions of gene 507 within these clones
and the results of this analysis, presented in Figs. 11, 12 and 13, are summarized in Fig.
14,

To compare the two genomic clones 507ml and 507mir, five different fragments
(A - E) of clone 507mr (Fig. 11, top panel) were individually hybridized to DNA blots
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Figure 9. Northern analysis of eym (eye missing) and glass flies.

Total RNA was extracted from heads of flies as described in Appendix I. Ten
micrograms of head total RNA was electrophoresed in formaldehyde agarose gel as
follows: Blot a: wild type D. melanogaster strain oregon R ; Blot c: eym ; Blot e: glass.
These were hybridized with radiolabelled 3.8 Kb Sall fragment of gene 507mr. To
demonstrate the integrity of the RNA in blots not showing hybridization with the 507 gene
probe, these blots were rehybridized with a ribosomal gene probe. Lanes b, d and f
represent blots a, ¢ and e respectively.
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Figure 10. Localization of 507 mRNA to the retina of the adult compound
eye.

In situ hybridization of the 3H-labelled 3.3 EcoRI (Fig. 4) and 3.8 Sall (Fig. 4)
DNA fragments to cryostat sections of the heads of D. melanogaster (A, B) and D.
miranda (C, D) respectively. A, C - bright field; B, D - dark field. RE - retina; LA -
lamina; ME - medulla. Bars = 100 microns.
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Figure 11. Interspecies Southern-blot hybridization A.

The restriction maps shown have been aligned arbitrarily. A sub-clone of the Sall
DNA fragment of the 507ml clone was digested seperately with BamHI and EcoRI to
generate target fragments 1 - 11. Five Southern blots, each containing BamHI (lane a) and
EcoRI (lane b) fragments, were produced by electrophoresing all the restriction digests on
the same gel in parallel. For each lane an equivalent amount of DNA was digested. A
photograph of the ethidium-bromide stained gel is included to show the migration of each
of the targeted DNA fragments. After Southern-transfer, each blot containing lanes a and b
was hybridized individually to 10.0 x 106 cpm of 32P-labelled probes A - E from clone
507mr. The designations of the probes used are shown below each corresponding blot.
The specific activity of the probes ranged between 80 - 90 x 107 cpm/microgram. All blots
were hybridized in 6X SSC, 5X Denhardt's solution at 68 C, and washed in 0.1X SSC,
0.1% SDS at 600 C. Some probes were contaminated with plasmid vector sequences and
therefore hybridize faintly to the vector DNA (V) on the blots.
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of 11 different restriction fragments (1-11, Fig. 11, top panel) of clone 507ml. The
hybridization conditions were stringent (washes at 0.1X SSC, 0.1% SDS at 60 C). Each
probe hybridized only to the corresponding DNA fragments of the 507ml clone as
follows: Ato 3,4,8and9;Bto5and9;Cto5and9;Dto6and 9 ; and E to 6 and
10 (Fig. 11, bottom panel). Faint hybridization of certain probes to the vector DNA (V,
Fig. 11) was the result of a minor contamination of the probe with vector DNA. Fragment
9 shows a reduced intensity of hybridization in all blots presumably because of the
inefficiency of transfer of such a large fragment onto the nylon membrane. The pattern

of hybridization suggests that the homology between 507mr and 507ml is conserved in
a collinear fashion and no major sequence rearrangement involving gene 507 has occurred
since the divergence of the obscura and the melanogaster groups. These data do not allow
the quantitation of the absolute level of homology between conserved regions.
Nevertheless, since all the probes used in the above experiment had a similar specific
activity (8-9 x 10’ cpm/ug) and an equal amount of each probe was hybridized to
identical DNA blots, the relative difference in hybridization signal (Fig. 10) can be used
as a measure of the relative level of homology in various regions of the 507ml and 507mr
DNA. The results shown in Fig. 11 suggest that the highest level of homology lie within
the transcribed regions (compare blots B and C with others, Fig. 11). The next level of
homology is found between fragments 4 and A ( blot A, Fig. 11) and fragments 10 and
E ('blot E, Fig. 11). Hybridization intensity appears to be lowest between probe D and
fragment 6 (blot D, Fig. 11). Interestingly hybridization of probe D with fragment 9 is
stronger than that with fragment 6 (blot D, Fig. 11) and in fact probe D does hybridize
strongly with fragment 5 (not shown). This suggests that sequences within the 5’ end of
probe D are highly conserved in the two species and are present within fragment 5 of
507ml. Since fragment E hybridizes strongly with fragment 10 (blot E, Fig. 11), it can
be said that the region represented by the 5° half of fragment 6 of 507ml and that by the
3’ portion of probe D of 507mr represents an island of divergence between these two
clones. In the region upstream of the 5” end of the transcribed region, probe A hybridizes
only weakly to fragment 8 (blot A, Fig. 11) although the length of probe A must include

the region represented by fragment 8 on a colinearity basis.
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The 3.3-kb EcoRI fragment of clone 507ml and the 3.8-kb Sall fragment of clone
507mr appear to have all of the transcribed portion of gene 507, and presumably fragment
B of 507mr (Fig. 11) and the 5’half of fragment 5 of 507ml (Fig. 11) represent the
immediate 5’ non-transcribed portion of this gene. In order to compare these regions by
cross hybridization, the 3.3-kb EcoRI fragment of 507ml was digested with BglII plus
EcoRI and Pstl plus Aval to generate nine different fragments ( Fig. 12, top panel). The
resulting DNA blots of these fragments were then probed with fragment B of Fig.11. In
the case of EcoRI + Bglll digested DNA, only fragments 1, 2 and 3 hybridized to
fragment B, with fragment 1 showing the highest signal intensity (Fig. 12.lane a). In the
case of the PstI+Aval digested DNA fragments 5, 7, and 8 hybridized to fragment B with
fragment 7 showing the highest signal intensity (Fig. 12, lane b). Comparison of the
hybridization intensities with various fragments shown in Fig.12 suggests that strong
homology exists in the area overlapped by fragments 1 and 7 (shown between arrows,
Fig. 12) of the 507ml gene and downstream from this region the homology between
507ml and 507mr decreases until the transcribed regions are reached.

The homology between transcribed regions of this gene was also tested by inter-
species northern blot hybridization (Fig. 13). When a DNA fragment of one species
containing the entire transcribed portion of gene 507 was used as a probe, the expected
1.8 Kb mRNA was detected in both species (not shown). Under similar conditions of
hybridization however, the 3 transcribed portions of gene 507 in the two species do not
cross hybridize, a feature that had emerged during the transcription mapping experiments
described earlier. These portions are represented by the Kpnl-Sall fragment within the
3.8-kb Sall fragment of D. miranda (Fig. 13B) and the HindIII-EcoRI fragment within
the 3.3-kb EcoRI fragment of D. melanogaster (Fig. 13C). When the Kpnl-Sall fragment
of D. miranda is used as the probe, it hybridizes to a 1.8-kb mRNA from D. miranda but
fails to detect any mRNA in D. melanogaster (Fig. 13A, lanes 1, 2). However when lane
2 was reprobed with the 5’ portion (SstI-KpnI fragment of the 3.8 Kb Sall fragment, Fig.
13B) of the D. miranda gene, hybridization is seen with a 1.8 Kb mRNA (Fig. 13A, lane
2°). Similarly the HindIII-EcoRI fragment of gene 507 from D. melanogaster (Fig. 13C)
did not hybridize with mRNA from D. miranda but hybridized to a 1.8 Kb mRNA from
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Figure 12. Interspecies Southern-blot hybridization B.

The 3.3 KB EcoRI fragment (Fig. 4) of clone 507ml (Fig. 4) was sub-cloned in the
plasmid pBSK (Stratagene) and digested with BglII plus EcoRI and Aval plus Pstl.
Products of each digestion were electrophoresed in lanes a and b, respectively, blotted and
hybridized with the 1.8 Kb Sall - SstI fragment (fragment B, Fig. 11) representing the 5'
non-transcribed DNA of gene 507mr. Conditions for hybridization and washing were the
same as in Figure 11. The photograph of the ethidium bromide stained gel showing
migration of each fragment is shown in (A). The autoradiogram of the blot is shown in (B).
V represents plasmid vector DNA. The arrows indicate the region shared by fragments 1
and 7. The scale shown on the map equals 100 bp.
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Figure 13. Interspecies northern-blot hybridization

(A). Poly (A+) RNA isolated from adult heads were fractionated on formaldehyde
agarose gel, blotted onto nylon membrane and hybridized to 32P-labelled fragments -
representing transcribed regions of gene 507ml and 507mr. Lane 1, 3, 5 - D. miranda
RNA; Lanes 2, 4, 6 - D. melanogaster RNA.

(B). Probes used were : Lanes 1, 2 - 3' portion of the 507mr gene (KpnI-Sall
fragment of gene 507mr) ; Lanes 3, 4 - 3' portion of the 507ml gene (HindIII-EcoRI
fragment of gene 507ml).
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Figure 14. Summary of interspecies cross-hybridization experiments.

The clones 507ml and 507mr are shown as A and B respectively. The open
rectangle on each map represents the extent of the transcribed region. The alignment of the
two clones is only approximate and reflects the results of cross hybridization shown in
Fig.11. The bar between the two clones illustrates degree of homology. Solid regions
represent high degree of homology, hatched regions indicate relatively less homology and
the sole open region indicates absence of homology. A, B, C, D and E were the fragments
of clone 507ml used as probes in the cross hybridization experiments shown in Fig. 11.

S - Sall; R - EcoRL; T - Sstl; H - HindIII; K - Kpnl.
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D. melanogaster (Fig. 13A, lanes 3, 4). However when lane 3 was reprobed with the 5’
portion of the 507 gene of (Aval-HindlIl fragment of 3.3 Kb EcoRl, Fig. 13C) of D.
melanogaster, hybridization was seen with a 1.8 Kb mRNA of D. miranda (Fig. 13A, lane
3’). These results suggest that while the 5’ portions of gene 507 in these two species is
highly conserved, the 3’ portions appear to have very little homology. However, at this
stage the 3’ portions tested in these hybridizations have not been characterized in terms

of distribution of coding and non-coding sequences.
DISCUSSION

The clones 507ml and 507mr, from D. melanogaster and D. miranda respectively, appear
to contain the entire transcribed region and some flanking, non-transcribed regions of gene
507. While clone 507ml maps to a single site at 66D on the autosome 3L of the
D.melanogaster genome, the homologous clone 507mr in D. miranda maps to a single
site, 12A, on the X1R chromosome in accordance with the homology between autosome
3L of D. melanogaster and the X1R chromosome of D. miranda. Thus in D. miranda
there are two doses of gene 507 in the female and one dose in the male. However, the
steady state level of 507 mRNA in the two sexes is equivalent indicating that, on a per-
gene dose basis, males have twice the amount of 507 mRNA relative to females. These
findings establish that gene 507 is dosage compensated in D. miranda. Earlier enzymatic
and transcriptional autoradiographic studies have demonstrated that the X1R chromosome
of D. miranda and the XR chromosome of its sibling species D.pseudobscura, are dosage
compensated (Abraham and Lucchesi 1974 ; Mukherjee and Chatterjee 1975 ; Strobel et
al. 1978). Gene 507, represents the first cloned X1R linked gene from D.miranda to be
shown to be dosage compensated at the steady statt mRNA level. Thus, gene 507mr has
come under the influence of the cis-acting sequences that mediate male-specific
transcriptional hyperactivation.

The absence of 507 mRNA in eym (eye missing) and glass (photoreceptor cells
absent) flies suggests that gene 507 may be transcribed only in the retinal photoreceptor

cells. In accordance with this, is the in situ localization of 507 mRNA to the retina of the
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compound eye of both D. melanogaster and D. miranda. According to the currently
prevailing model of transcriptional control in eukaryotes, it can be assumed that specific
cis-acting sequences of the 507 transcription unit mediate the appropriate developmental
stage and tissue specificity of transcription of this gene, and further that such sequences
would be conserved between the two species. In D. miranda, however, the 507
transcription unit has come under the additional influence of a cis-acting element(s) that
mediates male-specific transcriptional hyperactivation, and whose actions have to be
functionally superimposed on those mediating developmental and tissue specificity of
transcription.

The comparison of nucleic-acid sequence homology, as judged by restriction
mapping and cross-species hybridization, between clones 507mr and 507ml has yielded
some interesting features of these clones (Fig. 14). Within the transcribed regions of gene
507, the 5° ends are highly conserved while the 3’ ends appear to have diverged
completely. Within non-transcribed regions the sequences approximately 0.8-kb upstream,
and 3.0-kb downstream of the transcribed region show strong sequence homology.
Functionally constrained sequences are believed to be conserved in evolution and it is
possible that these highly conserved regions play a regulatory role in the 507 transcription
unit. On the other hand these highly conserved regions are separated from the transcribed
regions by relatively less conserved regions. These latter regions may represent those that
are either not of functional significance or that represent changes to accomodate the X
linked status and dosage compensation of gene 507mr.

The localization of the transcriptional control elements of gene 507mr is therefore
of considerable significance to the basic concerns of the molecular mechanisms involved
in dosage compensation in Drosophila. Moreover, its possible that the comparison of the
organization of cis-acting transcriptional control elements of gene 507mr and 507ml
would shed some light on the mode of evolution of the cis-acting sequences that mediate
male-specific transcriptional hyperactivation of gene 507mr. Towards the further
characterization of gene 507 on these fronts transgenic lines of D. melanogaster carrying
the gene 507 of D. miranda at single autosomal sites, were synthesized to facilitate

mapping of transcriptional control elements of this gene. The results of these experiments
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are presented in the next chapter. Also, simultaneously, the nucleotide sequences of the
3.3-kb EcoRI fragment of gene 507m! and the 3.8-kb Sall fragment of gene 507mr were

determined and compared. The results of this analysis are presented in Chapter 4.
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CHAPTER 3

RETINA-SPECIFIC EXPRESSION AND MALE-SPECIFIC
TRANSCRIPTIONAL HYPERACTIVATION OF GENE 507 OF
D. MIRANDA WHEN EXPRESSED FROM AUTOSOMAL SITES IN
D. MELANOGASTER

INTRODUCTION

X-linked genes in Drosophila are in unequal dosage in the two sexes and are
therefore subject to dosage compensation, a mechanism that ensures equivalence of X-
linked gene products in the two sexes despite the gene dosage difference between them
(Muller 1931 ; also see Chapter 1). In Drosophila, dosage compensation is mediated
through the hyperactivation of transcription of X-linked genes in the males to
approximately twice the level in females (Mukherjee and Beerman 1961 ; Chapter 1).
This male specific transcriptional hyperactivation is in turn thought to be mediated by cis-
acting sequences that interact with trans-acting factors in a male-limited manner
(Reviewed by Luchessi and Manning 1987; see chapter 1). However, no such cis-acting
sequence(s) that mediates male-specific hyperactivation has been identified so far and as
such, considerable confusion exists with respect to the physical and functional relationship
of such sequences with the genes they influence. A strategy for the investigation of the
properties of the proposed dosage compensatory cis-acting sequences has been the
relocation of an X-linked gene to an autosome with the help of P-element mediated
transformation (Rubin and Spradling 1982). Also, although not initially carried out in the
context of dosage compensation, a few autosomal genes have been relocated to the X
chromosome and have subsequently added to the information on hand regarding cis-acting
dosage compensatory elements. The activity of the relocated gene in either of these two

kinds of relocation is assayed for sex-specific differences, and hyperactivity in males
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relative to females is indicative of the effect of cis-acting sequences that ordinarily serve
to mediate dosage compensation. In such studies autosomal genes when inserted into the
X chromosome have often shown male-specific hyperactivity. When the autosomal Xdh
gene was transposed to the X chromosome and assayed at the level of enzyme activity,
it was found to be an average 1.6 fold more active relative to females (Spradling and
Rubin 1983 ; Laurie-Ahlberg and Stam 1987). Similarly assays of enzyme activity in each
sex showed that an X-linked insertion of the autosomal Ddc gene showed a 1.4-1.6 fold
higher activity in males than in females. Interestingly, this hyperactivity was restricted to
older adults and was absent in pupae and freshly eclosed adults (Scholnick et al. 1983 ;
Marsh et al. 1985). The autosomal Adk gene showed the typical two-fold hyperactivation
in male larvae when expressed from X-linked sites (Sass and Meselson 1991).
Interestingly, this contrasted with earlier observations that in some cases X-linked
insertions of the Adh gene which had considerably larger stretches of flanking DNA
sequences, were only partially compensated in larvae (Laurie-Ahlberg and Stam 1987)
while in others they failed to be hyperactivated in larvae and in adults (Goldberg et al.
1983). A possible explanation proposed by Sass and Meselson (1991) is that the increased
amounts of flanking sequences could have "insulated" the Adh gene from the long-range
action of the dosage compensatory sequences. There is also the possibility that insertions
at certain sites on the X chromosome are not dosage compensated as is the case for an
insertion of the dosage-compensated X-linked gene Sgs< at an ectopic site on the X
chromosome. Hiebert and Birchler (1992) have demonstrated that the promoter of a
retrotransposon, copia, when integrated into the X-linked gene white, exhibits dosage
compensation.

The above observations have collectively suggested that the cis-acting sequences
mediating male-specific hyperactivation have a long range action that could influence any
promoter that falls within this range, a characteristic of many enhancer sequences. Further
they suggest that such sequences may not be linked to individual transcription units but
are distributed over the X chromosome, functioning at the level of the chromosome in
organizing regions of transcriptional hyperactivity. Thus, of interest are the effects of

relocation of an X-linked gene that normally is not dosage compensated, to other regions
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on the X chromosome. Normally not dosage-compensated, the X-linked gene, Lsp! did
show male-specific hyperactivation when at ectopic sites on the X chromosome (Ghosh
et al. 1989). This suggests that in its normal location Lsp] is, in some way shielded from
the effects of cis-acting sequences mediating dosage compensation despite the capability
of its promoter to interact successfully with such sequences. This observation is contrary
to the idea that dosage compensatory cis-acting sequences are tightly linked to the
promoters they influence and that each gene is hyperactivated by its own individual
dosage compensatory cis-acting sequence. On the other hand, each dosage-compensated
X-linked gene could have its own dosage-compensatory cis-acting sequences in proximity
to its regulatory region, but these sequences could also be capable of a long-range effect.
In this context it becomes interesting to observe the effects of autosomal relocation of a
dosage compensated X-linked transcription unit. On this front, each dosage compensated
X-linked gene to be analyzed by autosomal relocation has been shown to retain the
property of male-specific hyperactivation when relocated to autosomal sites, even when
accompanied by only small lengths of flanking DNA. Studies of the expression of the X-
linked white gene from autosomal positions, have demonstrated that the region extending
from the transcription start site to -216 bp upstream causes male-specific hyperactivation
of autosomal inserts (Pirrotta et al. 1985). In these studies, however, gene activity was
assayed in terms of level of eye pigmentation and no measurements were made of the
steady state mRNA levels. Sequences mediating male specific transcriptional
hyperactivation of another X-linked gene Sgs-4, have been localized to within -838 bp
upstream of the transcriptional start site and 130 bp downstream of the polyadenylation
site (Krumm et al. 1985 ; McNabb and Beckendorf 1986 ; Hofmann et al. 1987). In these
studies both protein as well as mRNA levels were quantitated and expressed in terms of
the endogenous autosomal Sgs-3 gene. A "housekeeping” X-linked gene 6Pgd carried as
a 7.4 kb genomic fragment has been shown to be male-specifically hyperactivated 1.5-2.0
fold at the steady-state mRNA as well as protein level when expressed from autosomal
sites (Gutierrez et al. 1989). All these studies involved genes of the species D.
melanogaster. In the only such study of an X-linked gene from another species, the XR

linked Hsp82 gene of D. pseudobscura has been shown to be hyperactivated in adult
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males relative to females when relocated to autosomal sites in D. melanogaster
accompanied by 5.0-kb of 5’ upstream and 3.0-kb of 3’downstream sequences (Jaffe and
Laird 1986). The same transgenic lines however failed to be hyperactivated when either
heat-shocked or non-heat shocked larvae were assayed (Sass and Messelson 1991). In
every case described a certain degree of variability with respect to level of hyperactivation
existed between lines differing in the site of insertion. The range of variability extended
from partial 1.5-fold to complete, 2.0-fold, hyperactivation for each gene. In the case of
white and Sgs-4 genes some lines also showed over compensation, seen as a more-than-
two-fold hyperactivation in males. It is possible that the response of an autosomally
inserted X-linked gene to the dosage-compensation machinery, is influenced by its new
genomic location so that transcriptional hyperactivity is not the ideal two-fold and / or is
subject to tissue- or developmental-stage-specific effects. This influence may be
compounded by increasing complexity of the regulatory interactions that, independently
of dosage compensation, are responsible for the expression patterns of the gene in
question. This latter problem has perhaps complicated the further analysis of the dosage
compensatory sequences of the white and sgs-4 genes despite the localization of the
regions in which their dosage compensatory sequences may reside. In the case of the
former, multiple and separable cis-acting sequences direct its expression different tissues
at different developmental stages (Hazelrigg et al. 1984 ; Levis et al 1985 ; Pirotta et al.
1985). Moreover, perhaps due to a difficulty in quantitating transcripts, no analysis of
autosomal insertions of the white gene has been carried out at the steady-state mRNA
level and the reliance on phenotypic pigmentation levels quantitation of transcriptional
activity may have introduced an additional degree of complexity. The Sgs-4 gene on the
other hand, is transiently expressed in the late third instar larval period and its expression
is induced by the steroid hormone ecdysone (Korge 1975). Autosomal insertions show a
variability in level of expression and dosage compensation even between individuals of
the same line (McNabb and Beckendorf 1986). Alleles of this gene exist that show
impaired levels of activity and dosage compensation even at its resident site on the X
chromosome (Korge 1981). While these problems may have confounded efforts to map

the dosage-compensatory sequences of these genes, the P-element mediated relocation
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studies involving these genes, along with those involving 6Pgd and Hsp82, mentioned
above, do suggest that essential cis-acting elements that mediate dosage compensation
may reside close to transcription units and that they function even when removed from
the X chromosome into an autosomal background.

Relocation of individual X-linked genes to autosomal positions therefore continues
to be of promise in the identification and characterization of dosage-compensatory cis-
acting sequences, the major long term goal arising from this dissertation. It is useful to
focus on a gene that is transcribed in a single kind of tissue in adults and whose transcript
1s easily quantitated. These features are significant improvements over the use of the white
and sgs-4 genes of D. melanogaster and also different from the "housekeeping" gene Pgd,
since it is possible to study the relationship between the dosage compensatory sequences
and those that mediate tissue specificity. Furthermore, this study has focussed on the X1R
chromosome of D. miranda in order to include an additional perspective of the mode of
evolution of dosage compensatory sequences. The X1R chromosome of D. miranda is
homologous to an autosome, 3L, of D. melanogaster giving rise to the interesting
situation of a gene X-linked and dosage-compensated in one species while being
autosomal in another. The isolation and characterization of a retina-specific gene 507,
which is 3L-linked in D. melanogaster while being X1R-linked, and dosage-compensated
in D. miranda are described in Chapters 2. It has been shown that a 3.8-kb Sall fragment
of gene 507 of D. miranda (507mr) appears to have the entire transcribed region of the
gene 507 in this species (Chapter 2). This 3.8-kb Sall fragment was introduced into
autosomal positions of D. melanogaster by P-element mediated germline transformation.
The lack of a suitable system for germline transformation of D. miranda necessitates this
cross-species approach but it was expected that the dosage-compensatory mechanism is
highly conserved in this genus, as is the case among the mammals. The results show that
the cis-acting elements necessary for correct retina specific expression of gene 507mr are
present within the 3.8-kb Sall fragment carrying the intact transcription unit. The steady
state level of transgene derived 507 mRNA is 1.4 - 1.6 fold greater in males than in
females suggesting a partial response to the dosage-compensatory machinery of D.

melanogaster.
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MATERIALS AND METHODS

Drosophila strains and cultures

The host strain for P-element mediated transformation, r’%, was received from Dr.J.
Lucchesi, University of North Carolina. Flies were raised on cornmeal-agar-molasses
medium at 23° C and 60% humidity. Balancer stocks in a ry background were obtained

from the Drosophila stock center in Bloomington Indiana.

P-element vector, helper plasmid, and transformation constructs

The P-element plasmid vector pDM30 (Mismer and Rubin 1987), and the transposase
encoding helper plasmid pn25.7wc (Karess and Rubin 1984) were received from Dr. Jerry
Rubin, University of California, Berkeley. pDM30 vector carries the ampicillin resistance
gene and bacterial replication origin of pUC to facilitate cloning and propagation in E.coli
and the Drosophila marker gene ry+ to allow easy identification of transformants among
ry / ry hosts. The 3.8-kb Sall fragment of gene 507mr (Fig.15) was cloned into the unique
Sall site of pDM30, to yield the transgene construct pDM/3.8Smr. shown in Fig.15.

Germline Transformation

The germline transformation procedure used was described by Karess and Rubin (1984).
The transgene construct pDM/3.8Smr and the helper plasmid pn25.7wc were co-
introduced into pre-blastoderm embryos by microinjection as described by Karess (1984).
The details are supplied in the Appendix. Injected individuals that proceeded to adulthood,
were individually mated with host strain flies. The progeny of these matings, the G1 flies,
were screened for the presence of flies with ry* eye colour. G1 flies showing ry* eye
colour were then individually mated with host strain flies of the opposite sex to establish
G2 isolines. Each G2 isoline was propagated by back crossing with the host strain. The
transformants were crossed to balancer stocks to determine chromosomal linkage, and
homozygous flies were then derived from balanced stocks (Appendix). Chromosomal
locations of the inserts were determined by in situ hybridization of a transgene-specific

probe (Fig. 15) to polytene chromosomes of homozygous larvae. In all six different single
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Figure 15. The genomic fragments containing the gene 507 of D.
melanogaster and D. miranda.

A) The 3.3-kb EcoRI fragment containing the gene 507 of D. melanogaster.; B)
The 3.8-kb Sall fragment containing gene 507 of D. miranda .; C) The P-element mediated
transformation plasmid pDM/3.8Smr carrying the 3.8-kb Sall fragment containing gene
507 of D. miranda along with the marker gene ry.

The features shown on maps A and B are derived from the nucleotide sequences of
the two fragments and of the 507 cDNA in D. melanogaster (presented in Chapter 4). Maps
A and B are aligned with respect to their translational start sites. The rectangle associated
with each map designates the extent of the coding region of the gene. Hatched boxes
between the two maps show regions of high nucleotide sequence homology between the
two species. The small box just upstream of the ATG codon is a highly conserved seventy
base pair stretch. Within it an identically conserved 24 bp. stretch contains a TATA element
and is marked as T.
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insert lines were obtained, of which three have been characterized and assayed in this

study. The genetic crosses are described in the Appendix.

In situ hybridization to polytene chromosome

Polytene chromosome preparations were made from third instar larvae of
homozygous transformed lines as described in Ashburner (1989a). The transgene specific
Kpnl-Sall fragment of gene 507mr was labelled with *$ to a specific activity of 2 x 10’
cpm / microgram by random-hexamer priming. Hybridization and washing were carried

out as described in Ashburner (1989b). The procedures are detailed in the Appendix.

Northern-blot analysis of transformed lines

Each of the three transformed lines was assayed for tissue-specificity of expression
and steady-state level of transgene-derived mRNA in the two sexes. Total RNA was
isolated independently from heads and bodies of adult flies using the hot phenol method
(Helms et al. 1985). In the case of assays for male-specific hyperactivation, flies were
first sorted into sexes before decapitation and RNA isolation. Total RNA was
electrophoresed on formaldehyde agarose gels and blotted onto nylon membranes
according to standard procedures (Maniatis et al. 1982). Appropriate *P labelled probes
(see Results) were made by random-hexamer priming. Hybridization and washing was
carried out as described in Maniatis et al. (1982) (see Appendix). Quantitation of
hybridization intensity was done by laser densitometric scanning of autoradiographic
bands. Multiple non-saturating exposures and duplicate scans of each exposure were used
to ensure linearity and to eliminate possible scanning surface aberrations. The procedures

are detailed in the Appendix.
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RESULTS

Transgene specific probe does not cross-hybridize with 507 mRNA of host strain.
It has already been demonstrated in chapter 2 that the Kpnl-Sall fragment
representing the 3’ portion of the transcribed region of gene 507mr does not cross
hybridize with gene 507 of D. melanogaster strain Oregon R. Though the recipient, ry’®
flies used in this study are of the species D. melanogaster, they have a predominantly
Canton S genetic background (J. C. Luchessi, pers. comm.). It was necessary therefore
to confirm that the transgene specific probe did not cross hybridize with 507 mRNA of
this recipient strain. Fig. 16 shows the results of a northern blot analysis of head total
mRNA from the host ry’® flies. As expected the KpnlI-Sall fragment of gene 507mr failed
to hybridize to any mRNA from these flies (lane a, Fig. 16). This lane was reprobed with
the Adh gene probe to demonstrate integrity of the RNA (lane b, Fig. 16). The
endogenous 507ml gene is expressed in these flies as seen by the hybridization of the
HindIII-EcoRI fragment of gene 507ml with the appropriate 1.8 Kb mRNA (lane b,
Fig.16). Thus transcript derived from the endogenous gene 507 of the host ry** flies,
though present, will not interfere with the analysis of transgenic 507mr derived

transcripts.

Transformant lines 1A, 6A and 10D have a single autosomal insertion of the intact
transgene.

Through segregation analysis of balanced lines the chromosomal linkage group of
each line was determined (described in Appendix). To confirm the autosomal linkage and
to map the location of the transgene, the Kpnl-Sall fragment of gene 507mr was
hybridized to polytene chromosome preparations from larvae of homozygous transformant
lines. Hybridization was seen only at single autosomal sites in each of the three lines, and
no cross hybridization was seen with the endogenous 507ml gene at location 66D on
chromosome 3L (not shown). The autosomal locations of the transgene in the three lines

are shown in Table 5.
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Figure 16. Northern-blot analysis of ry306 flies with transgene specific
probe

Total RNA was extracted from heads of adult ry306 flies, electrophoresed on
formaldehyde gels and blotted on to nylon membrane. Lane (a), hybridization with the 32P
labelled Kpnl-Sall fragment of D. miranda; Lane (b) rehybrization of lane (a) with 32P
labeled Adh gene probe to ensure integrity of mRNA ; Lane (c) Hybridization with 32P-
labeled HindIII-EcoRI fragment of gene 507ml (Fig. 15) and Adh gene probe.
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TABLE §

CHROMOSOMAL LOCATIONS OF TRANSGENE S07MR

Lines  Chromosomes Locations

1A 2R 44A-C
6A 2R 51D
10D 3R 100A
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To demonstrate if the 3.8 Kb Sall fragment carrying the transgene in each of the
three lines, genomic DNA from homozygous flies was digested with Sall and hybridized
with the radiolabelled Kpnl-Sall fragment of gene 507mr (Lanes a, b and ¢, Fig. 17). Also
electrophoresed and hybridized in parallel was the Sall digested genomic DNA of the host
strain ry’® (lane d, Fig. 17) and of D. miranda (lane e, Fig. 17). In each transformant line
hybridization is seen with the appropriate 3.8 Kb fragment (Lanes a, b and c, Fig. 17),
identical to the hybridization seen with Sall restricted D. miranda DNA (Lane e, Fig. 17).
No hybridization is seen with DNA from the host strain in which the gene 507mil is
expected to be within a 14.0 Kb Sall fragment (Krishnan 1991) further confirming the
specificity of the probe for the transgene. The three transgenic lines 1A, 6A and 10D
therefore carry the gene 507mr at a single autosomal site in their genomes, but at different
locations among the three. Studying the behaviour of the transgene in the context of three

different chromosomal locations could indicate its sensitivity to position effects.

Transgene 507mr is transcribed only in the retina of the adult compound eye.

Gene 507 in both species has been shown to be transcribed only in the retinal
photoreceptor cells of the adult compound eye (Chapter 2). To assay for the appropriate
tissue specificity of expression of the transgenic gene 507mr, northern blots of RNA
isolated separately from heads and bodies of transformants were hybridized with the
Kpnl-Sall fragment of gene 507mr (Fig. 18). Hybridization is seen with the appropriately
sized (1.8 Kb) mRNA in lanes with RNA from heads (left panel, Fig. 18) and not in lanes
with RNA from bodies (right panel, Fig. 18). All the lanes were counterprobed with the
Adh gene probe to demonstrate integrity of the RNA (Fig. 18).

To further test whether the expression of the transgene is restricted to the retina
of the compound eye, cryostat sections of the heads of transformants were hybridized in
situ to radiolabelled Kpnl-Sall fragment of gene 507mr (Fig. 19). All three lines, 1A, 6A
(Fig. 19) and 10D (not shown), showed localization of transgene-derived 507 mRNA to
the retina. To confirm that hybridization seen is specific to the transgene derived mRNA,
control head sections of the host ry’® were hybridized in parallel. No hybridization above

background levels was seen in such controls (Fig. 19), confirming that the transgenic
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Figure 17. Southern-blot analysis of transformant lines

Genomic DNA was isolated from homozygous flies of the three transformant lines , the
host ry506, and D. miranda , digested with Sall and the resulting Southern-blots hybridized
with transgene specific Kpnl-Sall fragment (Fig. 15). a - Line 1A ; b - Line 6A ; ¢ - Line
10D ; d - ry506 ; e - D. miranda. The left panel shows the ethidium bromide-stained gel
prior to blotting and the right panel shows the autoradiogram. Sizes of the marker DNA
indicated on left are from top: 23.1, 9.4, 6.6, 4.4, 2.3 and 2.0 kb.
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Figure 18. Qualitative northern-blot analysis of transformant lines.

Total RNA isolated from the head (left panel) and body (right panel) of each line
was probed with a mixture of the transgene specific KpnI-Sall fragment (Fig. 15) and the
Adh gene probe. Since the concentration of Adh mRNA in the body is very high, three
times less Adh gene probe was used to hybridize the blot with body mRNA.
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Figure 19. Localization of transgene-derived mRNA to retina of transformants.
¥S-labeled transgene-specific Kpnl-Sall fragment was hybridized with cryostat
sections of heads of transformant lines 1A and 10D and of ry’®. A - bright field; B - dark

field; r - retina; 1 - lobula; b - brain. No hybridization is seen with sections of ry’®.
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507mr in these transformant lines mimics its wild-type expression pattern, strongly
suggesting that all the cis-acting sequences needed for correct tissue specific expression

of gene 507mr are present within the 3.8 Kb Sall fragment used in this study.

Quantitation of steady-state level of transgene derived 507 mRNA in the two sexes.

In order to test whether sequences mediating male-specific hyperactivation in
response to the dosage-compensatory machinery of D. miranda are present within the 3.8-
kb Sall fragment used as the transgene, the steady-state level of transgene derived 507
mRNA was determined in each sex of the three transformed lines. Northern-blot analysis
of total RNA from heads of adult flies was carried out as described in Materials and
Methods. Blots with equal amounts of head total RNA from adult flies were first
hybridized with the transgene specific KpnlI-Sall fragment. To ensure specificity of the
probe for transgene derived mRNA, head total mRNA from the host ry506 flies were
hybridized in parallel. After hybridization with the gene 507mr specific probe and
exposure, the blots were rehybridized with the autosomal Adh gene probe whose transcript
is known to be in equal amounts in the two sexes of both D. melanogaster and D.
miranda (Ganguly et al. 1985 ; Guiterrez et al. 1989; Krishnan et al.1991; Sass and
Meselson 1991). The use of Adh as an internal standard thus normalizes the hybridization
intensities of 507 mRNA which may otherwise remain uncorrected for quantitation and
loading differences between samples being compared. A representative northern blot is
shown in Fig. 20. For lines 1A and 6A the normalized male / female ratios of transgene
derived 507 mRNA are the mean of four independent RNA extractions and quantitations
while the male / female ratio for line 10D is from a sample size of two (Table 6). One
of the RNA samples used in the above experiment (Sample C, Table 6) was also used to
quantitate the level of endogenous 507ml mRNA in the two sexes of each transformed
line (Table 7). The quantitation was done identically as for the transgene-derived 507mr
mRNA except that the probe used was the HindIII-EcoRI fragment of gene 507ml (Fig.
15) which is specific for the endogenous 507 and does not cross hybridize with 507
mRNA of D. miranda (Krishnan et al. 1991 ; Chapter 2) the normalized ratios of the

endogenous 507 mRNA obtained from this experiment are shown in Table 7. Previously
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Figure 20. Quantitative sex-specific northern-blot analysis of transformant
lines

A representative northern blot used to determine the steady state level of transgene
derived mRNA in the two sexes of each transformant line, 1A, 6A and 10D.
15 ug of head total RNA from males (m) and females (f) of transformant and control ry506
flies were electrophoresed in parallel on formaldehyde agarose gels. Northern blots were
first hybridized with the 32P-labeled transgene specific Kpnl-Sall fragment (Fig. 15). After
exposure (top panel) the blots were rehybridized to the Adh gene probe (bottom panel).
Radioactive cpm of the Adh probe used adjusted to get appropriate exposures of Adh bands
in a much shorter exposure time than was required for 507 bands. This ensured non-
interference from previous 507 derived signals in the quantitation of Adh derived signals.
Appropriate non-saturated exposures were scanned by laser densitometry using the LKB
2222-010 Ultroscan XL densitometer and scans were analysed with the LKB 2400 Gelscan
XL software. The values of each band are shown in Table 6.

66




“sueds Juepuadopul om) Jo ueow e siudsaidal anjea yoeq ‘punosdyoeq Joj paisnipe
are pue samsodxa pajesnies-uou Jo Suiuueds JLFIWONSUIP Jase] £q PauIULINAP Se uonezipuqAy jo Ansusjul 1uasaidal sonfep -weidoipesoine
dures ay1 uo pasodxa pue 12412301 pazipuqAy ‘|98 dures Ayl uo pasazoydondad d1am 5IPOd |eonaqeydpe sures oy yum sajdures VNY,

(A ¢ Lzo STEl €St o 9691 L9 01D
LO0F 91 6t°1 0£0 009 18°1 wo 98y £0'C oir aot
Se’l oyt (3% L9y 68°1 109 €Ell a
L'l 9¢'T 6v't T8 8v'e S8l w9 IN
V00 ¥ THl vl 820 00yl v6't 6£°0 €9°T1 w’s t8)
€Vl §6°0 69T 8t'l 6L°0 Y0z 191 I Vi ~
)
125 Iy €60 08t SE9 8L0 96’y oa
€91 SL'T vi'e 68°S 9y 91T 98°6 9N
6800 ¥ 95°1 wl LTeo 9'¢l Sv'y €910 v9'Z1 98°'S 90
91 L1E0 £0’s 6S°1 viso LS8 or'v 91 V9
TS q7e (QYPYIZOT Li4% 03 (&) YpVIZ0T Li4% 03 SOWEYNY ST
*
ojeway AN

SLNVIWHOJISNVIL NI VNYW ¥AZ0S 40 STIAAT ALV.LS AAVALS

9 A'1dV.L



‘sueds juepuadapur om1 Jo uedsw e sjuasaidos
anfeA yoeq ‘punoidyoeq 10j poisnipe sre pue samsodxd PIIBINIES-UOU JO SUIUUEDS JLNIWONSUIP IISE[ £Q PIUIULIAIGD
se uoneziplgAy jo Avsusut juasaidal sonjep -urerdoiperoine swes 3yl uo pasodxs pue ‘1y1afol pazipuqly ‘(o3
sures ayl uo pasatoydoros[a azom safdures 9o 9Y L, *g QR Ul UMOYS D) SPOJ JO SO SB dwes oyl I sajdures YN «

SLO'L 8780 121089 19184 68°0 89¢°S ILL'Y 01D aot
10 ¥€S0'1 S91°1 . vis8o f6t't 65LT 860 §€9°T 81€°C 10 Vi
6160 LLT'1 12383 620t eLL'l v's te9 92 v9
qs W  J7e (QYPVIZOT L/4% 0% (e) YPVIZ0S wy 08 SHAmWSYNY 3T
*
a[eway )1 7

SINVIWIOISNVIL NI VNYW THZ0S SNOINADOANT 40 STIATT ALVLS AAVALS

L A'19VL

68




the 507mr mRNA of has been shown to be in equal amounts in the two sexes in the two
sexes of D. miranda using the same strategy for quantitation as described here (Krishnan
et al.1991; Chapter 2). It is unreasonable therefore to suggest that a sex-specific difference
in 507 mRNA levels relative to Adh mRNA levels represents a sexually dimorphic
characteristic of either gene 507 or the gene Adh. Nevertheless, the level of 507ml mRNA
relative to the Adh mRNA was quantitated in the two sexes of the host 7y506 strain in the
same way as described for the transformed lines and found to be equal (not shown).
These results therefore establish that in each of the three transformed lines the steady-state
level of transgene derived 507 mRNA is 1.4 to 1.6 fold higher in males than in females.
The typical male specific hyperactivation in response to the dosage-compensatory
machinery would result in a two-fold difference of mRNA level between males and
females. These results therefore could be interpreted as a partial response of the transgenic
gene 507mr to the dosage-compensatory machinery of D. melanogaster. These results
strongly suggest that the dosage-compensatory cis-acting sequences of gene 507mr may
reside within the 3.8-kb Sall fragment used in this study. Precedents do exist for partial
dosage compensation of X-linked genes, both at resident as well as at autosomal sites and

these are described in the discussion.

DISCUSSION

The X1R-linked gene 507 of D. miranda was expressed from three different
autosomal sites in D. melanogaster using P-element mediated transformation. A 3.8 kb
Sall fragment containing the intact gene with 1.637 Kb of DNA upstream of the
translational start site and 0.517 Kb of DNA downstream of the translational stop codon,
appears to have all the cis-acting regulatory sequences necessary for appropriate retina
specific expression of gene 507. The interactions that confer tissue-specificity of
transcription of gene 507 are therefore well conserved in the two species. The results of
this study also demonstrate the transgene 507mr is hyperactivated between 1.4 to 1.6 fold
relative to females suggesting a partial response to the dosage compensatory,

transcriptional hyperactivation machinery of D. melanogaster.
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While it is possible that dosage compensatory cis-acting sequences of D. miranda
do not function optimally in D. melanogaster, the partial dosage compensation seen in
this study is not without precedent, even for studies entirely within the species D.
melanogaster. Autosomal insertions of the white gene have predominantly shown
complete dosage compensation but exceptions showing partial as well as over
compensation also existed (Hazelrigg et al. 1984). In the case of the X-linked gene 6Pgd
again autosomal insertions averaged a 1.8-fold hyperactivation with three lines showing
a 1.6 fold hyperactivation (Guiterrez et al.1989). For autosomal insertions of the X-linked
Sgs-4 gene partial dosage compensation, averaging 1.5 fold hyperactivation in males, was
the norm though exceptions that showed complete dosage compensation did exist (Krumm
et al.1985 ; Hofmann et al. 1987 ; McNabb and Beckendorf 1986). As mentioned in the
Introduction, X-linked insertions of autosomal genes also often show only partial dosage
compensation. A change in the level of expression of a relocated gene is a general and
common feature of gene relocation experiments and has been ascribed to a position effect
exerted on the gene by its new chromosomal environment. Different genes could be
expected to have a differential sensitivity to position effects depending on peculiarities
of individual promoters. It is reasonable therefore to suggest that the partial dosage
compensation seen in the three autosomal insertions of gene 507mvr in this study represent
suppressive position effects. It is also possible that the dosage compensatory element(s)
is itself, independent of any effect on promoter elements, is susceptible to chromosomat
position effects. Perhaps for optimal efficiency of the dosage compensatory element(s) a
characteristic environment provided on the X-chromosome is required and autosomal
insertions that do show full dosage compensation are in regions that supply this
requirement.

The sensitivity of dosage compensation to the chromosomal location and activity
status of the promoter and/or other regulatory elements of the gene is also evidenced by
the effect of tissue-specificity and developmental stage-specificity on dosage
compensation. An example is the X-linked Hsp82 gene of D. pseudobscura, autosomal
insertions of which are dosage-compensated in adults (Jaffe and Laird 1986) but not in

the larval stages (Sass and Meselson 1991). Other such examples involving dosage
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compensation of autosomal gene inserted into the X chromosome have been covered in
the introduction. In this study, however, in each line the tissue and developmental stage
specificity of transcription exhibited by the transgenic 507mr was the known normal
pattern of expression of this gene (Krishnan et al. 1991). However, since the endogenous
507 gene is intact and functional there are four doses of the promoter elements of gene
507 in the transformants, which is different from the normal situation for this gene. The
level of expression of the transgene with respect to normal levels of expression of gene
507 was not quantitated, however, and therefore any effects of the presence of functional
endogenous 507ml gene on the expression of the transgene have not been addressed in
this study.

The partial dosage-compensatory response of the autosomal insertions in this study
could also result from a lack of representation of all the required cis-acting dosage
compensatory sequences within the construct used. This is to be conceptually
differentiated from the possible need for an appropriate chromosomal environment for
efficient functioning of a dosage-compensatory element(s). Thus, there is possibly a multi-
partite arrangement of the dosage-compensatory cis-acting sequences so that a lack of
complete representation of these sequences does not necessarily have an "all or none"
effect but has an effect on efficiency of hyperactivation. An example of such a situation
is provided by studies on the cis-acting control elements that confer appropriate tissue
specificity, and optimal level of transcription on the autosomal NingE gene of D.
melanogaster. Removal of an enhancer-like control element (Control element I, Mismer
and Rubin 1987) results in only a two-fold reduction of transcriptional activity while
removal of the adjacent control element II causes a 30-fold reduction in activity (Mismer
and Rubin 1987). Removal of both control elements results in a 30-fold reduction in
activity and yet control element I efficiently substitutes for control element II (Mismer
and Rubin 1987). Neither element affects the appropriate tissue-specificity of
transcription, which in turn is mediated by a third adjacent control element (Mismer and
Rubin 1989). Interestingly, for the X-linked Sgs-4 gene, partially dosage compensated
alleles have been reported (Korge 1981 ; Kaiser et al. 1986). Such partially dosage-

compensated alleles were found to differ from the wild-type fully dosage-compensated
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alleles in their 5’ regulatory regions.

While the results from this study do not convincingly resolve the central question
of the organization of cis-acting dosage compensatory sequences with respect to
individual transcription units, they do strongly suggest that at least some the basis
components of such sequences are closely linked to the transcription unit. On-going
experiments using constructs with more and less flanking sequences should further resolve
some of the questions raised by this study.

However the ideal attempt to resolve the prevailing confusion regarding dosage
compensatory sequences would require the demonstration that the removal of specific
sequences from a dosage-compensated gene results in the loss of dosage compensation
and that this loss is independent of chromosomal location and of the normal
transcriptional activity of the gene. The results of the study presented in this chapter
suggest that gene 507mr could be analyzed in this manner and is therefore potentially a
good system with which to identify and characterize cis-acting sequences mediating
dosage compensation.

The simultaneous nucleotide sequence analysis of this gene in the two species
along with the corresponding cDNA from D. melanogaster (see following chapter, Ch.4)
has resulted in a detailed characterization of the 3.8-kb fragment used in this study. With
the help of this information certain aspects of the quantitative analysis performed in this
study could be improved. An interesting change would be to mark the transgenic 507mr
in order to be able to distinguish it from the endogenous transcript. This would enable the
comparison of steady state levels of transgene derived 507 mRNA in the two sexes
relative to the levels of the endogenous 507mRNA with a single detection and
quantitation step. Moreover the comparison of the nucleotide sequence of the non-coding
DNA within the 3.8-kb Sall fragment of gene 507mr with that of the corresponding
region from D. melanogaster could now be of use in identification of potential
transcriptional control elements. This sequence comparison, although handicapped by a
lack of information regarding the transcriptional start site of the gene in either species,
is presented in the next chapter. On-going experiments with transgenic constructs designed

to further localize the cis-acting transcriptional control sequences are expected to identify
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the basic regulatory elements of this gene. Given that these promoter elements do interact
with the dosage compensatory machinery, it is possible that in addition to experiments
designed to localize dosage-compensatory cis-acting sequences, trans-acting interactions

at the promoter elements could be studied for sex-specific differences.

73




CHAPTER 4

SEQUENCE COMPARISON OF GENES 507MR AND 507ML
HIGHLIGHTS DOMAINS POTENTIALLY SIGNIFICANT IN
REGULATION AND FUNCTION

INTRODUCTION

The head of the adult fruitfly Drosophila melanogaster predominantly consists of
tissues of two large compound eyes, and of the brain. From a genomic library of D.
melanogaster, Levy et al. (1982) isolated twenty clones whose transcripts were highly
abundant (3-177 times) in the adult head relative to the adult body. One of these clones,
507, was mapped to locus 66D on the autosome 3L of D. melanogaster (Levy et al 1982).
The homologue of this clone in Drosophila miranda has been the focus of this
dissertation given the objective of establishing gene 507 in this species as a model system
for the study of molecular mechanisms in dosage compensation. The autosome 3L of D.
melanogaster has evolved as an X (X1R) chromosome in D. miranda. As is typical for
the X chromosome, in the latter species the X1R chromosome is present in two copies
in the females and a single copy in the males. Despite this dosage difference, the steady
state level of 507 mRNA is equal in the two sexes of D. miranda indicating that this gene
is dosage compensated (Chapter 2 ; Krishnan et al. 1991). In D. miranda therefore gene
507 is expected to have acquired cis-acting sequences that mediate dosage compensation
through male-specific transcriptional hyperactivation, and a major long term objective of
this project is the identification and characterization of such sequences.

The initial characterization of clones 507ml and 507mr has been discussed
previously. In both species clone 507 encodes a 1.8 Kb mRNA that is expressed only in
the retinal photoreceptor cells of the adult eye (Chapter 2 ; Krishnan et al. 1991). A 3.3-
kb EcoRI fragment of clone 507ml and a 3.8-kb Sall fragment of clone 507mr appeared
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to have the entire transcribed region of this gene within the two species (Chapter 2 ;
Krishnan et al. 1991). When the 3.8 kb Sall fragment of clone 507mr was introduced into
the genome of D. melanogaster by P-element-mediated transformation, the characteristic
1.8-kb mRNA was transcribed from it in the retina-specific manner appropriate for gene
507. In addition the steady-state level of transgene derived 507 mRNA was 1.4 to 1.6 fold
higher in males relative to females indicating that the transgene was responding to the
dosage-compensatory machinery (Chapter 3). Therefore, for gene 507 of D. miranda, all
the cis-acting sequences necessary for correct retina-specific expression and at least
partially functional components of those necessary for dosage compensation, are present
within the 3.8-kb Sall fragment containing the gene. In order to facilitate the further
localization of transcriptional control elements of gene 507mr and the characterization of
this gene in terms of the organization of coding and non-coding regions, its nucleotide
sequence was determined. Earlier cross-hybridization experiments have shown that genes
507ml and 507mr are highly conserved within the transcribed regions and further, that the
3.3-kb EcoRI fragment of gene 507m! is the approximate equivalent of the 3.8kb Sall
fragment of gene 507mr (Chapter 2 ; Krishnan et al. 1991). A Cross-species comparison
of the flanking sequences of gene 507 in the two species could serve to highlight potential
transcriptional control elements as highly conserved regions. The reliability of cross-
species comparison of nucleotide sequences in the identification of potential regulatory
elements of genes in Drosophila has been demonstrated by many investigators (Blackman
and Messelson 1986 ; Scholnick et al. 1986 ; Martin et al. 1988 ; Henikof and
Eghtedarzadeh 1987 ; Fortini and Rubin 1990). The nucleotide sequence of the 3.3-kb
EcoRI fragment containing gene 507ml in D. melanogaster was therefore determined for
comparison with that of gene 507mr. To complement these efforts, a 507 cDNA was
isolated from a head cDNA library of D. melanogaster and its sequence used to
characterize the genomic sequences of gene 507ml and 507mr. It was found that the
conceptual translation product of gene 507 is homologous to the vertebrate protein,
arrestin, which is involved in the visual phototransduction pathway (Kuhn and Wilden
1987). Yamada et al. (1990) independently and simultaneously isolated a cDNA from an

expression CDNA library of D. melanogaster, using monoclonal antibodies specific for
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a 49 Kd retina-specific protein that undergoes light induced phosphorylation. The cDNA
was found to be homologous to clone 507 isolated by Levy et al. (1982) and to share a
42 % amino acid sequence identity with vertebrate arrestin. My nucleotide sequence
analysis of the 507 cDNA is in complete agreement with the report of Yamada et al.
(1990).

The detailed analysis of the nucleotide sequences of genes 507mr, 507ml and the
507 cDNA reveals that in both species, gene 507 is interrupted by at least two introns.
The exons are remarkably conserved, showing an 85% homology at nucleic acid level and
a 98% similarity at amino acid level. None of the amino acid changes occur at domains
thought to be similar to the vertebrate homologue ‘(Krishnan and Ganguly 1990 ; Yamada
et al 1990; Kuhn and Wilden 1987). The nucleotide sequences upstream of the translation
start codon and downstream of the translation stop codon have diverged considerably. In
the midst of this divergence however, there are conserved sequences resembling basal
promoter elements that could be the promoter elements of gene 507. Also, there are two
significant changes in the vicinity of these putative basal promoter elements that could
play a role in male-specific transcriptional hyperactivation of gene 507mr. Many features
of interest from the standpoint of transcriptional control arising from this cross-species
comparison are handicapped by the absence of information regarding the start site of
transcription of gene 507 in either species. The nucleotide sequence of gene 507mr has
been published (Krishnan and Ganguly 1990) and has been deposited in the EMBL

nucleotide sequence data bank with accession number X54084.

MATERIALS AND METHODS
Head cDNA library
A D. melanogaster, strain Oregon R, head cDNA library made in the lambda
SWAJ2 vector was a gift from Seymour Benzer. The cDNAs in this library are cloned as
EcoRI-Xbal inserts, with EcoRI marking the 5’ end and Xbal the 3’ end of each insert.

Isolation of 507 ¢cDNA

Six cDNAs complementary to gene 507 were isolated from a D. melanogaster
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head cDNA library using the plaque lift method of Benton and Davis (1977) (detailed in
Appendix). Restriction analysis confirmed that all six clones were identical except for
being truncated to different lengths at their 5’ termini. The longest cDNA was 1.57 Kb
in length and this was subcloned as an EcoRI-Xbal fragment into the plasmid pBSK+

(Stratagene).

Nucleotide sequencing

The 3.8-kb Sall fragment of gene 507mr, the 3.3-kb fragment of gene 507ml and
the 507 cDNA were subcloned into the plasmid vector pBSKII+ (Stratagene). Overlapping
deletions were generated by use of restriction sites as well as by unidirectional
Exonuclease III digestion (Hennikoff 1984). Sequencing was by the dideoxy method of
Sanger et al. (1977) using the commercially available Sequenase kit (United States
Biochemicals). Either P or **S dATP was used as label for the sequencing reactions. In
a few cases synthetic oligonucleotide primers were used to sequence regions not made
accessible by enzymatic deletions. The Beckmann Microgenie nucleic acids analysis

software was used to analyse DNA sequences.
RESULTS

Alignment of nucleotide sequences of gene 507ml and 507mr
The nucleotide sequences of the 3.8-kb Sall fragment of D. miranda and the 3.3-
kb EcoRI fragment of D. melanogaster were compared in three different parts. The first
part (Box 1 ; Fig. 21) is upstream of the translational start codon and consists of 1637 bp
for D. miranda and 1549 bp for D. melanogaster. The translational start site of gene
507ml has been convincingly established by Yamada et al (1990) who determined the
sequence of the first ten amino acids of the in-vivo translational product of the 507
cDNA. The translational start codon of D. miranda was inferred from the high degree of
conservation of the open reading frame downstream of it.
The second region (Box 2 ; Fig. 21) extends between the translational start codon

and the stop codon and includes the two introns. The positions of the introns in gene
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Figure 21. Genes 507ml and 507mr

The 3.3-kb EcoRI fragment containing gene 507ml (A) and the 3.8-kb Sall
fragment containing gene 507mr (B) have been aligned at their translation start sites,
identified in this study. The open areas of the rectangle associated with each map designates
exons, while solid areas designate introns. The hatched boxes between the two genes
indicate regions of sequence conservation. Intervening unmarked regions are those those
that show, less than 50% homology. The hatched box just upstream of the translational
start codon is marked with T and Z. T indicates the position of the putative TATA element
that is identically conserved in the two species. Z indicates the site at which the genomic
sequence of gene 507ml determined in this study and the sequence of the 507 cDNA
reported by LeVine et al. (1990) cease to match. Solid boxes indicate the three parts of
division of the nucleotide Sequence comparison in this study. Box 1 is further divided into
three regions , 1A, 1B and 1C.
Restriction sites shown are: R: EcoRI; P: Pstl; H: HindIII; S: Sall: K: Kpnl.

78



507ml were determined by alignment of genomic and cDNA nucleotide sequences. The
positions of the introns in gene 507mr are inferred from similarity with gene 507ml.
The third region (Box 3 ; Fig. 21) is downstream of the translational stop codon
extending to 517 bp for gene 507mr and 401 bp for gene 507ml. This region includes the
polyadenylation signal and site for gene 507ml! and, by inference from similarity, those

for gene 507mr.

Comparison of 5’ non-coding sequences of gene 507ml and 507mr

The alignment of the sequences upstream of the translation start site (Fig. 22)
highlighted three distinct regions in terms of degree of homology (Boxes 1A, 1B, 1C, Fig.
21). The first region (1A, Fig. 21) immediately upstream of the translational start site and
extending further upstream to approximately to the nucleotides numbered 1464 and 1367
in genes 507mr and 507ml respectively, has the most likely candidate for the TATA box
of this gene. The latter is seen within an identically conserved 25 base pair stretch,
5’CAGGGCAAAGGTATATAAGCAGGT, which in turn is part of a highly conserved
70 bp stretch ending at nucleotides 1576 and 1465 for 507mr and 507m! respectively (Fig.
22). In eukaryotes, the transcription start site is almost invariably located between 20-30
bp downstream of the TATA box (see Chambon 1984 ; Serfling et al. 1985). I have not
been able to demonstrate experimentally that this is the case for either of the two genes.

The second region (1B, Fig. 21) immediately upstream of region 1A is relatively
poorly conserved in the two species. This region extends upstream of region 1A, from
nucleotide 1464 to 865 in gene 507mr and from nucleotide 1367 to 844 in gene 507mi
(Fig. 22). Despite the overall poor conservation of region 1B, three interesting features
are highlighted within it. The first is a highly conserved 32 bp stretch containing a
putative GCAAT motif in the reverse orientation, and a GCAAAT motif resembling a
major portion of the octamer binding sequence, both of which are commonly encountered
features of eukaryotic promoters (reviewed by Serfling et al. 1985 ; Dynan 1987 ;
Maniatis et al. 1987 ; Lewin 1990a ; Lewin 1990b). The GCAAT motif is known to be
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Figure 22. Comparison of 5' non-coding sequences of genes 507mr and
507ml.

The sequence of gene 507mr (mr-) and gene 507ml (ml-) have been aligned for
maximum homology using the Beckman Microgenie nucleic acids analysis software. The
numbering begins at the Sall site and the EcoRI site for mr- and ml- respectively. This
region extends 1638 and 1549 nucleotides upto the translational start codons for mr and ml
respectively. Region 1A (see text): 1638 to 1464 in mr and 1549 to 1367 in ml. The
putative TATA element begining at nucleotide 1514 for mr and 1405 for ml is shown in
bold and underlined. Region 1B (see text): 1464 to 865 in mr and 1367 to 844 in ml. The
GCAAT, GCAAAT motifs are shown in bold and underlined at nucleotides 1456 for mr
and 1340 for ml. The tandem heptad repeat found only in mr is shown bold and underlined
at nucleotide 1277. Region 1C (see text): 865 upstream to 1 in mr and 844 to 1 in ml.
Shown in lowercase and underlined is the sequence upstream of ATG uupto the 5’
terminus of the 507ml cDNA isolated in this study.

B. comparison of the 5' portion of the 507 cDNA of LeVine et al. (1990), marked
Zu with genomic sequences of corresponding regions of 507mr and 507ml. The
nucleotide, G, at which the cDNA sequence differs from the mr and ml genomic sequences

is shown in bold and underlined.
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able to function in either orientation (Lewin 1990b) and both these motifs are identically
conserved in the two species. However these motifs are not aligned together by this
analysis and this may be due to the overall dissimilarity including deletions and additions
of the sequences around this 32 bp stretch. This stretch is 54 and 59 bp upstream of the
putative TATA element in 507mr and 507ml respectively (Fig. 22), which also is an
organizational characteristic often displayed by these elements (reviewed by Serfling et
al. 1985 ; Dynan 1987 ; Lewin 1990).

On inspection of the sequences just upstream of this putative CAAT motif in the
two species, the second interesting feature, a possible rearrangement of sequence is
noticed. In 507mr, a potential stem and loop structure of the sequence,
S'TGTTIGCAGTTTTTCTTTTCTGCATAACG 3, is associated with the putative CAAT
box (Fig. 22, 23). This potential stem and loop motif is not only absent from D.
melanogaster but appears to be disrupted by a rearrangement so that the sequence 5’
TGTTTGCAGTTTT 3’ is found intact, but far upstream of the putative CAAT box, 5°
TGCATAACG 3’ (Fig. 22, 23). This sequence rearrangement appears significant to gene
507mr in that it may have resulted in the formation of a motif that could potentially form
a stem and loop structure that is often implicated in protein binding. The AT richness of
the region between the putative stems could promote transient single strandedness or
"breathing”. The latter property is thought to be a desirable characteristic of promoter
regions and has been implicated in the increase of transcription rates (Bode et al. 1992).
It is tempting to speculate further that this stem and loop structure has been selected for
in gene 507mr by the requirement for male-specific transcriptional hyperactivation. A sex-
specific trans-acting factor(s) may cause the differential function of this stem and loop
sequence in the two sexes.

The third feature of interest in region 1B the one seen upstream of the putative
CAAT motif just discussed. Starting at nucleotide 1278 in 507mr, five tandem repeats of
a heptad (T)(G)(G)(G)(C)X(G/A/T)(A/G) are seen and these are absent from 507ml (Fig.
22). Such repeat motifs are often found in enhancer-like sequences (reviewed by Serfling
et al. 1985 ; Dynan 1987) and perhaps this sequence may have a role in male-specific

transcriptional hyperactivation.
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The next region (Box 1C, Fig. 21) is at the most 5’ ends of the two genomic
fragments, extending approximately between nucleotides 1 and 865 in gene 507mr and
between nucleotides 1 and 844 of gene 507ml (Fig. 22). This region shows a 72%
homology which contrasts greatly with the very low homology between the sequences of
region 1B immediately downstream of it (Fig.22). This high degree of homology is of
unknown significance. This region, especially if representing non-transcribed DNA, could
have sequences necessary for transcriptional control of gene 507 in terms of tissue- and
developmental-stage specificity. I have previously mentioned (Chapter 2) that there exists
a possibility that this region represents a transcribed portion of gene 507 or an mRNA
similar in size to 507 (Chapter 2). In case of the former possibility, an untranslated leader
exon may be present there, although it is not readily apparent why an untranslated portion
of the gene would show such a high degree of conservation. This unconfirmed possibility
of gene 507 having a transcribed leader that is separated from the first translated exon by
an intron, is consistent with a recent report of the nucleotide sequence of a D.
melanogaster 507 cDNA longer, at the 5’ end, than the one used in this study (LeVine
I, et al. 1990). At a certain site (Z, Fig. 21 ; Fig. 22), downstream of the putative TATA
box, the cDNA sequence of LeVine III et al. (1990) ceases to match with my report of
the genomic sequence of 507mi. The site of divergence is within a stretch of twelve
nucleotides which is identically conserved in the D. miranda (Fig. 22). This divergence
of cDNA from genomic sequence would imply an exon-intron junction and the cDNA
sequence upstream of this junction would be part of the untranslated exon. However, this
putative leader exon is not present within the 3.3-kb EcoRI fragment of gene 507ml and
neither is a sequence homologous to it to be found in the 3.8-kb fragment of gene 507mr.
It needs to be recalled here that for gene 507mr the 3.8-kb Sall fragment has all the
requirements to be transcribed into a 1.8-kb mRNA, the correct size of 507 mRNA.
Therefore, it is reasonable to assume that in the case of gene 507mr we have the sequence
of the entire transcribed portion of this gene. Also, from the putative exon-intron junction
and the genomic sequence (see legend Fig. 22) it can be inferred that the terminus of the
putative intron is not the consensus 5’-AG-3" known to be a stringent requirement at 3’

acceptor splice sites (Shapiro and Senapathy 1987). Also the terminus of the putative
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untranslated exon, the 5’ donor splice site, does not conform to the consensus 5’ donor
splice site sequence where again a universally conserved and stringent requirement for
cleavage following 5°-GT-3’, is known (Shapiro and Senapathy 1990). These requirements
are complied with at the other two introns within gene 507 in both species (Fig. 24). Non-
conformist splice junctions do exist, however, and the splice junction of this putative
leader and the first translated exon matches a splice junction seen in Human IG heavy
chain gene (see Shapiro and Senapathy 1987).

On the other hand, it would be difficult to reconcile this possibility of an
undetected exon with the observation of the highly conserved promoter elements, and
potential transcriptional hyperactivation elements discussed in the context of regions 1A
and 1B, which are downstream of region 1C (Fig. 22). While enhancer-like transcriptional
control elements could be found downstream of the transcriptional initiation site (Gillies
1983 ; Banerji et al. 1983), the positioning of the TATA box upstream of the start site
(see Chambon et al. 1984) is known, in all cases tested, to be a stringent requirement of
RNA polymerase II-transcribed eukaryotic genes with a functional TATA box. At this
time, however, the exceptionally high degree of conservation of the putative basal
promoter elements of this gene is clearly one of the striking and unambiguous feature of
the 5’ upstream sequences of gene 507mr and 507ml. The further interpretation of the
various suggestive features emerging from this comparison will have to await the

identification of the transcriptional start site of gene 507.

Comparison of coding regions and introns

The nucleotide sequences of gene 507mr and 507ml that extend between the
translational start codon and the stop codon are shown in Fig. 24. The conceptual
translation of gene 507 yields a 401 amino acid protein with a predicted molecular weight
of 49-Kd. This is in complete agreement with the reports of Yamada et al. (1990) and
LeVine et. al. 1990). Within coding sequences there are 144 nucleotide substitutions of
which 137 are silent, resulting in synonymous codons. Of the seven amino acid
substitutions (Fig. 24) five are conservative and none of the seven changes affects

domains thought to be of functional importance through comparison with the vertebrate
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Figure 24. Comparison of coding regions and introns

The sequence is arranged in four rows. At the top is the amino acid sequence of the
507mr protein, below which is the nucleotide sequence of gene 507mr (mr-). The
nucleotides of gene 507ml (ml-) are entered only when different from those of mr.
Similarly amino acids of 507ml are entered in the fourth row only where they differ from
mr. Numbers refer to amino acids. Introns are shown in the lower case. The putative

branch site, see text, are shown in bold and underlined.
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homologue (Krishnan and Ganguly 1990 ; Yamada et al. 1990). Thus there appears to be
a strong selection against changes in the amino acid sequence of gene 507.

As expected, in contrast with the high degree of conservation of exonic sequences,
the sequences within the two introns have diverged considerably. The only conserved
motif seen is the CTAAT sequence, thought to be the consensus branch site is well
conserved in both the introns (Keller and Noon 1985). The GT-AT rule of 5’-donor
3’acceptor splice sites is conserved at both the intron-exon junctions in both the species
(Fig. 24).

Previously, it was demonstrated that the Kpnl-Sall fragment containing the 3’of
gene 507mr (Fig. 21) does not cross hybridize with the corresponding HindIII-EcoRI
fragment of gene 507ml (Fig. 21). The third exon of gene 507 (Fig. 24) is included within
this fragment but is highly conserved, and it is the sequences downstream of the stop
codon that have diverged considerably. The complete lack of cross hybridization of these
two fragments may therefore have to do with peculiarities of the radiolabelling process

considering that the conserved regions are small terminal portions of these fragments.

Comparison of 3’ non-coding regions

Fig. 25 shows a comparison of the sequences downstream of the translational stop
codon in the two species. For D. melanogaster the site of poly-adenylation (Fig. 25) was
identified by aligning the genomic and cDNA sequences. Twenty nucleotides upstream
of this site is a putative poly-adenylation signal, UAUAAA, which differs from the
consensus, AAUAAA, in the first position (Fig.24). Such a sequence has however been
shown to direct poly-adenylation of the mRNA encoding the Hepatitis B virus surface
antigen (Simonsen and Levinson 1983) and is also the most likely polyadenylation signal
for the mammalian CREM gene (Foulkes et al. 1991). This motif is identically conserved
in D. miranda where too, it may function as the poly-adenylation signal. This comparison
of 3 untranslated regions also highlights patches of conservation within an overall
sequence homology of only 57.5% (Fig. 24) the functional significance, if any, of which

are not apparent at present.
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Figure 25. Comparison of regions downstream of the translational stop
codon.

Sequences of gene 507mr (mr-) and gene 507ml (ml-) are aligned as in Fig. 22.
The site of polyadenylation of gene 507ml is shown in bold and underlined at nucleotide
3114 of ml. The polyadenylation signal for ml is seen 25 bases upstream at 3089 (bold and
underlined) and an identical sequence is seen at 3187 for mr.
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DISCUSSION

In order to facilitate the mapping of the transcriptional control elements of gene
507, the nucleotide sequences of gene 507mr of D. miranda and gene 507ml of D.
melanogaster were determined and aligned for comparison. The organization of coding
and non-coding DNA of the gene was determined by alignment of genomic nucleotide
sequences with that of the 507 cDNA 1isolated from D. melanogaster. The sequences were
compared in three different parts: the region upstream of the translation start site (box 1,
Fig. 21), those between the translational start site and the translational stop site including
the introns (box 2. Fig. 21) and the sequences downstream of the translational start site
which include the polyadenylation site (box 3. Fig. 21). In the region upstream of the
translational start site, (box 1, Fig. 22), within an overall similarity of 60.5 % there exist
pockets of highly conserved regions among which are the putative TATA and GCAAT
motifs are identically conserved. In addition there are two interesting sequence motifs
with features that may be correlated with male-specific transcriptional hyperactivity, a
requirement for the dosage compensation of gene 507 in D. miranda. One of these motifs
could potentially form a stem and loop structure facilitating transient single strandedness
which is a desired property for transcriptional activation. The other is a tandem repeat
motif of the kind often associated with enhancers (Serfling et al. 1985 ; Dynan, 1987)
although it is not known if its core sequence is similar to any known enhancer sequence.
Both these motifs are observed only in D. miranda and in the case of the stem and loop
structure a rearrangement of existing sequences, which are present in D. melanogaster,
appears to have given rise to the potential for loop formation. The absence of information
regarding the transcriptional start site does handicap this analysis and the possibility of
it being located upstream of the putative promoter elements identified here, considerably
weakens the arguments forwarded for the putative dosage compensatory motifs of gene
507mr. The speculation regarding the latter could be excused in light of the accompanying
evidence that sequences within this 3.8-kb Sall fragment of gene 507mr do cause, male
specific hyperactivation of transcription (Chapter 3). Also, the results of analysis of

expression of the transgenic 507 support the contention that sequences that mediate
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photoreceptor cell-specific transcription of gene S507mr must be present within the 3.8 kb
Sall fragment (Chapter 3). The regulatory sequences of a few Drosophila the
photoreceptor cell specific genes Rh3 and Rh4 (Fortini and Rubin 1984) and Nina E
(Mismer and Rubin 1987) have been identified. No significant match exists between these
sequences and those present in the 3.8-kb Sall fragment of gene 507mr. The identification
of the transcription start site of gene 507 in the two species would aid the characterization
of the regulatory sequences of these genes and experiments towards those ends are in
progress. It is likely that with the identification of the transcriptional start sit¢ the very
sequences presented in this chapter could be more illuminating than they are at present.
This information could then be used in specific mutagenesis of suspected transcriptional
control elements, in order to characterize the cis-acting transcriptional control region of
gene 507 and especially, the dosage compensated gene 507mr.

The conceptual translation product of gene 507 is a 401 amino acid protein that
shares a 42% amino acid identity with the vertebrate visual photransduction protein
arrestin. The comparison of the amino acid sequences of the protein in the two species
shows only two non-conservative amino acid exchanges, neither of which lies in a domain
thought to be of functional significance as judged by comparison with the vertebrate
homologue (Yamada et al. 1990 ; LeVine III, et al. 1990). Gene 507 thus shows a strong
selection against changes in the amino acid sequence. Interestingly, there is another
Drosophila gene having a greater than 42% amino acid-similarity with vertebrate arrestin
has been identified (Hyde et al. 1990 ; Smith et al. 1990). Gene 507, now named ArrB,
however shares only 47% homology with this second Drosophila arrestin gene, ArrA. As
is suspected for the different kinds of opsin genes, a family of arrestin-like protein genes
may exists, whose members are differentially expressed within the different photoreceptor
cells of the retina. The characterization of the transcriptional control elements of this
gene, significant as it is to the problem of dosage compensation, may also add

considerably to the characterization of visual system genes of Drosophila.

96




CHAPTER 5§

GENERAL DISCUSSION

The biological problem addressed in this dissertation is that of male-specific
transcriptional hyperactivation of X-linked genes in Drosophila. This is thought to be
mediated by trans-acting factors that interact with cis-acting sequences in a male-limited
manner. While at least four such trans-acting factors have been genetically identified
(reviewed by Luchessi and Manning 1987), no discrete cis-acting sequence mediating
dosage compensation has been identified so far. An essential question has been whether
each X-linked gene has its own dosage-compensatory sequences, or whether
transcriptional hyperactivation of the X-linked genes in males is effected at the larger
level of higher order chromosomal conformation, and thus is not a gene-specific
mechanism. Among the participants in the dosage compensatory mechanism the only
molecular entity that has been characterized to significant detail is the gene product of the
mle (maleless) gene). This gene has been implicated by genetic and physiological
evidence (Belote and Lucchesi 1986) as a trans-acting factor that appears to be essential
for male-specific transcriptional hyperactivity. It is interesting therefore that its gene
product was found predominantly associated with the male X chromosome at multiple
discrete sites along its length (Kuroda et al 1991). However this gene product is also
found in females, though it does not exhibit a preference for the X chromosome in them.
The conceptual translational product of this gene bears similarity to a class of helicases
and is especially similar to RNA helicases (Kuroda et al. 1991). This information in itself
can be accommodated both at the level of individual transcription units or at the level of
higher order organization of chromatin.

With respect to the cis-acting sequences mediating dosage compensation, a
majority of studies including the one described in this dissertation suggest that individual
genes appear to have closely associated dosage-compensatory cis-acting sequences. These

studies have relied on the ability to assay the activity of an X-linked gene when inserted
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at autosomal sites accompanied by defined lengths of flanking sequences. A hyperactivity
of transcription of such autosomal insertions in males relative to females is ascribed to
the presence of dosage compensatory cis-acting sequences. Though in most cases these
studies have been handicapped by a failure to observe the full two fold-hyperactivation
characteristic of normal dosage compensation, the general observation that dosage
compensatory sequences could be tightly linked to gene they control decries the role of
higher order chromosome conformation in mediating male specific transcriptional
hyperactivity. Yet these very sequences that are being implicated in dosage compensation
may be acting through their effect on chromosomal structure rather than on RNA
synthesis itself.

The problem of transcriptional hyperactivation is discussed here in the context of
what is understood of transcriptional control in general and of the correlation of such
control with higher order packaging of chromatin. The prevailing view is that effects of
higher order chromosomal conformations must be mediated through discrete cis-acting
elements that bind trans-acting factors which either directly affect promoter interactions
or which participate in the adoption of the chromosomal conformation that promotes
hyperactivity. The two kinds of interactions may co-exist and in such a case from a
mechanistic point of view, it would be necessary to differentiate between them. Despite
these complications, or perhaps because of them, the most efficient approach towards
characterization of dosage compensatory interactions would still have to be at the level
of individual dosage compensated transcription units such as the one used in this study.

Transcriptional control in eukaryotes involves a complex interplay between cis-
acting DNA sequences and trans-acting protein factors that interact with them. Both the
cis-acting sequences involved as well as the trans-acting factors involved have been
traditionally grouped into two classes. One class of cis-acting sequences and the protein
factors that interact with them are global, are essential participants in the initiation of
transcription, and are conserved throughout evolution (reviewed by Guarente et al. 1988).
The cis-acting elements in this class serve as guide points for the step-by-step assembly
of the trans-acting factors that constitute the multicomponent transcriptional initiation

complex (Hawley and Roeder 1985 ; Buratowski et al.1989). This complex requirement
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at initiation is therefore an obvious rate-limiting step for RNA synthesis and in this
context the second class of regulatory factors becomes relevant. This second class is
represented by cis-acting sequences that attract trans-acting factors which help or interfere
with the assembly of the initiation complex (see Guarente 1987; Ptashne 1988 ; Ptashne
and Gann 1990). The availability or unavailability of these latter factors therefore
significantly affects transcription initiation. Due to technical considerations, the
identification of such trans-acting factors has invariably relied upon the identification of
the cis-acting sequences with which they interact. For a great number of eukaryotic genes
there is now a correlation between its activity status and the discrete cis-acting sequences
and trans-acting factors involved. However, this apparent simplicity of the control
mechanism in such cases results from the isolation of events at the initiation of
transcription of a gene, from the context of the higher order organization of the nucleus.
It has been suspected since 1885 (Rabl 1885; see review by Gasser and Laemmli 1987)
and now considerably established that the higher order packaging of chromosomes greatly
influences transcriptional activity (see review by Gasser and Laemmli 1987 ; Phi-Van and
Stratling 1990). However, the only convincing and direct correlation between control of
transcriptional activity and DNA packaging has been the inhibitory effect of histone
proteins on gene transcription (Felsenfeld 1992 for review).

On the other hand, the correlation between a state of decondensation and increased
transcriptional activity (Weintraub and Groudine 1975) has often served as the
experimental approach to determine the involvement of higher order packaging in
transcriptional control. However, these studies do not distinguish between a cause of a
transcriptional event and an effect of it. Therefore a general attempt to study sex-specific
differences in X-chromosomal packaging, as detected by probes of chromatin
conformation that measure accessibility to DNA, may not be of use to the concept of
transcriptional hyperactivation in the context of dosage compensation. On the other hand,
if conformational changes are localized to specific sites at the level of specific
transcription units, they could then be altered to test for an actual participating role in
hyperactivity. Through the study described in this dissertation, gene 507 has been

characterized to the level necessary for attempting such experimentation, although it is
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possible that the kind of interaction referred to is at a great distance from the basic
transcription unit.

Most other correlations between transcriptional activity and chromosomal order
have resulted from the observation that a gene when transposed to a new chromosomal
location often fails to display its characteristic level of activity displaying instead, a
"position effect” (Brinster et al. 1981; Spradling and Rubin 1983). The most testable and
therefore appealing hypothesis to explain a position effect has been the suggestion of the
existence of boundary elements on the chromosome. Such elements are defined by their
ability to confer on a gene the ability to display its characteristic expression independent
of chromosomal position (Kullum and Schedl 1991 ; reviewed by Bonifer et al. 1991).
This arrangement is perhaps indispensable given the long-range effects shown by many
transcriptional control elements, since they serve to delimit a domain beyond the confines
of which these control elements cannot act (Stief et al. 1989; Bonifer et al. 1990). In itself
therefore the domain arrangement appears to merely ensure appropriate activity that is
regulated in the classical manner of promoter-regulator interactions discussed above. At
this level of definition, a boundary element should perhaps not be considered a
transcriptional control element in the context of interactions at the promoter of a gene.
However, if a difference between activity of a gene in two situations is an altering of the
boundary element, so that the confines of the domain housing this gene are altered, the
boundary element may appear to be a transcriptional control element in currently used
assays for mapping cis-acting sequences. The domain organization as understood today
has little to offer by way of the mechanism by which nearly every gene on the male X
chromosome is transcriptionally hyperactivated to an apparently precise two-fold that of
the female. On the other hand, a few X-linked genes "escape” transcriptional
hyperactivation in males and in these situations the concept of domain organization can
be applied to explain the shielding of such genes from the effects of neighboring dosage
compensatory elements.It is of significance instead, to the ability of a few X-linked genes
to escape transcriptional hyperactivation. In the same vein, the phenomenon of position
effect on relocated genes cannot therefore be taken to imply a direct correlation between

transcriptional activity and the importance of a particular "chromosomal configuration,"
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at least in the context of the required interactions at a promoter.

On another front, in what is now an exciting frontier in transcriptional control and
DNA replication mechanisms, a role has been suggested for higher order chromosomal
conformations in terms of reducing the search volume of the nucleus so that trans-acting
factors could find their targets more efficiently (Gasser and Laemmli 1987). The working
model for this hypothesis is that cis-acting sequences which are to bind trans-acting
factors are preferentially located at a proteinaceous nuclear scaffold at which the trans-
acting factors in turn would be sequestered (Gasser and Laemmli 1987). Though these
models are heavily reliant on an-ill defined component referred to as the nuclear matrix
(Gasser and Laemmli 1987 ; Phi-Van and Stratling 1990), the proximity of matrix
attachment regions (MAR) with cis-acting transcriptional control sequences of a variety
of genes (reviewed by Phi-Van and Stratling 1990) makes this largely speculative concept
attractive. Here again, in the context of interactions at a promoter the effect of
chromosomal organization could be mediated through the classical set of interactions
between trans-acting activator proteins and the cis-acting sequences they recognize. In
relocation studies a matrix attachment region may be mapped as a transcriptional control
element but in the context of interactions occurring at the promoter it may or may not be
one, in the strict sense of the term. However a correlation between higher order
conformation and gene activity would be reasonable if matrix attachment is a variable
between the two situations in which gene activity is being compared. If this is the only
variable, then the essential trans-acting factors involved in this transcriptional control
mechanism will be those that facilitate this differential matrix attachment. Then a case
could be made for the sole and direct effect of "chromosomal configuration” on gene
activity. Of relevance to this discussion is once again that gene 507, at its present level
of characterization, is amenable to experiments designed to analyze the role of matrix
attachment in dosage compensation. For a variety of genes MARs have mapped close to
the cis-acting transcriptional control elements (reviewed by Phi-Van and Stratling 1988)
and one could expect this to be the case for gene 507.

Thus in experimental terms, a focus on an individual dosage-compensated gene

could still accomodate the characterization of a mechanism that may be exerted at the
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larger level of chromosomal order. The observation, in the study described in this
dissertation that gene 507 is partially dosage-compensated with the help of sequences
residing within a 3.8-kb fragment is therefore of considerable significance in the long
term to the elucidation of the mechanism of male-specific transcriptional hyperactivation
in Drosophila.

It has also been stressed that the exceptional karyotype of D. miranda, offers an
additional perspective of the mode of evolution of cis-acting transcriptional control
elements since the X1R chromosome has an autosomal homolog in D. melanogaster. Yet
another and perhaps more attractive system to approach the problem of evolution of cis-
acting transcriptional control elements is provided by D. miranda through its X2 and Neo-
Y chromosomes. This is an exceptional situation in which the same chromosomal
element, C, is evolving both as an X and a Y chromosome in the same species (Fig 3.
Chapter 1). Evolution of the Y chromosome is characterized by a loss of genetic activity
and it is expected that many neo-Y linked genes are inactive. In such cases while the
females, with two X2 chromosomes will have two doses of element C linked genes, males
with one X2 and one neo-Y chromosome may have one or two doses depending on
whether the gene on the neo-Y is active or inactive. An X2-linked gene whose neo-Y
linked homolog has been inactivated, will face the problem of dosage compensation and
indeed transcription autoradiography experiments have suggested that portions of the X2
chromosome are transcriptionally hyperactivated in males. To characterize both the
mechanism involved in the inactivation of neo-Y linked genes and those involved in the
resulting dosage compensation of the corresponding X2-linked genes is a major interest
of Dr. Ranjan Ganguly in whose laboratory this dissertation research was carried out. The
demonstration that a gene from D. miranda can be successfully expressed in D.
melanogaster and that the dosage-compensatory factors are at least partially conserved in
the two species, sets the stage for such studies on dosage-compensated X2-linked genes

as and when they are identified.
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METHODS

I. Screening of genomic and cDNA libraries

The genomic libraries of D. miranda (Krishnan et al 1991) or D. melanogaster
(Levy et al 1982) genomic libraries were previously constructed in the lambda vector
EMBL3. The D. melanogaster cDNA library was in lambda swaj2 vector and was
received as a gift (Palazollo et al. ). Host KH802 cells, grown aerobically for 16 hours
were infected with 1 x 10° pfu per 100 mm plate and grown to confluence. Plaques were
blotted on to nitrocellulose as follows: Nitrocellulose filters were placed on the surface
of the plates for thirty seconds and three holes punched asymmetrically to indicate
orientation. Filters were then removed into 0.1 M NaOH and 1.5 M NaCl for five
minutes, lightly dabbed on whatmann filter paper and placed in 0.2 M Tris.HCI pH 8.0
and 2X SSCP (10X SSCP is 1.2 M NaCl, 0.15 M sodium citrate, 0.13 M K,HPO, and 10
mM EDTA). The blots were air dried and baked in vacuo at 80° C for three hours. Blots
were pre-hybridized in 6X SSC, 5X Denhardt’s solution with 200 ug/ml denatured
sonicated salmon sperm DNA for four hours at 68° C. Hybridization was carried out
under the same conditions with 10-15 x 106 cpm of probe. Plaques from sites of
hybridization were picked and placed in SM (100 mM NaCl, § mM MgSO,, 50 mM
Tris. HC1 pH 7.5, 0.01 % gelatin) at 4° C. they were then titred and appropriately replated
with KH802 cells at a lower density to get well isolated plaques which were then
subjected to a second round of screening as described above. The well isolated and
therefore cleanly picked plaques from this round of screening were subjected to a third
round of screening to establish purity. Pure plaques were then stored in 0.5 ml of SM at
4° C.

IL. Nucleic acids isolation

Isolation of genomic DNA

Whole adult flies were frozen at -80° C until use. Frozen flies were homogenized
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in Nuclei Isolation Buffer (NIB) (S0mM Tris HCI pH 7.6, 25 mM KCl, 5 mM magnesium
acetate, 350 mM sucrose) using a Dounce homogenizer. The nuclear pellet was obtained
by centrifugation at 1800 x g and was washed twice with NIB. The washed pellet was
then resuspended in DNA Extraction Buffer (DEB) (0.15 M NaCl, 100 mM Tris HCI pH
8.0, 10 mM EDTA). Sodium perchlorate was added to a final concentration of 0.5 M and
incubated for five minutes with gentle mixing. SDS was added to a final concentration
of O.1 % with gentle mixing, and further incubated for five minutes. This was then
extracted thrice with equal volume of a 1.1 mixture of DEB saturated phenol and
chloroform and then twice with equal volume of chloroform. To the final aqueous phase,
1/10th volume of 2M NaOAc pH 7.5 added and nucleic acids precipitated in 2.5 volumes
of 95 % ethanol at -20° C. DNA was dissolved in TE (10 mM Tris HCl, 1mM EDTA)

and quantitated spectrophotometrically at 260 nm.

Isolation of plasmid DNA

Plasmid DNA were isolated by the alkaline lysis method. Cells were grown
aerobically in Luria broth (1% Tryptone, 0.5% yeast extract, 1% NaCl, 0.2% MgS0,.7H,0
and 1% Casamino acids) containing 50 ug/ml ampicillin. Cells were harvested by
centrifugation at 1800 x g, resuspended in Solution I (50 mM glucose, 10 mM EDTA, 25
mM Tris.HCI) and incubated at room temperature for 5 minutes. Two volumes of freshly
prepared solution IT (0.2 N NaOH and 1% SDS) were added with gentle mixing and the
mixture incubated on ice for 5 minutes. One and a half volumes of Solution III were
added with gentle mixing and incubation continued for further five minutes. Cell debris
was removed by centrifugation at 15000 x g and the resulting supernatant filtered through
4 layers of cheese cloth. Nucleic acids were precipitated by addition of chilled 1.2
volumes of isopropanol at -20° C for 10 mins. Nucleic acids collected by centrifugation
at 15000 x g were dissolved in TE (10 mM Tris.HCI pH 7.6, 1 mM EDTA). Half volume
of 7.5 M ammonium acetate was added and the mixture incubated on ice for 10 minutes.
The resulting precipitate or RNA was separated by centrifugation at 15000 x g and
nucleic acids precipitated from the supernatant with 2.5 volumes of chilled ethanol at -80°

C for 30 mins. The nucleic acid pellet obtained was resuspended in TE and treted with
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DNase-free RNase at a concentration of 10 ug/ml for 30 minutes at 37° C. This was
extracted twice with equal volume of a 1:1 mixture of DEB saturated phenol and
Chloroform and twice with chloroform. To final aqueous phase 1/10th volume 2 M
sodium acetate pH 7.5 and 2.5 volumes ethanol added for precipitation at -20° C. Plasmid

DNA was dissolved in TE or in water if to be used for sequencing reactions.

Isolation of phage DNA

5 x 10° pfus of phage were incubated with 100 ul of host bacteria (18 hr culture)
for fifteen minutes at 37 C and bulk seeded with 3 ml of LD top agar (5% tryptone, 2.5
% yeast extract, 2.5 % NaCl, 0.7% bactoagar) on 100 mm LD bottom agar (1.5 % agar)
plates. Incubation was for approximately seven hours until just post confluence. The
plates were then cooled, overlayed with 6 ml lambda diluent (10 mM Tris, pH 8.0, 2 mM
MgCl,) and kept overnight at 4° C. The phage containing diluent from each plate was
loaded onto a 2 ml DE52 cellulose column and washed with 3-5 ml chase buffer (10 mM
Tris HCI pH 8.0, 10 mM magnesium acetate, 60 mM sodium acetate). The phage were
concentrated at the bottom of the column with 1.2 ml of elution buffer (10 mM Tris HCI
pH 8.0, 50 mM magnesium acetate) and collected in 0.9 ml of the same buffer. Proteinase
K and SDS were added to the eluent to a concentration of 0.8 mg/ml and 0.4%,
respectively and this mixture incubated at room temperature for five minutes. 3M
potassium acetate (ph 8.8) was then added to a final concentration of 1 M and the
resulting suspension was incubated at 88° C for 15 minutes. After cooling on ice for 15
minutes, the resulting, the resulting precipitate was removed by centrifugation at 15000
x g and phage DNA precipitated from the supernatant by addition of 2.5 volumes of
chilled ethanol. The DNA was dissolved in TE and quantitated spectrophotometrically at
260 nm.

Isolation of total cellular RNA

RNA was isolated either from fresh flies (for quantitative northern blots) or from
flies frozen at -80° C (for qualitative northern blots). For quantitation fresh flies of the

same age were used. Heads and bodies were separated by freezing flies in liquid nitrogen
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and shaking them vigorously for decapitation following which heads were separated with
the help of a sieve.

Flies were homogenized in hot (68° C) phenol saturated with 0.2 M sodium acetate
pH 5.0 and 4% SDS. To the homogenate equal volume of 0.2 M sodium acetate pH 5.0
was added and after thorough mixing was incubated at 68° C for ten minutes. This was
then cooled to room temperature mixed with half volume of chloroform, mixed and the
aqueous phase obtained by centrifugation at 1800 x g. This was then extracted twice with
two volumes of a 1:1 mixture of 0.2 M sodium acetate saturated phenol and chloroform
and then once with two volumes of chloroform. RNA was precipitated with 2.5 volumes
of ethanol. RNA pellets obtained by centrifugation at 15000 x g were dissolved in water
pretreated with diethylpyrocarbonate. Quantitation was done spectrophotometrically at 260

nm.

Isolation_of poly A+ RNA

Oligo dT cellulose column was equilibrated with 1X TES and 0.5 M NaCl (1X
TES is 10 mM Tris.HCI pH 7.5, 1 mM EDTA, 0.1 % SDS) until column eluent showed
a pH of 7.0. The total cellular RNA to be fractionated was diluted to 0.5 mg/ml, 1/10th
volume of 10X TES added and the sample incubated at 68° C for 2 mins and then placed

in ice for one minute. 1/10th volume of 5 M NaCl was added and the sample loaded onto
column.The column was then washed with 10 ml of 1X TES and 0.5 M NaCl and then
with 10 ml of 1X TES. The eluent was collected in six fractions and RNA in each
fraction quantitated by spectrophotometry at 260 nm. Peak fractions were pooled and
RNA precipitated by addition of 1/10th volume 2M sodium acetate and 2.5 volumes
ethanol at -20° C.

III. Gel electrophoresis and blot transfer of nucleic acids

Southern blotting

DNA to be blotted were electrophoresed at 5 volts/ cm in agarose gels of

appropriate concentration, containing 1 ug/ml ethidium bromide. Gel and chamber buffer
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was TBE (90 mM Tris pH 8.0, boric acid and 2 mM EDTA). After electrophoresis, gels
were treated with denaturing solution (0.5 N NaOH, 1.5 M NaCl) for one hour followed
by two changes of neutralizing solution (3M NaCl, 0.5 M Tris.HCI pH 7.6) for 2-3 hours.
The DNA was blotted onto reusable nylon membrane using 6X SSC (1X SSC is 150 mM
NaCl, 15 mM sodium citrate) as the transfer buffer. The DNA was fixed onto the nylon

membrane by baking in vacuo at 80° C for 4 hours.

Southern hybridization
The blots were prehybridized at 68° C in 6X SSC and 5X Denhardt’s (1X

Denhardt’s is 0.02% ficoll, 0.02% Polyvinyl pyrolidone, and 0.02% bovine serum albumin
fraction V) and 100 ug/ml denatured sonicated salmon sperm DNA for four hours.
Hybridization was then carried out under the same conditions for 16-18 hours. After
hybridization, blots were washed in two changes of 0.1X SSC, 0.1 % SDS at 60° C for
30 minutes and then in two changes of 0.1X SSC at 60° C for 30 minutes. wet blots were
covered with Saran wrap and exposed to X-ray film (Kodak) at -20° C for appropriate

lengths of time.

Northern blotting

RNA samples were denatured in 50% deionized formamide at 68° C and
electrophoresed at 5 volts/cm in 1.1% agarose gels containing 6.6% formaldehyde. Gel
and chamber buffer were MOPS (40 mM 3-(N-Morpholino) propanesulfonic acid, 10 mM
sodium acetate, 1 mM EDTA). After electrophoresis, gels were soaked in water for an
hour to remove formaldehyde and stained in 2 ug/ml ethidium bromide prior to blotting.
The RNA were blotted onto reusable nylon membranes by capillary transfer using 20X
SSC as the transfer medium and were fixed onto the blots by baking in vacuo at 80 C for

four hours.

Northern hybridization
The blots were prehybridized at 42° C in 50 % Formamide, 0.8 M NaCl, 0.1 M

PIPES pH 7.0, 5X Denhardt’s solution and 100 ug/ml denatured sonicated salmon sperm
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DNA for three hours. Hybridization was carried out under the same conditions for 16-18
hours. After hybridization, blots were washed in 4 changes of 2x SSC, 0.05% sodium
pyrophosphate, 0.05% SDS at room temperature for 40 minutes followed by two changes
of 0.2X SSC, 0.05% sodium pyrophosphate, 0.05% SDS at 60° C for 30 minutes. Wet
blots were covered with saran wrap and exposed to X-ray film (Kodak) at -20° C for
appropriate lengths of time. Blots to be rehybridized were prehybridized for an hour as

described above before the next round of hybridization.

IV. Radiolabeling of nucleic acid probes

Nick translation

DNA was nick translated using commercially available reaction kit from Bethesda
research laboratories (BRL) according to the instructions provide by the manufacturer.
The probe DNA was separated from unincorporated nucleotides by exclusion

chromatography using sephadex G-50 columns.

Random primed labeling
DNA to be labeled was denature by incubation for three minutes at 90° C with 3

ng/ul random hexanucleotide primers. The mixture was then cooled on ice and the primer
extension reaction set up in 1X oligo labeling buffer (200 mM HEPES pH 6.6, 50 mM
B-mercaptoethanol, 50 mM Tris pH 8.0, 5 mM MgCl12, 0.6 mM EDTA), 50 uCi of *P-
labeled dATP or **S-labeled dATP, 2.5 mg/ml BSA, and 0.5 mM each of dGTP. dCTP,
dTTP, and 5 units of the Klenow fragment of DNA polymerase I. The mixture was
incubated for two hours at 25° C prior to purification of probe by sephadex G-50 column

chromatography.

Heterogeneous cDNA probe
Poly A+ RNA were mixed with 50 uCi alpha ¥P dCTP, 2.4 ng random

hexanucleotide primers and methyl mercury hydroxide (10 mM) and incubated for 10

minutes at room temperature. B-mercaptoethanol to 100 mM and 60 units of RNasin were
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added and incubated for further five minutes. This was then added to the reverse
transcriptase reaction buffer (SOmM Tris.HCI pH 7.5, 75 mM KCl, 6 mM MgCl,, 200 uM
dATP, 200 uM dGTP, 20 uM dCTP, 20 mM DTT). 30 units of AMV reverse
transcriptase were then added and incubated for one hour prior to purification of probe

column chromatography using sephadex G-50.

V. In situ hybridization to tissue sections

Heads of freshly anaesthetized adult flies were manually dissected, embedded in
OCT (Tissue-Tek), and frozen in liquid nitrogen. The resulting blocks were then trimmed
and equilibrated to the cryostat cutting temperature of -15° C. 6 um sections were placed
on gelatinized slides. The slides were plated on a warm plate for five minutes and then
fixed in 4% paraformaldehyde for 20 minutes. The sections were then incubated serially
for five minutes each in 3X PBS and 1X PBS and then were dehydrated through graded
alcohol. Dehydrated sections were stored in a dry box at room temperature until
hybridization.

The probe to be used was radiolabeled with *S-dATP by the random primer
method. Denatured probe was added to the hybridization mix consisting of 50% deionized
formamide, 0.6% NaCl, 10 mM Tris.HCl pH 7.6, 1 mM EDTA, 1X Denhardt’s solution,
27 ug/ml tRNA). Seventeen ul of hybridization mix was added to each slide under a
siliconized cover slip. The slides were stored in a humid chamber for 18 hours at 37 C.
After hybridization, slides were washed at 37° C in four changes of wash solution (50 %
technical grade formamide, 0.6 M NaCl, 10 mM Tris-HCl pH7.6, 1 mM EDTA) within
the first hour followed by 3 more changes at four hour intervals. The slides were then
covered with Kodak (NTB2) X-ray emulsion and stored in a dry dark box at 4° C till
development. After development slide were stained in Giemsa, and a cover slip affixed

on the sections using permamount.

VL In situ hybridization to polytene chromosomes
Third instar larvae were rinsed in saline and placed in a drop of 45% acetic acid

on gelatinized slides. Salivary glands were dissected out and freed of associated fatty
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tissue, and soaked in a fresh drop of 45% acetic acid for three minutes. A siliconized
coverslip was placed on the slide and the glands squashed firmly. The salivary gland
squashes were incubated overnight at 4° C. The cover slips were dipped in liquid N, and
the frozen coverslips flipped off with a razor blade. Slides were incubated in 95 %
ethanol for 15 minutes, air dried and stored in a dry box until hybridization.

Prior to hybridization slides were incubated in 2X SSC at 68° C for 10 minutes.
The chromosomes were transferred to 0.1 M triethanolamine (pH 8.0) at room
temperature. Acetic anhydride was added gradually with continuous stirring till a
concentration of Sml/litre of triethanolamine. After fifteen minutes, the slides were
washed in twice in 2X SSC at room temperature for five minutes each, dehydrated
through an alcohol gradient and air dried. The chromosomes were then denatured in
0.07N NaOH for five minutes at room temperature and then treated twice with 2X SSC
for five minutes each after which they were dehydrated through the alcohol gradient

again. Hybridization and washings were carried out as described for head tissue sections.

VII. P-element mediated transformation

Microinjection of DNA into embrvos

The P element plasmid construct and helper plasmid DNA were mixed in a 3:1
ratio in a final concentration of 1 mg/ml. Needles were fashioned from glass
microcapillary pipettes using a vertical pipette puller (David Kopf instruments), to geta
fine point of < 1.0 micron. Staged embryos were collected by inducing flies to shed
stored eggs for a period of two hours and thereafter collecting eggs laid at 15 minute
intervals. The eggs were dechorionated by rolling them gently over double sided scotch
tape, and were aligned on the edge of the tape so that the posterior 1/3rd of the each
embryo was overhanging the edge. The embryos were dechorionated and then desiccated
for appropriate lengths of time and then covered with halocarbon oil (Series 700,
Halocarbon products). They were then placed on the micromanipulator stage for
microinjection. DNA was deposited in the pocket just inside the vitelline membrane,
where the pole cells form. Any embryo past the cellularization stage was killed as they

would be unlikely to yield germline transformants. Injected embryos were incubated in
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oil, till they hatched approximately 50 hours later. Early larvae were gently transferred

to vials containing standard Drosophila medium (Cornmeal, molasses, agar).

Go Flies

Survivors of the microinjection stage are referred to as the Go generation. In many
cases since the ry gene product is able to diffuse through the body and confer ry* eye
colour, many Go flies were ry*. However whether ry or ry*, adults of this generation were
then individually mated to host (ry) flies of the opposite sex. These matings were carried
out in a manner that would maximize the progeny generated each ry* Go fly. The progeny

of these matings were referred to as G1 flies.

G1 Flies

G1 flies were screened for ry* eye colour and such flies were identified as the
germ line transformants. Less than 50% of ry* Go flies yielded ry* G1 progeny. The ry*
Gl flies are the germ line transformants and were individually propagated by mating with

host ry flies of the opposite sex to establish G2 isolines.

Balancing G2 Isolines

G2 progeny from each G1 line were crossed to balancer stocks with ry background
to identify chromosome linkage prior to synthesis of homozygous stocks. Cyo,ry, a
second chromosome balancer marked with curly wings or Sb,ry a third chromosome
balancer marked with stubble bristles were used. Markers on balancers are dominant and
balancer chromosomes are homozygous lethal. Only virgin females were used in these

Crosses.

example: transgene on third chromosome

Go ryl/ry microinject P(507)ry+
Go adult X rylry
Gl P(507)ry+,ry I ry transgene insertion on third chromosome
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G2

G3

P(507)ry+,ry | ry X Sb,ry | Sb* ry

P(507)ry+,ry | Sb,ry wild type eye colour and stubble bristles

P(507)ry+,ry | Sb,ry X P(507)ry+,ry | Sb,ry

P(507)ry+,ry | P(507)ry+,ry homozygous for transgene, wild type
eye colour and bristles

AND

P(507)ry+,ry | Sb,ry Heterozygous (balanced) wildtype eye colour and

stubble bristles
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