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Abstract

During an artificial selection experiment by T.F.C. Mackay for high and low ab-
dominal bristle number in lines of Drosophila melanogaster which had been exposed
to P element mutagenesis, a new allele of the smooth gene exhibiting an extremely

low number of bristles on the abdomen was isolated. T~

The molecular cloning and characterisation of the smooth gene is described here.
Genomic cloning of the P element insertion in the new mutant allele was carried
out and sequences immediately adjacent to either side of the P element insertion
were subcloned. These were used to screen a cDNA library from which a 2.6 kb
cDNA clone was isolated. Northern analysis using the cDNA as a probe confirmed
the presence of a single transcript of equivalent size showing varying levels of

expression during development.

The 2.6 kb cDNA clone was completely sequenced and the genomic organisation
of smooth was established, revealing that the gene consists of ten exons differing in
size from 64 bp to 590 bp and introns from 60bp to more than 20 kb. The smooth
gene extends over a genomic region more than 74 kb in length. The predicted
gene product is a 52 kD protein that shows a high degree of squence similarity to
a group of RNA-binding proteins and in particular to the human heterogeneous
nuclear ribonucleoprotein L. The possible role of smooth in RNA metabolism and
the way in which mutations in this gene give rise to alteration in bristle number

are discussed.
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Chapter 1

INTRODUCTION

1.1 Quantitative genetics

Quantitative genetics is concerned with continuous variation, and attempts to
answer questions about the nature of quantitative trait genes and their inheritance.
These questions are of fundamental importance not only in plant and animal
breeding, but also in medicine and play a role in the understanding of the process

of evolution, in particular of adaptation.

1.1.1 Quantitative characters and the underlying factors

-The essential feature which defines a quantitative character is that it is continu-
ously distributed in phenotypes. In nature, numerous examples of these characters
can be observed which include any aspect of the phenotype that is measurable,
ranging from anatomical dimensions and proportions (e.g. body length) to physio-
logical functions (e.g. growth rate). When measurements of the metric characters
are taken in a population, a continuous distribution of phenotypes should be ob-

served.

The central hypothesis underlying quantitative inheritance is the segregation of
alleles (polygenes) at a number of loci (quantitative trait loci) modified by envi-
ronmental effects. A question which immediately arises is how many genes are
involved in determining the value of a given quantitative trait. This has been a

long-standing problem in quantitative genetics. The question can be addressed



further by asking how many genes of large effect and how many of small effect
are involved. It also has to be considered whether there is any interaction present

between the genes, like linkage or epistasis, which also complicates the matter.

Estimations of the number of genes contributing to the genetic variation of quan-
titative characters have been obtained by two different approaches: biometrical
techniques using statistical methods analysing the phenotypic variances between
two populations; and secondly, by using genetic markers to map chromosome re-
gions that contribute to the differences. In recent years, advances have been made

on both the theoretical and the practical front.

Attempts are continuously being made (Zeng 1992) to improve the accuracy of
the statistical predictions and estimations of the number of genes contributing to
the variation of a quantitative character. The traditionally applied Castle-Wright
(Castle 1921 in Hill 1984; Wright 1952) method is very basic and therefore has its
limitations. In this method the difference in the means of two inbred lines is related
to the variance of their F; and backcross populations. From the effective factor or
segregation index obtained, it is impossible to distinguish what the distribution
of gene effects is, i.e. how many genes involved are of major or of minor effect.
Therefore one has to assume that the genes have an equal effect. The index also
relies on independent gene action. But none of these are likely to apply to real

characters.

The segregation of a large number of genes is not necessarily required to produce
a continuous distribution of phenotypes. At the extreme, it has been shown that
a normal phenotypic distribution can be obtained with the segregation at a single
locus, if effects of environmental variation are taken into account (Thoday and

Thompson 1976).

There is some evidence emerging that only a few major genes, i.e. 5-20, contribute
to most of the phenotypic variation in a character (Shrimpton and Robertson
1988a; 1988b). Establishing the number of genes responsible for a quantitative

trait requires complex segregation analysis.



Most of the early mapping experiments for trying to determine ‘the number of genes
contributing to a quantitative trait were carried out in plants. In 1909 Nilsson-Ehle
studied the colour of oat glumes and the seed colour in wheat (Nilsson-Ehle in East
1910). East (1910) worked on the endosperm colour in maize and also examined
the size inheritance in Nicotiana (East 1916). Sax (1923) studied the inheritance
of seed-coat pattern and pigmentation in Phaseolus. In Drosophila, Karp (1936,
in Shrimpton and Robertson 1988a) carried out the first study, attempting to
determine the number of genes involved in a quantitative character, later followed
by Breese and Mather (1957) and Thoday (1961). Although the work is facilitated

by the markers available in Drosophila, it is still an immense task.

Spickett and Thoday (1966) showed that only five loci were involved in producing
a 87.5% response in a line selected for high sternopleural bristle number. The most
comprehensive analysis by far on the isolation of polygenic factors in Drosophila
was carried out by Shrimpton and Robertson (1988a;1988b). In this experiment,
which was an elaboration of the method used by Thoday (1961) and Spickett and
Thoday (1966), the third chromosomes of two divergent sternopleural bristle lines
were compared. The low line, which was the tester line, contained a recessive
multiply marked chromosome and was used to analyse a high sternopleural bristle
line, which had been obtained by artificial selection. The third chromosome of a
high selection line was divided into five sections due to the presence of markers,
which then allowed Shrimpton and Robertson (1988a; 1988b) not only to allocate
the bristle effects to the chromosome sections, but also to analyse the distribution
of the bristle effects within those sections. At least 17 effective factors were counted
on the third chromosome contributing to the variation and some degree of epistasis
between the factors was also detected. Shrimpton and Robertson (1988b) also
established that the distribution of gene effects influencing the sternopleural bristle
trait was clearly skewed, due to the presence of a few genes of large effects, but a

larger number of genes with small effects.

With the onset of the new molecular technique of restriction fragment length

polymorphism (RFLP) (Botstein et al. 1980), the mapping of quantitative trait



loci (QTL) has been extended to organisms other than Drosophila e.g. tomatoes

(Paterson et al. 1988) or maize (Edwards et al. 1987).

The technique relies on the observation that correlations between RFLP markers
and quantitative traits can be obtained, which subéequently led (and is still being
continued) to the construction of high density RFLP linkage maps for the genome
of many plants and animals. With the help of these markers it has become feasible
to identify individual loci for quantitative traits by cosegregation analysis. Mainly
genes of large effect are being mapped, since they are in most cases of greater
economic importance e.g. Booroola fertility gene in sheep (Piper and Shrimpton

1989).

Generally, it can be stated that polygenes of extremely small effect are far more
difficult to identify and locate compared to genes of major effect. But the hypoth-
esis that quantitative characters are under the control of a few major genes and a

large number of minor genes wins more and more support.

1.1.2 Continuous variation and selection

What are the components of quantitative variation? Briefly summarising, the over-
all variation observed (phenotypic value, Vp) in a quantitative character consists
of the sum of five different variance components (Falconer 1989): the genotypic
value (Vg), the breeding value (V,), the dominance deviation (Vp), the interac-
tion deviation (V) and the environmental deviation (Vg). The breeding value
has been labelled V4, additive variance. It determines the degree of resemblance
between relatives and V4 /V p expresses the (narrow sense) heritability (as opposed

to broad-sense heritability, which is Vg/Vp, Falconer 1989).

An important problem to address is, how is variation in quantitative traits main-
tained in nature? A way of examining this question is by designing selection

experiments to analyse of the response of quantitative characters to selection.

The aim is to derive from the pattern of response obtained, not only information
on the behaviour of a quantitative trait, but also a prediction of the distribution

of gene effects.



The traditional quantitative characters to investigate in Drosophila include body
size (measured by thorax length), wing dimensions and bristle number, in parti-

cular the sternopleural and the abdominal sternite bristles.

The two bristle characters mentioned can easily be observed under a low power mi-
croscope. When examining abdominal sternites only one of the six female sternites
and one of four male sternites (the fifth male sternite does not have any bristles)
are usually scored. The genetical correlation between the sternites was reported
to be virtually unity (Reeve and Robertson 1954). A high heritability (i.e. with
the greater part of the genetic variance being additive) had been observed in fhe
abdominal bristle character with an environmental variance of almost zero in suit-
able conditions (Reeve and Robertson 1954). The sternopleural bristles, a set of
bristles found on the thorax of the fly, also show a high heritability.

Examining the response of quantitative characters to directional selection, it was
noticed that it is possible to change the mean phenotypic variation in some cases
in only a few generations and ultimately that there is a scope to change the phe-

notypic variation beyond the limit, i.e. outside the range of the original variation.

Short-term (Clayton et al. 1957) and long-term selection (Clayton and Robertson
1957; Jones et al. 1969) experiments have been carried out. The response to
directional selection was measured in the fourth abdominal sternite in the male
and the fifth abdominal sternite in the female. Starting from a random-breeding
population, Clayton et al. (1957) selected for five generations and noticed consider-
able divergence between the lines selected upwards and downwards. The response
observed was attributed to the genetic variation present in the initial population,

the base population.

To study the long-term effect of selection, Clayton and Robertson (1957) contin-
ued the experiment for a further 30 generations. The response obtained from the
selection lines was found to be rather complex, with the different lines showing dif-
ferent behaviours. While in some lines a complete cessation of response to selection
was found, probably resulting from homozygote lethals, other lines showed a ten-

dency towards slowing down in the response after about 20 generations. This was



thought to be due to the diminishing genetic variation present in the population.

Other lines showed a continuing response to selection.

From the results obtained, it turned out to be unexpectedly difficult to make any

general prediction on the response of quantitative characters to selection.

Robertson (1960) proposed the presence of a theoretical selection limit. He claimed,
once a plateau in the response to artificial selection was reached, all the alleles
in the population had gone to fixation and no further response was expected.
From i:hese results, he interpreted that the early variation observed was due to
differences in the base population. Taking into consideration the importance of
the effective population size and the selection intensity, he developed a theory of
limits which allowed you to predict the limit under certain conditions. But he

decided that the effect of mutation on variance had to be negligible. |

Jones et al. (1968) carried out an experiment analysing the long-term response to
selection under varying selection intensities and population sizes over 50 genera-
tions. Their results did not agree very well with the theory of limits to artificial
selection proposed by Robertson (1960). Although in some lines the rate of re-
sponse had decreased from the initial rate, showing good agreement with other
selection experiments for the first generations, response to selection was still con-
tinuing at generation 50 in most of the other lines. Those latter results did not
support Robertson’s theory of a limit to selection caused by the loss of additive

genetic variation.

In fact, it now appears that mutation must be a major force in maintaining vari-
ability (Hill 1982a; 1982b). When selection was carried out for more than 20
generations, the response was found to continue. Also contrary to Robertson’s
(1960) predictions, it could be shown that when selection was relaxed after several
generations of directional selection, lines which were assumed to have their alleles
fixed, returned to their original mean, showing a rapid response. This indicates
that the cessation of response was due to the development of a balanced lethal

system.



A distinction has to be made in the response to variation resulting from short-
term and long-term selection. The response to short-term directional selection is
predominantly due to the genetic variation present in the base population. On
the other hand, the variation observed as the response to long-term selection is

caused by the accumulation of spontaneous mutations.

1.1.3 Mutation and quantitative variation

Given that mutations do play a role in the response to selection, how much vari-
ation in quantitative characters is due to mutation in natural populations? Since
it 1s experimentally more complex to study. the effect of mutations on quantitative
traits in natural populations, artificial selection experiments in Drosophila have

been used to investigate this problem.

One way of examining the effect of mutations on a population is by starting off
with an inbred population and waiting for spontaneous mutations to accumulate
during the course of selection. Subsequently from the response obtained, it is
possible to deduce how much variation is due to new mutations. This kind of

experiment often requires selection to be carried out for a long period of time.

X-ray irradiation and mutation

Using a different approach, Clayton and Robertson (1955) tried to accelerate the
response to variation by inducing mutations by irradiation. An inbred line was
irradiated by exposing it to 1800 R of X-rays. The response to selection was
followed over 17 generations. Clayton and Robertson (1955) estimated the rate of
the production of new variance to occur by mutation each generation and called

the number obtained mutational variance (V).

Although some response to irradiation was detected, the mutational variance (V,,)
was not found to be significant compared to that obtained by the rate of sponta-
neous production of new variance each generation. Since X-rays can cause detri-

mental mutations, i.e. chromosome aberrations, chromosome breakage and loss,



leading to sterile flies or lethality, the relatively low respbnse detected in the irra-

diated lines could be attributed to that fact.

Subsequently, a number of groups (Scossiroli and Scossiroli 1959; Kitagawa 1967;
Hollingdale and Barker 1971) started to investigate the effect of irradiation on
quantitative characters, carrying out directional artificial selection. The results
obtained varied between the groups. Increases between two-fold and one order
of magnitude over the spontaneous mutation rate were reported. Although each
group worked on the same quantitative character, the way the selection experi-
ments were conducted and the units of exposure of radiation per generation in-
duced, differed for each group. This could at least partially be the reason for the

different results obtained.

Recently, it has become apparent that the spontaneous rate of mutation con-
tributes significantly to the long-term selection response. The mutational variance
(V) is still being used to describe the rate of genetic variation per generation pro-
duced by mutations on a quantitative character. It is scaled by the environmental
variance. In Drosophila the approximate value for V,, was found to be V,,=10"2
VEg. For the sternopleural and the abdominal bristle characters, the mutational
variance was found to be 1.5 x 1073Vg and 3.3 x 1073V, respectively (Mackay
et al. 1992). Depending on the species and character concerned, a variety of es-
timates for the mutational variances have been obtained (Lynch 1988), ranging
between 107 to 5 x 1072 Vg. One explanation for obtaining this diversity of
mutational variances over a range of different species is thought to be the varying

generation times (Lynch 1988).

Effect of EMS on artificial selection

Another mutagenic agent is the alkylating agent ethylmethane sulfonate (EMS),
the most widely used chemical mutagen in Drosophila mutation experiments. Al-
though EMS is highly toxic at high concentrations, it is quite effective and shows
a relatively low toxicity when an appropriate dose is administered. Mutations

caused by EMS are point mutations and chromosome aberrations (contrary to



earlier claims (Lim and Synder 1968 and Coté et al. 1986 in Ashburner 1989),

there is evidence that chromosome aberrations do occur (in Ashburner 1989)).

A number of experiments on the effect of EMS on polygenic variation for viability
and total fitness (Simmons et al. 1978 and in Mackay 1986) have been described.
Simmons et al. (1978) established that mutants induced with EMS were partially
dominant and that the mutations were found to be deleterious in male flies het-
erozygous for a treated second chromosome, which was consistent with the result

obtained for heterozygous females by Mitchell (1977).

Reports on experiments involving quantitative characters other than fitness, i.e.

the abdominal or sternopleural bristle traits, could not be traced.

When the effects of EMS are compared to those of X-ray irradiation and spon-
taneously occurring mutations in adult males (Griindle and Dempfle 1990), the
percentage of recessive lethal mutations induced by certain doses of EMS and
X-ray irradiation was equal, but 40 fold higher than in spontaneous mutation.
A large difference can be observed in the number of dominant lethal mutations,
where none was found in the EMS treated flies, compared to a large effect caused
by X-ray irradiation. Spontaneous dominant lethals occurred three to ten times

less frequently compared to the X-ray induced rate.

X-ray irradiation and EMS treatment generally only slightly increase the genetic
variation available to selection. They also exhibit strong detrimental effects on
fitness and, since they do represent the same distribution of mutations as compared
to spontaneously occurring mutations, a different method to increase variation was

required.

P element hybrid dysgenesis mutagenesis

The most recent approach to accelerating the number of mutations and therefore
producing new variation in quantitative selection experiments, is by utilising the
system of P element hybrid dysgenesis. A summary of the nature and mode of P

transposable elements and hybrid dysgenesis will be discussed in the next section.



1.2 Transposable elements and the P element

The activity of transposable elements was first detected by Barbara (McClintock
1950), who established that there was a mechanism of gene mutation via trans-
posable elements in maize. Only gradually it became accepted that transposable
elements could not only be found in bacteria (Kleckner 1981), but that they were
present in eukaryotes too, including fungi and both plants and animals. In the late
1960s the first sign of a likely presence of mutable or unstable genes in Drosophila
was mentioned by Green (1967, 1969). In the early 1970s Hiraizumi (1971) discov-
ered the MR element (also called the MR chromosomes), which produced mutation’
and mitotic recombination in a cross between a laboratory stock and a wild-type
strain. Male recombination (MR) was induced when certain MR chromosomes
were extracted from natural populations of Drosophila melanogaster and made

heterozygous with a marker chromosome.

. Laird and McCarthy (1968) found that 12% of the Drosophila genome consisted of
repeated sequences with a quarter of it belonging to the groups of rRNA, 5S RNA

and histone genes, while the remainder consisted of different classes or families of

mobile DNA (Rubin and Spradling 1981).

It is now generally being quoted that 10-20% of the total Drosophila genome is
made up of copies of transposable elements. More than 40 different transposable
elements have been described to date (Finnegan and Fawcett 1986; Lindsley and
Zimm 1992). These elements, whether they are found in Drosophila or any other
eukaryote, can be divided into two different major classes. The first class consists
of retrovirus-like mobile elements, e.g. copia-like, LINE elements and jockey, which
transpose via an RNA intermediate. The second class of transposable elements are
thought to transpose directly from DNA to DNA and include the P element and
the foldback element of Drosophila melanogaster (Finnegan and Fawcett 1986;
Finnegan 1989). Each class can be further subdivided according to structural

differences.
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The most extensively studied transposable elements in Drosophila melanogaster
are the P family of transposable elements and the syndrome of P element hy-
brid dysgenesis associated with it. The latter was first described by Kidwell and
Kidwell (1975; 1976) and Sved (1976).

1.2.1 Hybrid dysgenesis

Hybrid dysgenesis caused by the ‘P-M’ system is often associated with abnormal
germ line development (Kidwell et al. 1977) which includes gonadal dysgenesis
causing sterility, chromosome rearrangements and aberrations and mitotic recom-
bination. The phenotypic characteristics are caused by high rates of P element

transposition occurring in the germ line.

Engels (1979) realised that two components were important in regulating hybrid
dysgenesis: a genetical, chromosomal component and an extrachromosomal factor,
which he suggested to be maternally inherited. He introduced the term ‘cytotype’

indicating the presence of a cytoplasmic maternal component.

The phenomenon of hybrid dysgenesis can geﬁerally only be observed in the
progeny of a cross between P cytotype males and M cytotype females, but not in
the reverse cross. The cytotypes describe a regulatory state with the P cytotype
being a strain, which contains P elements, but represses transposition, whereby
the M cytotype or M strain does not contain any P elements, but has a permissive
cellular environment for P element transposition. Therefore for mobilisation of
the P element to take place, functional P elements must be introduced into the M

cytotype.

The cytotype can be inherited through the female germ line in a process which
closely resembles cytoplasmic maternal inheritance, i.e. following a maternal in-

heritance pattern. Some exceptions to the P and M cytotype rule are present.

The M‘ and Q strains, for example, also belong to the P family, where M* strains
contain P elements, but behave as M strains during dysgenic crosses. Q strains

exhibit a P cytotype, but do not show any dysgenic characteristics following crosses

to either P males or M females.
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P strains can be found in many natural Drosophila populations, carrying between
30-50 P elements scattered throughout their chromosomes (Bingham et al. 1982).
Only one third of these P elements are complete with the remainder being different
defective derivatives of the complete P element and hence showing a heterogeneous

distribution in size.

Molecular information on the P element

A complete P element has a DNA sequence of 2907 bp (Rubin et al. 1982) with
31 bp inverted repeats on either end and 11 bp internal repeats on either side
(O’Hare and Rubin 1983). In a complete P element, the four open reading frames
(ORFs 0,1,2 and 3) become transcribed into a 2.7 kb primary transcript (Karess
and Rubin 1984). This transcript gets processed in the germ line and after the
three introns (intervening sequences IVS 1,2 and 3) are removed, the translation

product obtained is a 87 kD protein coding for the transposase enzyme (Rio et al.

1986).

In the somatic tissue the transcript is spliced differently, retaining the third intron
(IVS 3) (Rio et al. 1986; Laski et al. 1986). The resulting 2.5 kb transcript gets
translated into a 66 kD truncated transposase protein, which lacks the transposase
activity. This 66 kD protein is thought to be the negative regulator, repressor of

transposition acting in the P cytotype.

The transposase protein has been identified to be a site-specific DNA- binding pro-
tein, which binds to a 10 bp sequence adjacent to the 31 bp inverted repeats of the
P element (Kaufmann and Rio 1989). And although it has not been experimen-
tally shown that the 66 kD repressor protein also acts as a DNA-binding protein,
due to the fact that both proteins have the first 560 amino acids in common, it is

assumed that the repressor protein also functions as a DNA-binding protein.

The defective P elements usually show deletions with, for example, the 1115 bp
KP element (Black et al. 1987) having a deletion between position 808 and 2561

bp of the complete P element DNA sequence. Defective P elements are usually
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capable of transposition when retaining their 31 bp inverted repeats on either end,

but they normally lack to ability to produce transposase.

1.2.2 Transposition
Process of transposition

The mechanism of how P elements transpose is not very well understood. It
has been established that P element transposition proceeds directly from DNA
to DNA without an RNA intermediate. Transposition requires a double-stranded
break in the DNA and upon insertion of a P element, an 8 bp target sequence gets

duplicated in the genomic DNA.

The enzyme transposase is required to catalyse P element transposition and proba-
bly also its excision. A P element is therefore not only able to insert itself (insertion
of P element to a new chromosomal location is also called primary mutagenesis
(Kidwell 1986)), but it is also capable of excision. In the majority of cases it
does so incompletely (process also called secondary mutagenesis (Kidwell 1986))
and a change in the gene sequence‘ca.n be brought about, if either some parts of
the P element sequence remain inserted in the gene, or if parts of the gene get
excised. In case of a complete excision the original DNA sequence is normally
being restored, but mutations can also occur due to incomplete DNA repair of the

double-stranded gap produced.

Although precise excision has been found to occur less frequently than imprecise
excision, an increased level of precise excision has been observed (Engels et al.
1990) in the presence of a wild-type homologue facilitating the correct repair of

the double-stranded break produced during the process of transposition.

The process of transposition as described by Engels et al. (1990) implies that
P element transposition involves a non-replicative event. But it has also been
assumed that transposition could be replicative too. These hypotheses still need

to be supported by conclusive experimental data.
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Imprecise excision on the other hand is due to incorrect and/or incomplete DNA
repair and possibly exonuclease activity which might also be supplied by the trans-

posase protein (Rio 1991).

Engels et al. (1990) and Gloor et al. (1991) suggested that P elements transposed
via a cut-and-paste mechanism. Kaufman and Rio (1992) confirmed their sugges-
tion by using an in vitro reaction system. They showed that P element transposi-
tion in witro occurred by the proposed cut-and-paste mechanism and established

that the transposition process required GTP as a cofactor.

Cytotype control of transposition

Although the event of transposition is very complex and only poorly understood,
it has been established that transposition is regulated in two different ways: the
genetically controlled system where only the progeny of a cross between a male
P strain and a female M strain exhibit transposition, due to the maternal inheri-
tance pattern of the cytotype; and secondly, a system regulated by tissue-specific
restricted alternative splicing, acting on the level of RNA processing, where the P
element encoded 87 kD protein transposase is only produced in the germ line, but

1s absent from the somatic tissue.

O’Hare and Rubin (1983) hypothesised that the P cytotype contained P factors
coding for at least two functions, the transposase protein and a protein respon-
sible for the regulation (suppression) of transposition. The regulator protein was
suggested to play a role in cytotype inheritance and exert a positive feedback on
its own synthesis. Before an actual repressor protein was found, different sugges-
tions on the mechanisms of control of transposition were put forward. Simmons
and Bucholz (1985) proposed that transposition was controlled by the titration
of transposase, where transposase bound to defect P elements resulted in a lim-
ited amount of transposase made. They also proposed that extrachromosomal
P elements were present that bound the transposase and in turn prevented any

elements being mobilised by transposase.
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Laski et al. (1986) and Rio et al. (1986) discovered that the P element indeed
coded for a repressor protein in addition to coding for the transposase. The re-
pressor protein was a truncated protein produced by alternative splicing. The
66kD protein was found to be present in the somatic cells, as opposed to the 87

- kD transposase protein, which was only found in the germ line.

Misra and Rio 1990 showed that the repressor protein was actually present in
the germ line of a P strain and suggested that the presence of a repressor dur-
ing oogenesis was responsible for the maternal inheritance of P cytotype. Since
the transposase protein was shown to bind to specific sequences in the P element
(Kaufmann and Rio 1989), the repressor was suggested to bind the P element DNA
in a similar way and hence prevent the transposase binding. The precise molecular
mechanism of repression is not known yet and transcriptional, post-transcriptional
or protein-protein binding mechanisms have been put forward in an attempt to
explain the mechanism of repression. Kaufmann and Rio (1991) indicated that the
87 kD protein was capable of binding to transposase in vitro, implying its involve-
ment in a transcriptional activation process. But in vivo experiments (Lemaitre

and Coen 1991) did not find any support for the above observation.

On the other hand, Lemaitre and Coen (1991), while examining in vivo the repres-
sion of P element transposition in somatic tissues using P-lacZ fusion genes, found
direct evidence for P regulatory products repressing the P promoter. They showed
that the repression did not exhibit maternal effect characteristics of P cytotype in
the soma. They concluded that repression by P trans-acting products was having
a direct effect on the P promoter transcription, almost completely ruling out the
possibility of post-transcriptional, i.e. translational and post-translational ways of
regulation. P-lacZ insertion expression was repressed when present in P cytotype
in all tissue or cell types, suggesting that the repressor was acting on the promoter

of the P-lacZ constructs.

Siebel and Rio (1990) found an inhibitor of the 2-3 splice (the splicing of the
intron between the second and third ORF) in somatic cells. This inhibitor of the
2-3 splice was also assumed to be present in the germ cells, but in smaller amounts.

O’Hare et al. (1992) suggested that the regulation of transposition depended on the
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relative concentration of repressor to transposase present in the oocyte, producing

a positive feedback mechanism.

The regulation/repression of transposition in strains with defect P element can
be explained by the fact that these internally deleted elements only produce a
truncated protein, the repressor, but not the complete transposase. A hypothesis
recently proposed by Rasmusson et al. (1993) suggests that repression of P element
transposition might also be mediated by the production of antisense P RNA which

would be produced by defective P elements. This antisense RNA, which is thought
| to be initiated by external promoters, could subsequently bind to sense RNA

molecules, hence blocking the translation of P element transcripts.

Frequency and sites of transposition

The frequency of transposition depends on several factors and varies for each
transposable element. Transposable elements in general have an average rate of

transposition of 10~* per copy per generation (Finnegan 1989).

Regarding the P element, it has been observed that the smaller the P element,
the more transposition is usually obtained. The chromosomal location of the P
element and the number of P elements on the chromosomes can play a role in
influencing the transposition frequency, as well as the choice of the particular P
stock used. The amount of transposase produced and the activity of the repressor

system are also of importance in determining the rate of transposition.

It has been shown that transposase activity can be reduced by the truncated 66 kD
protein (Misra and Rio 1990), which can act as a repressor of transposase in the
soma and the germ line when the source of transposase is the third chromosome
integrated A2-3 P element (Laski et al. 1986), which misses the third intron (IVS -
3). The source of transposase in the latter construct can increase the frequency
of transposition of defective elements tenfold. This elevated frequency has been
explained by the fact that the modified P element has become a stable insert and

no repressor protein is being produced.
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A question which still needs to be answered is concerned with the specificity of
P element insertion sites. Are there any hotspots? Some genes do seem to be
hotspots for transposable elements, but others are not. Although P elements
seem to insert throughout the Drosophila genome, they are usually located outside
the heterochromatin (Engels 1989). P element-induced mutations show a strong
tendency to be located upstream or at the 5’ end of a gene or in untranslated
regions of genes (Engels 1989). An 8 bp target site consensus (see chapter 4) has
been compiled, but its significance or role as P element recognition site has not
been established. The mechanism or any specific sites or sequence recognitions by

which the P element ‘decides’ on where to insert has not been discovered.

For the enhancer trap method (O’Kane and Gehring 1987; Bier et al. 1989), where
P element transformation is carried out using an especially constructed plasmid
containing a weak P element promoter, the 5’ end of the P element, the lacZ
gene of E.coli and a marker gene, it has been estimated that if a saturation with
P elements by mutagenesis would take place, about 50% of all Drosophila genes
would being marked (Bellen et al.. 1989). It is likely that the same applies to
hybrid dysgenesis, indicating that there seems to be a limit to the number of P
element insertions occurring and to the number of genes being susceptible to P

element insertion.

Effect of transposition on the genome

The effect of transposition can be manifold. Apart from producing deleterious
mutations, transposable elements can have more subtle effects, causing different

mutant phenotypes by a number of mechanisms.

The effect of a P element depends on the site of insertion with respect to the
regulatory and functional regions of the gene affected. An example of where the
position of transposable element insertion relative to the gene is of importance,
is the white gene. Proximal and distal mutations have different effect on the

regulation of the white locus expression (O’Hare et al. 1983).
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Other cases have been reported, indicating how the gene expression of a chromo-
somal gene can be altered, where the insertion of a further element at a modifier
locus can even suppress or enhance the effect of the initially induced mutation.
The singed locus is a good example, where the expression of three alleles differ,
dependent on the number of P elements inserted. The head to head insertion

of two defective P elements produces the weakest and most unstable allele sn*

(Roiha et al. 1988).

The estimated frequency of mutation shows great variation dependent on the locus
considered. For example, the singed locus has a frequency of 10~2 (Engels 1983)
compared to that of the alcohol dehydrogenase gene with less than 107° (Kidwell
1986). Equally, the rate of further mutation or reversion differs. A reversion event
involves an inserted P element getting mobilised in the presence of transposase

in the M cytotype. Frequencies of reversions have been estimated to lie between

10~2 and 1072 (Rubin et al. 1982).

Transposable elements can show a mutagenic effect for many visible and lethal
loci. It has been established that the insertion of transposable repetitive elements
is responsible for most of the spontaneously occurring mutations in natural popu-
lations of Drosophila melanogaster. Green (1988) claims that the majority of (up
to 80%) of the spontaneous mutations are caused by these elements. Since trans-
posable elements in general can be made responsible for a considerable amount of

variation, they may be of evolutionary significance.

What are the consequences of transposable elements for the genome and species?
Are positive or negative selection forces involved in their maintenance? The rate
of replication is most likely balanced by the losses due to negative selection. It
has been suggested (Charlesworth and Langley 1989), that P elements do have a
negative deleterious effect on the genome, and that the number of elements present
in a genome reaches an equilibrium, reducing the average fitness of the species
compared to the situation prior to P element invasion. It has also been proposed
that transposons could be compared to parasites increasing the risk of extinction,

since laboratory experiments on Drosophile populations have shown that as few
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as eight generations’ sibmating of strains containing a single P element in the first

generation can lead to extinction (Engels 1992).

P element as a tool for molecular biology in Drosophila melanogaster

Since the discovery of the P transposable element, it has become a great tool for
molecular biology, facilitating the cloning of genes by transposon tagging (Bing-
ham et al. 1981). The P element can be used as a vector for gene transfer by
germline transformation (Spradling and Rubin 1982). The P element enhancer
trap method (O’Kane and Gehring 1987) has improved the study of tissue-specific
gene expression for the understanding of developmental processes. The latest
technique, developed by Gloor et al. (1991), involves targeted gene replacement
by creating a double-stranded DNA break with the help of the P element and
replacing the flanking DNA with modified sequences.
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1.3 Quantitative variation and the P element

Since P element insertion has been shown to affect many visible loci, i.e. major
morphological characters, Mackay (1984) considered them as ideal candidates for a
tool for studying quantitative variation, anticipating that P elements also affected

loci controlling quantitative variation.

The considerable advantage seen in the usage of P elements was that, not only
could they be used to producing and accelerating the rate of new variation by
mutation, but also subsequently, these P elements could easily be located by in
situ hybridisation using a P element probe. The cloning of the affected gene and
gene of interest would also be immensely facilitated. This could be carried out by
transposon tagging (Bingham et al. 1981; Rubin et al. 1982), since a P element

would be found at the site of insertion into the gene.

1.3.1 Transposable element-induced variation on quantita-

tive traits

Mackay’s first experiment (1984), studying the effects of transposition on quanti-
tative variation by using the P transposable element, showed a dramatic result.
By simply examining the effect of P element mutagenesis on the classic quantita-
tive trait character, abdominal bristle number, she achieved in eight generations a
three to six fold difference between dysgenic and non-dysgenic lines, selecting for
high and low abdominal bristle number. Mackay specifically counted the number
of bristles on the last abdominal sternite, which is the seventh in the female and

the fifth in the male fly.

The experiment was carried out using a P strain (Harwich) and an M strain
(Canton-S), setting up two replicates for dysgenic and non-dysgenic crosses with
ten males and ten females each. In the subsequent generation, the bristles of 50

flies were scored for high and low abdominal bristle number. The ten highest
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scoring male and female flies were then used to set up the high selection line and

the same was carried out for a low selection line.

The initial experiment lasting for only eight generations was continued for a further
eight generations (Mackay 1985). After having carried out the first half of the
experiment, Mackay (1984) already reported that some of the insertions causing
mutations in the bristle number also had a deleterious effect on fitness. These lines
showed an increase in the non-additive genetic variance, most possibly due to the
P element insertion. This result was contrary to the belief that most of the genetic

variation associated with the abdominal bristle trait was additive (Falconer 1989).

After the initial encouraging results of the first part of the experiment, during
the subsequently following generations the experiment was expanded by making

alterations, e.g. adding more controls and carrying out a complete analysis.

Without concentrating too much on the details of the experimental procedure (see
also chapter 3 and also Mackay 1985), some of the more important additional tests

and controls are mentioned below.

First of all, Mackay included two more replicate lines into the experiment. These
were sublines of the Harwich (P) and Canton-S (M) strains which had been inbred
for eight generations by full-sibbing. Also, starting from generation ten of the
non-inbred crosses, the bristles of the last two abdominal sternites were scored
in the male and female flies. Between generations ten and twelve, second and
third chromosomes were extracted of each of the eight non-inbred selection lines,

including the replicates.

The results obtained showed that over 16 generations on average a twofold re-
gsponse was achieved, comparing the dysgenic lines with the non dysgenic lines.
An increase in phenotypic variance was observed in the dysgenic lines. This was
shown to be due to an increase in non-additive genetic variance, with some P el-
ement induced mutations having bristle effects associated with deleterious effects
on fitness. A reduced fitness was observed in the low abdominal bristle lines,

since when the extracted chromosome lines were made homozygous, they became

lethal.
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Response to selection was found to be present on both the second and third chro-
mosomes and there was also some evidence for it on the X-chromosome, which did
not get as closely examined as the second or third chromosome. Overall, there is

an indication that genes affecting bristles are present on all major chromosomes.

Overall, this experiment had shown that a great increase in new variation in the
quantitative trait of abdominal bristles could be generated by P element hybrid
dysgenesis. And although a large amount of P element transposition had lead
to deleterious mutations, the rate of mutation creating new variation was still
immensely accelerated relative to what had so far been obtained with X-ray irra-

diation (Mackay 1985) or EMS treatment.

This early experiment on studying quantitative variation using the tool of P ele-
ment hybrid dysgenesis also had a number of weak points in the design, as men-
- tioned by Mackay (1985) and Torkamanzehi (1989). The initial P and M strains
had not been isogenic. They were unrelated and capable of producing background
variation as a result. It was also suggested that the non-dysgenic crosses showed
some degree of transposition and therefore had not been the perfect control to

choose.

Problems for future further molecular characterisation of the location of the P
element insertion, which was not carried out at that stage, were also mentioned.
Apart from P element insertions (primary mutagenesis) P element excisions most
probably also would have taken place, causing imprecise excision and chromosomal

rearrangements (secondary mutagenesis).

Another difficulty concerning the P element insertion has to be considered, which
involves the fact that usually multiple copies of P elements get inserted or are
already present in a specific line. This not only decreases the chance of identifying
the particular P element insertion responsible for the phenotype, but it makes it
more difficult to establish that a pleiotropic phenotypic mutant is actually resulting
from the insertion of one specific P element. The same pleiotropic effect on the
other hand could be generated by a joint response of several P element insertions

closely linked to each other on the chromosome.
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Torkamanzehi et al. (1988) attempted to repeat the experiment using the same
strains as used by Mackay (1984; 1985) and also Pignatelli and Mackay (1989)
repeated the experimental procedure (and also implemented an additional exper-
iment, i.e. using another system of hybrid dysgenesis, the I-R system, and also
selecting for different bristle traits). The results obtained were quite different
from what had been expected according to Mackay (1984; 1985). Torkamanzehi
et al. (1988) could not only observe no major differences between the dysgenic
and the non-dysgenic selection results, but also obtained a low non-dysgenic line
actually showing a large response. Transposition was suggested to have occurred

in the non-dysgenic lines, rendering those unsuitable for controls.

A different possible explanation for obtaining such large response in the initial
selection experiments by Mackay (1984; 1985) was suggested by Engels (1989),
who pointed out that the original, preexisting P element sites in the Harwich P

strain could have contributed to the effect.

A major investigation (Shrimpton et al. 1990) was carried out determining and
analysing the P element insertion sites in each of eight dysgenic and non-dysgenic
lines in a continuation of the Mackay experiment (1985), using in situ hybridis-
ation. It became established that new insertions of P elements had taken place.
This was not only the case for the dysgenic lines, but also for the non-dysgenic
lines. Clearly, here was the evidence for the suspicion that P element transposi-
tion did occur in the non-dysgenic lines. The transpositions in the non-dysgenic
lines were explained by the fact that the repression system in the non-dysgenic
F1 hybrids had failed, because they had been mated with each other for several
generations beforehand (Lai and Mackay 1990).
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1.3.2 Other work on selection involving P elements

Since the early attempts by Mackay, a small number of other groups (e.g. Torka-
manzehi et al. 1988; 1992) apart from Mackay (1987; Pignatelli and Mackay 1989;
Lai and Mackay 1990), have been studying the effect of P elements on other quan-
titative characters. The effect of P element transposition on fitness, with the two
major components of viability and fecundity, was also examined (Mackay 1985;

1986; 1989; Fitzpatrick and Sved 1986; Eanes et al. 1988).

Different approaches were applied, using for example chromosome contamination
experiments (Mackay 1986; 1987; Lai and Mackay 1990) by passing an M strain
through non-dysgenic and dysgenic crosses for a single generation and determining
its effect on mutational variance by comparing the non-dysgenic with the dysgenic

lines (and showing that they were almost equal in their response).

" Improvements have been made with regard to the difference between the initial
P and M strains, trying to reduce it as much as possible and therefore aiming at
obtaining isogenic lines and decreasing the level of background mutations in the
base population (Torkamanzehi et al. 1992). Other advances have become possible
due to the development of the especially designed third chromosomes containing

the modified P[ry*; A2-3](99b) P element (Robertson et al. 1988; Mackay 1992a),

a constant source of transposase.

On the whole, even though the controls in the initial experiment did not turn out
to be suitable, the outcome of the experiment nevertheless proved that P element
mutagenesis can be a powerful method to increase mutational variance by varying
degrees (i.e. depending on the experimental design). Variation had been shown to
be due to P element transposition and not resulting from background mutations
caused by spontaneous mutation. The experiments indicated that accumulation
of P element insertions at quantitative trait loci can change the phenotype of that
trait, when under conditions of directional selection (usually carried out for both

directions).

The mutation rate obtained by hybrid dysgenesis had been shown to exceed that of

spontaneously occurring mutations, even though P elements do have a detrimental
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effect. Mackay (1986) suggested that the mutations obtained for quantitative
variation might even mimic those of natural populations and therefore indicated
that P element hybrid dysgenesis might be an ideal system to work on, exhibiting
a close resemblance to the natural system of spontaneous mutations. Whether
this is the case still has to be shown. Many natural occurring mutations are point
mutations and small insertions (Langley et al. 1988), whereas point mutations can
normally not be produced by P elements. Nevertheless, the method of using P

elements to study quantitative variation is not impaired by that fact.

Due to the design of the experiments, predominantly major phenotypic effects on
quantitative traits are being observed using P element hybrid dysgenesis. There-
fore can these experiments contribute to the classical question on trying to under-
stand how many genes are involved in a quantitative character and what is the
distribution of the gene effects? Although there is a clear bias towards finding
genes of major effect, it might also be emphasising and supporting the mostly
accepted hypothesis that there are a few genes of large effect and a large number

of genes of small effect contributing to the quantitative character.

Mackay (1992a; 1992b) produced evidence showing that the distribution of P ele-
ment effects on the metric characters for abdominal and sternopleural bristles in
artificial selection experiments was asymmetric (skewed) and leptokurtic. These
results agree with those collected by experiments using direct data (Yoo 1980; Ca-
ballero et al. 1991; Santiago et al. 1992), i.e. accumulation of spontaneous muta-
tions without the application of a mutagen, and those of Shrimpton and Robertson
(1988a; 1988b) in their mapping experiment. The pleiotropic effects of mutations
on fitness (Mackay 1992; Santiago et al. 1992) was also shown to be skewed and
highly leptokurtic.

1.3.3 Nature of quantitative trait genes

One question which has not yet been addressed in the above is, whether any

quantitative trait loci have actually been identified either by cytological or physical
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mapping or even molecularly by analysing the point of P element insertions in

Drosophila. And if so, has it been determined what these genes are?

In the RFLP analysis determining QTLs, several traits have at least been physi-
cally mapped, for example in maize (Doebley and Stec 1991) and tomato (Paterson
et al. 1988; 1990). Paterson et al. (1988) for example succeeded in mapping sev-
eral QTLs for quantitative characters controlling fruit mass, soluble solids and
pH in tomato. All of these were identified as QTLs of relatively large effect and

therefore possible useful information for breeding purposes.

What kind of genes are quantitative trait genes? Presently there have mainly
been a number of speculations on the nature of quantitative trait genes without

any definite conclusive evidence.

Thompson (1975) suggested that polygenes might directly act as a suppressor or
enhancer controlling the mutant locus. Mukai and Cockerham (1977) supported
that theory by indicating that polygenes might be located outside the structural
genes on the chromosome in what they called a ‘controlling’ region. On the other
hand, Thompson (1975) also mentioned that polygenes could primarily be involved
in some developmeﬁta,l process and hence only indirectly modify the expression of

a mutation in that process.

Mackay (1985; 1992a) also made several suggestions on the nature of quantitative
trait genes. She proposed that maybe the alleles responsible for quantitative ge-
netic variation could have major effects on related traits. Another possibility she
suggested was that loci, affecting quantitative characters, could have a range of

allelic effects. Those of large effect could then be described as the major genes.

In a small number of experiments selecting for the abdominal bristle number in
Drosophila, a few major mutations of major effect have been identified. Three
of these genes were scabrous (Jones et al. 1968), bobbed (Frankham et al. 1978;
Frankham et al. 1980) and scute (Yoo 1980).

Scabrous, which has been found to have a large effect on abdominal bristle number

in both homozygotes and heterozygotes, increases the bristle number. Scabrous
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has independently appeared several times in different selection lines (Jones et al.

1968).

Molecular analysis of the scabrous gene, which also affects the eye development
by irregular spacing of ommatidia, has recently been identified to function as a

regulator in Drosophila neurogenesis (Mlodzik et al. 1990).

Mutant alleles at the bobbed locus also arose several times independently in selec-
tion experiments for bristle number. The 18S and 28S ribosomal RNA subunits
(Ritossa 1976) are encoded at this locus. Further investigations showed that the
bobbed mutation had been caused by an unequal cross-over event, producing a par-
tial deficiency at the locus (Frankham 1978). Frankham (1989) has also confirmed
the appearance of a spontaneous bobbed mutation in Clayton and Robertson’s

selection experiment (1957).

Yoo (1980) indicated that he had come across a genuine spontaneous mutation
of scute (see below for function of scute) during his long-term selection experi-
ment for abdominal bristle number, since attempts failed to identify a scute allele
segregating in his base population. He also noticed a scabrous mutation in his
experiment, but could not satisfactorily trace the origin of that mutation to the

base population.
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1.4 The smooth discovery

The initial selection experiments carried out by Mackay (1984; 1985) using P
element hybrid dysgenesis, led to the discovery of a gene of major bristle effect,

the smooth gene.

1.4.1 The origin of smooth

As mentioned above, second and third chromosomes were extracted between gen-
erations ten and twelve from the dysgenic high and low lines. It was determined
that half of the extracted third chromosomes of the high selection line were ho-
mozygous lethal and possibly being selected for due to their heterozygous effect of
‘increasing bristle score. No further attempt to map these third chromosomes was

made.

On the other hand, a second chromosome extracted from the low dysgenic selection
line exhibited a major bristle effect showing an extreme phenotype. Almost all of
the abdominal sternite bristles were missing and further examination of mutants
disclosed that also other microchaetae were lost or reduced, e.g. the acrostichal
hairs, microchaetae around the eye and the aristae. It was also observed that some
of the scutellar macrochaetae were thinner than normal. The reduced viability of

this low selection line was thought to be associated with this abnormal bristle

allele.

Further examination showed the allele to be semi-lethal (although it should more
appropriately be described as lethal, showing a frequency of less than 3% in a
population), recessive and therefore not maintainable as a homozygote, and was
female sterile (Mackay 1985). As described in more detail in chapter 3, the allele
was subsequently mapped by Professor A. Robertson. Initially, it was thought to
be located at the approximate position of 2-80 by physical mapping on the right

arm of the second chromosome.
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Since the phenotypic description of a smooth mutation, found in Lindsley and
Grell (1968), and also the approximate location complied with that of the newly
obtained mutation, a complementation experiment with a smooth allele (acquired
from the Bowling Green stock centre) confirmed the hypothesis that a new allele

of the smooth locus had been isolated.

After having mapped the mutation, it still had to be established that a P element
insertion had caused the mutation. Therefore, the cytological positioning of a
P element associated with the new smooth allele, sm®, was subsequently carried
out by Dr. A. Shrimpton (see also chapter 3). With a combination of second
chromosome extraction, complementation and in situ hybridisation, he identified,
out of a cluster of six P elements in the region of interest, one particular P element

at 56 E to be responsible for the mutation.

To further ensure that the P element identified was the correct one, Shrimpton car-
ried out a physical mapping of the P element by scoring the recombinants between
the line containing the P element at 2-91.5 and a marked second chromosome (see

chapter 3). The results obtained confirmed the position of the P element.

Although it had now been established that the P element had caused the mutation,
it was not necessarily evident from the experiment that the smooth mutation had
arisen de novo during the course of selection. One possibility to be considered
would be that the allele could have been segregating in the Harwich population
at the start of the experiment. The P element insertion at 56E had been found
in three independent low lines showing phenotypes similar to smooth, suggesting
that the allele could have been segregating in the Harwich population at the start
of the experiment. Since no in situ hybridisations detecting P elements had been
carried out on the original Harwich strain, no direct evidence for this suggestion

could be supplied.

Another point which has to be mentioned is that P element insertions detected as
present in one polytene chromosome band do not necessarily imply that the insert
is at the same position as a gene, since a chromosome band contains on average 30

kb of DNA. Therefore, although P elements might be present in the other lines on

29



the 56E polytene chromosome band, the actual insertion might not be at precisely
the same position. In situ hybridisation would not be sensitive enough to show a
distinction in that case. Further, the particular site of the smooth locus could be a
hotspot for P element insertion and the P elements could be inserted at the same
position. Since no comparisons at the molecular level of the P element location for

the other three lines were carried out, the answer to this question is not known.

The analysis of the smooth locus was continued and Shrimpton carried out crosses
in order to obtain reversions of the phenotype. He reported two cases of precise
P element excision, as shown by in situ hybridisation (and later established by

Southern blots), associated with the change to wild-type.

Subsequently, Shrimpton succeeded in cloning the area of P element insertion on
the second chromosome by P element homology mapping (see chapter 4) covering
a region of approximately 50 kb. He found that a full-length P element had been

inserted, which was later confirmed by DNA sequence analysis (see chapter 4).

The other smooth alleles Two smooth alleles existed prior to the one described
above. The first smooth (sm) allele had been discovered by Bridges and Brehme
(1944) and had been mapped at 2-91.5. The phenotypes of smooth(sm) and the

new smooth (sm®) closely resemble each other (see chapter 3).

A second smooth allele had been found by Frankham and Nurthen et al. (1981).
This allele, originally called smooth!*®, (sm'*®), but renamed sm? (Lindsley and
Zimm 1990), appeared in a Canberra outbred population during a selection exper-
iment. The phenotype was found not to be as severe as in the other two mutants

(see chapter 3).
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1.5 Development of bristles in Drosophila

1.5.1 Description of development of abdominal bristles

The reason for studying quantitative variation on the abdominal bristles was men-

tioned above. But how do abdominal bristles and bristles in general develop?

When examining an adult fly under the microscope, one immediately notices that
the insect is covered in hairs, ranging from macrochaetes (large bristles) to mi-
crochaetes (small bristles), which can be mechanosensory or chemosensory (e.g.

bristles on the wing margins) and trichomes (cell hairs).

The bristle pattern is very characteristic in Drosophila and can also be found
among the higher Diptera. The macrochaetes show a constant number and precise
positioning, while the evenly distributed microchaetes vary only slightly in their
number and positioning. Due to its constancy and the fact that the macrochaetes
are individually identifiable (also called landmark bristles), the bristle pattern has
been used for taxonomic purposes. It has been discovered that the bristle patterns
have been present for well over 50 million years, which would represent more than

100 million generations according to Sturtevant (1970).

In the following, the development of the abdomen and its bristles from the embryo

to the adult is briefly summarised.

Just after blastoderm formation in Drosophila embryogenesis, i.e. as early as ap-
proximately 3 h after egg laying, small groups of cells are selected and set aside to
form adult structures later in development. These clusters of 10-50 neighbouring
cells are distinct, although not visibly, from the cells that differentiate during em-
bryogenesis to form larval tissues. They will form the imaginal discs and histoblast

nests during larval development, which contain the anlagen for adult structures.

The imaginal discs and histoblast nests do not have any larval role, remaining
diploid and undifferentiated during larval development, while other cells become

polyploid and are involved in the formation of larval structures.
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There are nine major pairs of imaginal discs in the cephalic and thoracic region of
the larvae, plus an additional single genital disc in the genital region. These discs

plus the histoblast nests construct the whole adult integument.

The histoblast nests are segmentally repeated in the larval abdomen and consist
of an average of ten imaginal cells per nest. They are positioned amongst the
larval epidermal cells, which they eventually replace (during the pupal stage) and

subsequentially form the adult abdominal epidermis (Madhavan and Madhavan
1980).

Whereas the imaginal discs proliferate and multiply during the larval period inde-
pendently from each other, resulting in different shape and forms, for example the
wing and the eye disc grow exponentially during the larval development (Garcia-
Bellido and Merriam 1971), the histoblast imaginal cells remain constant during
embryonic and larval development. They only start growing rapidly three hours
after pupariation (120 h after egg laying at 25°C) and continue growth up to 15 h
after pupariation. Up to this stage, they do not replace any larval cells and remain

confined to their original area.

From 15 h to 36 h after pupariation, the histoblast nests enlarge and gradually
replace the polytene larval epidermal cells with the adult epidermis (Roseland and
Schneiderman 1979). Apart from the secretion of the cuticle, differentiation of the

histoblasts also leads to the formation of tendons and muscle attachment sites.

Each adult abdominal segment originates from six ‘histoblast nests (a pair of each
posterior dorsal, anterior dorsal and ventral nests) and two spiracular anlagen,

which are present in the equivalent position of the larvae.

The anterior and posterior dorsal nests give rise to the presumptive anterior and
posterior hemitergite. The hemitergites eventually fuse along the midline to form
the adult tergite. The ventral histoblast nests are responsible for the formation of
the adult ventral surface, i.e. the sternites, which are small plates located along the
ventral midline. The tergites are separated from the sternites by the pleural mem-
brane within which, close to the lateral margins of the tergites, are the spiracles.

There is one spiracle per hemitergite (Roseland and Schneiderman 1972).
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In the adult female, fly the dorsal surface of the abdomen consists of eight seg-
ments, the tergites, seven of which are derived from the histoblast nests and the
eighth segment is formed by the genital imaginal disc. The sternites are labelled

from two to seven in the female, with the first sternite missing.

The male abdomen is smaller than the female abdomen and has neither a seventh
tergite nor a seventh sternite. The sixth sternite is bristleless and the sixth tergite

is wider than that of the female and has two lateral spiracles instead of one.

The male and female abdominal pigmentation differs. In the female, the posterior
one-third of each tergite shows black pigmentation. The fifth and the sixth tergites

are completely pigmented in the male.

The tergites exhibit a constant bristle pattern. Most of the tergites are covered by
trichomes (cell hairs), with the microchaetes and macrochaetes arranged in rows
(three rows of microchaetes followed by one row of macrochaetes in the anterior—

posterior direction, Roseland and Schneiderman 1979).

The sternites can be described as little rectangular plates along the midline of the
ventral abdominal surface. They are covered with evenly spaced macrochaetes and
microchaetes. No trichomes are present and there is no pigmentation (Santamaria
and Garcia-Bellido 1972; Bryant 1978). The abdominal pleura does not contain

any bristles.

A number of researchers (Sondhi 1964; Claxton 1974) have attempted to establish
an order in the positioning of the sternite bristles. Sondhi (1964) tried to establish
a pattern in the arrangement of the bristles on the fourth sternite, in particular
showing an interest in those bristles with an anteroposterior direction. He sug-
gested the presence of an axial gradient in the anterior to posterior orientation,
due to the fact that he managed to show a linearly diminishing response from the

anterior to posterior sternites in the selection experiment.

Claxton (1974) was interested, as Maynard Smith and Sondhi (1961) before, in
answering the question of the existence or non-existence of rows of bristles on the

sternite. Claxton came to the conclusion by just examining the bristles of the
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third sternite that there was no evidence for a specific mechanism placing bristles
in rows. He suggested that there is a constancy of some sternite bristle sites. He
found a high frequency in the positioning of large bristles in each posterior lateral

corner of each sternite.

As far as I am aware, no further work has been carried out on the sternites asking
Sondhi’s and Claxton’s questions. But, generally speaking, the sternite chaetes do
show variation in their number, positioning and orientation, but have a tendency

towards an even spacing.

1.5.2 The development of the nervous system

The chaetes (macro- and microchaetes) belong to the external sensory class of
sensilla in Drosophila. Other sensilla are the internal sensory organs, e.g. the
chordotonal organs which function as strain receptors and the multiple dendrite
organs. The external and internal sensory organs are part of the peripheral nervous

system.

Very early during embryonic development (immediately after gastrulation and
during germ band elongation), a part of the ventral ectoderm will give rise to
the neurogenic region, the neuroectoderm. Cells of the neuroectoderm segregate
at approximately 5 h after egg laying and will form either the neural lineage,
producing neuroblasts as part of the presumptive central nervous system (CNS),
or the epidermal lineage, producing epidermoblasts, the progenitor of the epidermis
or sensory organ progenitor cells, as part of the peripheral nervous system (PNS)
(Ghysen and Dambly-Chaudiere 1989; Jan and Jan 1990). Proneural genes and
neurogenic genes are acting on the neuroectodermal cells in order to produce the
two different lineages, neural or epidermal, developing into the CNS and PNS,

respectively.

The proneural genes are the four genes (achete, scute, lethal of scute and asence)
of the large achaete-scute complex (AS-C) and the daughterless (da) gene (Cam-

puzano and Modolell 1992). These genes are of great importance for setting up
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the sensory organ pattern, i.e. where to form bristles in the adult fly, but are also
involved in both the formation of the PNS and CNS. The neurogenic genes on
the other hand, genes like Notch (N) or Delta (DI), give the cells in the proneural

cluster the potential to become neuroblasts, as part of the presumptive CNS.

The AS-C genes are expressed spatially restricted in clusters, the proneural clus-
ters. In each of such clusters, which can be found in the imaginal disc cells and the
abdominal histoblasts, single precursor cells, the sensory organ precursors (SOPs),
get singled out during the third instar larval or the early pupal stages. They are

in the process of differentiating to neural precursors.

The selection of a single cell to become the neural precursor involves a complex
system of lateral inhibition (Simpson 1990). By passing on a signal to the neigh-
bouring cells in the cluster, other cells are prevented from becoming competent to

adopt the neural fate and will then give rise to epidermal cells.

The SOPs, also called the sensory mother cells (SMCs) undergo two divisions in
order to eventually form a sensory organ each typically consisting of four cells,
one neuron and a set of three support cells: a bristle cell (tricogen), a glial cell

(thecogen), a socket forming cell (tormogen).

Since the adult cuticle displays a stereotyped reproducible pattern, an underlying
mechanism must be present to produce that effect. A temporal sequence of events

in the appearance of sensilla during development has been found.

Research carried out on the adult sensilla development has mainly concentrated
on the notum, wing and the interommatidial bristles. It has been established
that macrochaetes, in particular the large landmark bristles of the thorax and
the recurved (chemosensory) bristles of the wing margin, form earlier than the
microchaetes and the mechanosensory bristles of the wing margin (Hartenstein

and Posakony 1989).

It has been proposed that the larger bristles need to form first in order to give
spatial cues to the microchaetes, which will position and fit themselves evenly in
between the macrochaetes. The precursors of the macrochaetes of the notum and

wing start dividing at approximately the time of puparium formation. On the
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other hand, the microchaetes of the same area will only undergo their division
between 9 h and 18 h after puparium formation. The precursors of the abdominal
bristles are the last ones to divide between 24 h and 30 h after puparation. This
is consistent with the development of the imaginal discs of the wing and notum
'cornpa.red with that of the histoblast nests, which will only start to differentiate 3

h after puparium formation.
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1.6 Short outline of the following chapters

In the following chapters the analysis of the smooth mutant is described.
In chapter 2 the methods used are listed.

Chapter 3 contains further background on the initial discovery and isolation of
the smooth (sm®) mutant, including the description of the three different smooth

phenotypes.

The subsequent chapter, chapter 4, describes the initial cloning carried out by
Shrimpton, followed by the identification of the gene, further cloning, subcloning,
sequencing and the description of the organisation of the gene carried out by

myself.

Chapter 5 contains an analysis of the smooth protein, comparing it to homolo-
gous proteins and making some assumptions about its possible biochemical role

or function. A discussion follows in the subsequent chapter 6.
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Chapter 2

METHODS

2.1 Vectors: Fly strains, Escherichia coli, Bacte-

riophages and Plasmids

2.1.1 Drosophila stocks and strains

All lines were maintained in bottle and vial cultures on cornmeal-sucrose-agar

medium at 25°C.

The wild-type strains used were the following: Harwich P-cytotype and Canton-S
M-cytotype as described by Mackay (1985) and Samarkand M-cytotype (Lai and
Mackay 1990). ’ '

The Cy/sm® line was derived from a P-element-containing low abdominal bristle
line, which resulted from an experiment selecting for abdominal bristle number
with the help of transposable eleinents (Mackay 1985). For hybrid dysgenesis, the
source of P-cytotype had been the Harwich strain and the source of M-cytotype
had been the Canton-S strain (Mackay 1984; 1985). After a second chromosome
extraction on the original low abdominal bristle line, all the P elements had been
outcrossed, apart from two located at the cytological positions of 56E and 57B on

the right arm of the second chromosome.

The Cy/sm pz stock was obtained from the National Drosophila Species Center

at Bowling Green. sm/*® (renamed sm? by Lindsley and Zimm 1990) was derived
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from a Canberra outbred population and was a gift of R. Frankham (Frankham
and Nurthen 1981).

2.1.2 Bacterial stocks

A number of different E.coli strains were required for experimental techniques,

often depending on the cloning vector involved.

These E.coli strains were maintained as glycerol stocks, which were prepared as a
mixture of 50% overnight culture of a single colony inoculation into L-broth grown
overnight at 37°C and 50% of glycerol. The glycerol could then be stored long
term at —20°C.

In order to obtain fresh single colonies from the glycerol stock, a small amount of

it was streaked out on a Petri dish containing L-agar medium.

When plating cells were required, i.e. for infection of E.coli with bacteriophage
A, a single colony was inoculated into 10ml of T-broth containing 0.2% maltose
and incubated with shaking at 37°C overnight. An aliquot, 0.1ml, was added to
10m! of T-broth and maltose and grown for a further 4-6 h. The culture was then
centrifuged at 3,000 rpm for 10 min and resuspended in 5ml of 10 mM MgCl; to
obtain a density of ODggo ~ 2.

The maltose which is present during the growth of the bacteria improves the ef-
ficiency of bacteriophage A adsorption, since the maltose induces production of
the ) receptor (lamB protein). Mg?* ions play an important part in the mainte-
nance and integrity of phage particles (Maniatis et al. 1982) and also aid phage

adsorption.

2.1.3 Bacteriophage stocks

Bacteriophage stocks were stored as liquid lysates.
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A single plaque was picked from a plate and placed into 0.2 — 0.5ul of PSB. After
allowing the phage to elute into the medium, a dilution was being used to inoculate

10041 of plating cells.

After an incubation period of 15 min, allowing the phage to adsorb to the bacteria,
the bacteria-phage-mix was transferred to a conical flask containing 10ml of L-

broth plus 10 mM MgCl; and grown overnight at 37°C, shaking vigorously.

When lysis had been obtained, chloroform was added to lyse any remaining cells
and shaking was continued for a further 15 min. The cell debris was then spun
down and the supernatant was stored in a glass universal at 4°C after the addition

of a few drops of chloroform.

In order to check the titre of the lysate, plating cells were inoculated with dilutions
of the lysate and incubated at 37°C for 15 min. The inoculate was added to L-top
agar, kept molten at 50°C, mixed and poured onto L-agar plates. These were then

incubated at 37°C overnight.

2.1.4 Plasmids

Plasmids were stored long term with their host as glycerol stock at —20°C or as a

stab at 4°C. Plasmid DNA preparations were either stored at —20°C or at 4°C.

2.2 Preparation of DNA

2.2.1 Preparation of genomic DNA from Drosophila

Approximately 500 flies (kept frozen at —70°C ) were homogenised with several
passes of the pestle in a glass homogeniser (Kontes Glass Co.) in the presence of
4ml of buffer containing 10 mM Tris-HC1 pH 7.5, 10 mM NaCl, 10 mM EDTA, 1%
SDS, 0.15 mM spermidine and 0.15 mM spermine, which gently lyses the nuclei.
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An equal volume of a second buffer was added containing 100 mM Tris-HCI pH9,
30 mM EDTA, 2% SDS and 0.2 mg/ml of pronase-E (Sigma), the latter causes

proteins to digest and to release the nucleic acid into aqueous solution.

After an incubation period of 1-2 h at 37°C, successive phenol (2x), phenol/chlo-
- roform (1x) and chloroform (1x) extractions were carried out in order to remove

proteins.

The aqueous phase containing the DNA was ethanol precipitated twice by adding
0.7 M ammonium acetate and two volumes of absolute ethanol (cold), with the
first centrifugation for 10 min at 3,000 rpm and the second one for 10 min at 5,000

rpm.

After the last precipitation, the pellet was washed in 70% ethanol and dried at

room temperature for several hours.

The DNA pellet was finally redissolved in 1 ul TE for each original fly, i.e. 5004].

2.2.2 Preparation of small-scale plasmid DNA (miniprep)

Small scale preparations of plasmid DNA (minipreps) were prepared by a modifi-
cation of the boiling method originally described by Holmes and Quigley 1981.

This method relies on weakening and breaking of the E.coli cell wall by treatment
with a combination of lysozyme, EDTA and heat. Cell lysis is induced by adding

a non-ionic detergent, Triton X-100.

A single bacterial colony containing a plasmid was inoculated into 10ml of L-broth
containiﬁg an antibiotic, if necessary. After an overnight incubation shaking at
37°C, 1.5ml of the culture was briefly spun down. The pellet was resuspended in
200p] of STET and 20pl of lysozyme (10 mg/ml). After boiling the suspension
for 40 s at 100°C and centrifugation for 10 min, the flocculent pellet obtained was

removed with a Gilson tip.

The supernatant was then precipitated in 0.3 M NaAcetate and 200ul of propan-
2-0l, placed at —70°C for 15 min and spun down for 10 min. The pellet was rinsed

with ether and dried under vacuum before resuspension in 50ul of TE.
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2.2.3 Preparation of large-scale plasmid DNA (maxiprep)

For a large-scale preparation of plasmid DNA (maxiprep), the alkaline lysis method
(a modification of Birnboim and Doly 1979) was combined with cesium chloride

equilibrium density gradient centrifugation, to obtain a large amount of pure plas-
mid DNA.

This method is based on separation due to differences in conformation of plasmid
(supercoiled) and E.coli DNA (linear and open circle). The fact that ethidium
bromide binds in larger amount to linear DNA compared to supercoiled DNA is

being exploited.

A 10ml overnight bacterial culture grown from a single colony was inoculated
into 400ml of L-broth containing the appropriate antibiotic and vigorously shaken
overnight at 37°C.

After centrifuging the bacteria in a Sorvall RC2-B for 10 min at 7,000 rpm, the
supernatant was removed and the pellet was resuspended in 9ml of GTE. A 40
mg/ml solution of lysozyme was prepared in 1ml of GTE and added to the sus-
pension. Following an incubation period of 10 min at room temperature, 80ml of

freshly prepared NaOH (0.2 M) and SDS (1%) was mixed by swirling gently and

chilled for 5 min on ice.

40ml of cold solution III was added, while still on ice. After 30 min, 10ml of H;O
~ was added before centrifuging at 8,000 rpm for 5 min. The supernatant was then
sieved through a tea strainer and 0.6 volume of propan-2-ol was mixed in. After
spinning for 5 min at 8,000 rpm, the supernatant was decanted and the pellet was
resuspended in 11ml of TE, 240ul of 0.5 M EDTA and neutralised with 150ul of
2 M Tris Base (pH>T).

Eventually the volume was made up to 13.4ml with TE and the solution was
added to 14.8 g of CsCl. After a further addition of 1.4ml ethidium bromide (10
mg/ml), the contents were transferred to an oakridge tube. The balancing of tubes

is critical at this point.
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Ultracentrifugation was carried out in a Beckman TY65 rotor at 35,000 rpm. After
72 h the lower band of supercoiled DNA, identified in the dark with a long-wave
UV handheld lamp, was collected with a siliconised Pasteur pipette. The ethidium
bromide bound to the plasmid DNA was extracted, either by passing the sample
through a 4ml Dowex AG50W-X8 (Bio-rad) ion exchange column or by several
extractions with n-butanol. After ethanol precipitation, the plasmid DNA was

stored-at 4°C in TE.

2.2.4 Bacteriophage A DNA from minilysates

3.2ml of liquid lysate, which is a suspension of phage particles, was aliquoted into
four Eppendorf tubes and 1ul of DNase I stock solution was added to each. During
an incubation period of 20-30 min at room temperature, only the bacterial DNA

will get degraded, since the phage DNA is protected by its protein capsid.

2001 of Tris-EDTA-SDS (0.3 M Tris-HC1 pH 9.0, 0.15 M EDTA pH7.5 and 1.5%
SDS) was mixed into the suspension, which was then incubated at 70°C for 15
min. After cooling at room temperature for 5 min, 1354l of 8 M potassium acetate

solution were added to each tube. The samples were chilled on ice for 15 min.

The supernatant was removed after a short spin of 1-2 min in a microfuge and after

an addition of 480ul of propan-2-ol, the tubes were incubated at room temperature

for 5 min.

By spinning the samples for 2 min, a pellet was obtained, which was washed with

70% ethanol, dried under vacuum and resuspended in 50ul of TE each.

The contents of the four tubes were pooled and a single phenol extraction was
carried out for deproteinisation purposes (removal of phage capsid). This was
followed by a further ethanol precipitation and a final resuspension in 1004l of
TE. The yield was checked by running aliquots against known amounts of DNA.
The liquid minilysates are stored at —20°C.
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2.2.5 Preparation of large-scale bacteriophage A DNA

Plating cells were prepared for the required E.coli strain as described above and
the liquid lysate was titred. Plating cells were inoculated into 400ml of L-broth
containing 10 mM MgCl,, so that the initial ODggo = 0.1. The culture was then
shaken vigorously until the ODggp=0.4 . At this time point 2 x 10® pfu/ml of
phage were added and and the shaking was continued. The growth of the cells
was frequently monitored by taking samples and checking the ODggo. After 46
h, a peak (ODggo>2) was reached and the cultures started to lyse (ODggo>1.0).

In order to complete the lysis, 2004l of chloroform, 10 pg/ml DNase and 10 pg/ml
RNase were added and the culture was shaken for a further 15 min. After a
centrifugation period at 4,000 rpm for 10 min, 40 g/ml of NaCl were dissolved
in the supernatant. Since phage particles are extremely small, 7% of crushed
polyethylene glycol (PEG) 8000 was added, which in the presence of salt and

water causes phage particles to precipitate.

This precipitation can be carried out for at least one hour or overnight at 4°C.

The phage was then pelleted by spinning at 8,000 rpm for 20 min and resus-
pended in 5ml of TMN. After two equal volume chloroform extractions, the phage

suspension was made 41.5% CsCl in TMN and spun at 30,000 rpm overnight.

During this CsCl density gradient centrifugation, bacterial debris and unwanted
cellular DNA can be separated from the A particles. The phage band in a CsCl
gradient at 1.45 to 1.5 g/cm?® and can be seen as a bluish band.

The phage were collected from the oakridge tube with a siliconised Pasteur pipette
and dialysed against 10 mM Tris pH 8, 5 mM NaCl, 1 mM EDTA to remove the
CsCl. This was followed by three phenol extractions to digest the phage protein
coat. Finally, the phage was precipitated by adding 0.7 M ammonium acetate and

two volumes of ethanol.
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2.3 Introduction of plasmid or bacteriophage A
DNA into E.coli

2.3.1 In vitro packaging of bacteriophage A\ DNA

In vitro packaging of A DNA is achieved by mixing extracts prepared from bacteria
infected with a )\ strain (BHB 2690 Eam) defective in one protein (i.e. E protein,
required for assembly of prehead) and one strain (BHB 2688 Dam) defective in a
second protein (i.e. protein D, involved in the insertion of A DNA into the head

precursor and maturation of the head, Hohn 1979).

An in vitro packaging kit containing the extracts was obtained from Amersham
Intl. and the manufacturer’s instructions were followed. The maximum yield

obtained was between 2 x 10% to 2 x 10° plaque forming particles /ug.

2.3.2 Transformation of E.coli by plasmid DNA

Preparation of competent cells

Competent cells are required for transformation. These cells are ‘competent’,
because their uptake of DNA is more efficient due to the presence of calcium ions.
CaCl, affects only the DNA binding to the E.coli cell. The movement of DNA

into the competent cells is achieved by heat-shocking.

The preparation of competent cells was carried out as described by Hanahan (1985)

with some modifications.

Cells were plated out onto 3 agar (see Appendix) plates and grown overnight
at 37°C. Initially, one colony was used to inoculate 10ml of ¢ broth. After 2 h
incubation at 37°C with moderate agitation, 5ml were subcultured in 95ml of %

broth. Once the cells ha.d.rea.ched an ODsgso of 0.35 to 0.60, the culture was chilled
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on ice for 5 min before aliquoting the contents into corex tubes and chilling on ice

for a further 10 min.

The cells were pelleted by centrifugation at 6,000 rpm for 5 min in a cold Sorvall.
After discarding the supernatant, the pellet was resuspended in 10ml of TfblI (see
Appendix).

After an incubation period of 15 in on ice, the cells were centrifuged at 6,000 rpm
for 5 min. Each pellet was then resuspended in 1ml of TfbII (see Appendix). The
suspension was aliquoted into Eppendorf tubes and quick frozen in liquid nitrogen

before storing at —70°C.

Transformation

Differing amounts of plasmid DNA, ranging from 0.1 ng to 10 ng, were added to
30 to 1004l of competent cells slowly thawed on ice.

After incubation for 30 min on ice, the cells were heat-shocked by placing the
tubes into a 37°C waterbath for 90 s. This was followed by 90 s of chilling on
ice and the addition of 50 -100x] of 3 broth, before placing the tubes into a 37°C

waterbath to incubate for a further 30—-60 min.

If blue and white selection was required, 15ul of 10 mg/ml of IPTG (Isopropyl-g-
D-thiogalactopyranoside, Sigma) and 40ul of X-gal (5-Bromo-4-chloro-3-indolyl-
B-D-galactopyranoside, Boehringer Mannheim) 20 mg/ml was added. Plating was
carried out on antibiotic containing medium which allowed the identification of

plasmid containing colonies.
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2.4 Manipulation of DNA

2.4.1 Digestion of DNA with restriction endonucleases

Restriction digests were carried out using varying amounts of DNA from 100 ng

(e.g. minipreps) to 3 ug (e.g. genomic DNA or DNA for elution or genecleaning).

The units of enzyme per digest were adjusted appropriately varying from 4-20.

Buffers were used as recommended by the supplier (Boehringer Mannheim).

Digests were carried out in a waterbath at 37°C for 1-12 h, with the exception
of the enzyme ‘Smeal’, which digésts at 26°C. The enzymes were inactivated by
incubation at 70°C for 5 min. Ficoll stop buffer (FSB) was added to the digests

before loading them onto a gel.

2.4.2 Agarose gel electrophoresis

In order to analyse digested and undigested DNA (and also RNA, see below), hor-
izontal gel electrophoresis (McDonnell, Simon and Studier 1977) was performed.
The separation of fragments was carried out in an electric field, with the nega-
tively charged DNA loaded at the cathode. Once a current is applied, the DNA
migrates through the gel towards the positive electrode and the smaller DNA
molecules migrate faster. A separation according to the size of fragment is taking
place. The concentration of agarose had to be chosen appropriate for the size of

DNA fragments (ranging from 0.5 to 25 kb) to be separated.

The gel was prepared by adding agarose to TBE buffer and melting it in the
microwave. 1 pg/ml of ethidium bromide was added. After the gel was poured and
set, it was immersed into TBE buffer containing also 1 pg/ml of ethidium bromide.
The samples were then loaded with DNA markers (A DNA either digested with
Pstl or Hindlll) usually on either side.

47



The gel was run until the samples had migrated sufficiently, as judged from the
distance the dye had travelled. The DNA was visualised by placing the gel onto a

UV illuminator.

2.4.3 Isolation of DNA fragments from an agarose gel

Genecleaning

A ‘Geneclean Kit’ was obtained from BIO 101 Inc. and the supplier’s instructions

were followed.

Genecleaning involves the excision of a band of DNA from a low melting point
(LMP) TAE agarose gel. In the presence of Nal and ‘glassmilk’ a silica matrix is
formed to which only DNA will bind. After several washing steps, DNA is eluted

into TE free from RNA and protein contamination.

Elution of DNA fragments onto DEAE paper

The removal and purification of DNA from a gel by electrophoresis onto DEAE

cellulose paper (Schleicher and Schuell) is an alternative to genecleaning.

A small piece of DEAE paper (e.g. 4 mm x 6 mm) was inserted into the gel, next
to the band to be eluted. This operation was carried out under long-wave UV
light, in order not to denature the fragment. The complete gel was then rotated
by 90°, so that when elect-rophoresis was continued, the fragment migrated onto

the paper.

Afer removing the paper and rinsing it twice in TE, 306041 of TE containing 1 M
NaCl was added, in order to elute the fragment from the paper. The elution was
carried out at 65°C for 30 min. If the eluted DNA was intended for use in a ligation
or sequencing reaction, the high salt content had to be removed by spinning the

elutant through a Sephadex G-50 column.
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2.4.4 Southern blotting

An adaptation of the method devised by Southern (Southern 1975) was used to
transfer DNA bands from agarose gels onto a nitrocellulose membrane. After the
fragments were separated by gel electrophoresis, the gel was immersed in 0.2 M
HCl for 20 min, which aids the cleaving of the larger fragments. The acid treatment

could be omitted when the fragments were smaller than 5 kb.

The gel was then soaked for 30 min in 0.5 M NaOH, 1.5 M NaCl to denature the
DNA, followed by a neutralisation step for 60 min in 1.5 M NaCl and 1 M Tris
pHT.5. '

The gel was placed on a support with a piece of Whatman filter no.17 in between
the support and the gel. The filter paper served as a wick, with both ends dipped
into 20x SSC. A piece of nitrocellulose membrane (Hybond N, Amersham Intl.),
which had been cut to exactly the same size as the gel, was placed on top of the
gel, followed by three sheets of Whatman filter no.3, presoaked in 2x SSC and a
stack of 5-10 cm of paper towels with a glass plate and a weight (usually a heavy
glass bottle) on top. All the filter paper and the paper towels were the same size
as the gel.

The transfer was then allowed to proceed for a period between 3 h up to 12 h,
before the membrane was rinsed in 2x SSC and either baked for 2 h at 80°C or
UV cross-linked for 3-5 min to completely bind the DNA onto the membrane.

2.5 Preparation and Analysis of RNA

2.5.1 Collection of Drosophila eggs, larvae, pupae and adults

Collecting eggs

Eggs were collected on red wine concentrate or apple-juice medium (Wieschaus

and Niisslein-Volhard 1986) contained in petri dishes. The plates, with a slurry
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of yeast in the centre, were placed into the cage with the flies. After allowing the
females to lay eggs for 12-20 h at 25°C, the plates were collected and the embryos
were washed off with distilled water and transferred onto a nylon mesh in a little

egg basket.

After several washes with distilled water the embryos were immersed in sodium
hypochlorite for 3-5 min for dechorionation. Subsequently, the embryos were
washed thoroughly in distilled water and quickly frozen on liquid nitrogen before

storing them at -70°C until required for RNA preparation.

Collecting larvae

Petri dishes containing apple-juice or red-wine concentrate medium were placed
into the cage as above. The plates were collected after leaving the flies to lay eggs
for 12-20 h. The eggs were then transferred to larger petri dishes (diameter of 15
cm) containing plenty of live yeast. Those petri dishes were kept until the larvae
had reached an age of 70-90 h. The third-instar larvae were rinsed off the medium

with distilled water, washed thoroughly, immersed into liquid nitrogen and stored

at -70°C.

Collecting pupae

The collection of embryos was carried out as above. After the embryos were
transferred to the large petri dishes and had reached an approximately 70 h of
age, the larvae, still on the apple-juice or red-wine medium were put into sandwich

boxes containing 2 cm of fly food and a thick slurry of live yeast on top.

Buoyant pupae, aged between 140-160 h after egg laying, were collected by flooding
the box with distilled water and collecting the floating pupae with the sieve. The

pupae were immersed into liquid nitrogen and kept at -70°C.
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Collecting adult flies

The adult flies were anaesthetised using either ether or carbon dioxide and then

frozen at -70°C until they were used for either DNA or RNA extraction.

2.5.2 Preparation of total RNA

Total RNA was extracted by two different methods.

Quick phenol-chloroform extraction method

The following method was initially used for the preparation of RNA from SAM
larvae and pupae. To approximately 5 g of larvae and pupae, 5-10ml of Savakus
buffer (0.1 M Tris pH 7.5; 10 mM EDTA; 0.35 M NaCl; 7 M urea and 2% SDS)
was added, followed by an equal volume of phenol-chloroform. The frozen larvae
or pupae were then homogenised with a ‘Polytron’ tissue disrupter (Ystral type
X1020), which has a cylindrical probe plus rotating cutters which cause a big

vortex.

The samples were spun for 30 min at 8,000 rpm and equal volume chloroform

extractions followed and were continued until no interface was visible any longer.

The aqueous top layer was then ethanol precipitated in 0.3 M NaAcetate and two
volumes of ethanol and placed in a -20°C freezer for 1 h, before spinning at 8,000

rpm for 10 min.

The pellet was finally resuspended in TE containing 0.1% SDS. The RNA was

stored as an ethanol suspension in 0.3 M NaAcetate and two volumes of ethanol.

When a RNA sample was required, aliquots of the suspension were spun down

and resuspended in sdH,O (ribonuclease-free).

The RNA concentration was measured at 260 nm, where an OD3gp value of 1

equals 40 pg/ml.
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RNA isolation by acid guanidium thiocyanate-phenol-chloroform ex-

traction

This method was used for extraction of RNA from eggs, pupae, larvae and adult

flies and is described by Chomczynski and Sacci 1987.

2.5.3 Extraction of mRNA

Two different kits were used to extract the mRNA from total RNA: the “RNA Pu-
rification Kit” from Pharmacia, which provides oligo(dT) columns and the “Poly-
ATtract”™ mRNA Isolation System” from Promega, whefe the mRNA hybridises
to biotinylated oligo(dT) and is then separated by streptavidin coupled to param-
agnetic particles. The mRNA is eventually eluted in nuclease-free H,O (provided
by the supplier) from the solid phase.

The manufacturer’s instructions were followed.

2.5.4 Northern blotting
RNA gel electrophoresis

RNA or mRNA was usually analysed on a 1.4% agarose gel.

In order to prepare 100ml of gel solution, 1.4 g of agarose was dissolved in 80ml
of sdH,0 by microwaving. The gel was then cooled down to 60°C in a waterbath,
before 2.0ml of NaPhospate buffer (NaPB) 0.5 M pH?7 (final concentration of 10
mM) and 18ml of 38% formaldehyde was added. The gel was poured as soon as

the above was mixed.

The RNA or mRNA sample to be loaded was made up to 10l with sdH;0, 24l of
100 mM NaPB pH?7, 7ul of 38% formaldehyde and 10ul of BRL grade formamide

were added.

The sample was then heated to 55°C for 15 min before quenching on ice. 5ul of
stop buffer was added.
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The gel was immersed in 10 mM NaPB and run at 30-40 V overnight.

Blotting

The transfer was carried out similarly to the Southern transfer, but the soaking
steps were omitted. The gel was therefore immmediately placed onto a support

with Whatman paper no.17 in between. That paper served again as a wick and

was soaked in 20x SSC.

A nitrocellulose membrane ( Hybond N, Amersham) was placed on top of the gel,
together with three Whatman no.3 filters soaked in 2x SSC and a stack of paper
towels. Finally, a glass plate and a bottle were placed on top of everything else.

The blot was usually carried out overnight. The nitrocellulose membrane was then
rinsed in 2x SSC, before baking it for 2h at 80°C or UV cross-linking for 3-5 min,
in order to bind the RNA to the filter.

2.6 Polymerase chain reaction

The polymerase chain reaction (PCR) was predominantly employed when specific
fragments of the cDNA were required as probes for screening genomic libraries
and Southern blots, in order to work out the organisation of the gene. A list of
primer sequences (see Appendix), mainly 18 to 20 mer oligonucleotides provided by
Oswel DNA Service (Edinburgh University) were used for PCR and for sequencing

reactions.

PCR amplification was carried out using Taql polymerase (acquired either from
Northumbria Biologicals Limited or Promega) at 25 U/ml. The 10x reaction
buffer was supplied by the manufacturer (the same buffer applies to both man-
ufacturers: 100 mM Tris-HCl, 50 mM potassium chloride, 15 mM magnesium
chloride and 1% Triton X-100). Other components were added at the following
concentrations: 17 ug/ml of bovine serum albumin, 10% DMSO, 33uM each of
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dGTP, dATP, dTTP and dCTP and 0.5 uM of each primer. The reaction was
overlaid with approximately 100yl of paraffin oil (BDH).

Amplifications were performed in a PCR machine (Techne PHC-2) which was set
for 25 s at 94°C for the denaturing reaction, 35 s at 50°C for the annealing reaction

and allowing 2.5 min at 68°C for the extension step.

After 25 cycles, a chloroform extraction was carried out, in order to remove the
paraffin oil. Subsequently, the PCR product was genecleaned, removing the un-
incorporated dNTPs and primers and concentrating the DNA. An aliquot was

checked on a gel.

2.7 Synthesis of radioactively labelled probes

2.7.1 Nick-translation

Nick-translation of fragments of DNA (Rigby et al. 1977) or complete plasmids is
one method of labelling DNA. It exploits the fact that E.coli DNA polymerase I is
capa.bie of both polymerase (i.e. adding nucleotide fesidues to the 3’ terminus of a
nick in the 5’ to 3’ direction) and exonuclease activity (i.e. removal of nucleotides

from the 5’ side of the nick proceeding towards the 3’ direction).

Therefore, if a nick is produced in double-stranded DNA by the addition of a small
amount of DNasel to the reaction, DNA polymerase I will synthesise a completely
new strand in the presence of nucleotide, as the existing strand will be degraded as
the DNA polymerase I proceeds in the 5’to 3’ direction. If a radioactively labelled

nucleotide is supplied, it will be incorporated and the fragment is labelled.

Nick-translation was frequently used to label whole plasmids which had a fragment

of interest inserted.

In a reaction with a final volume of 100ul, 100 ng of DNA was labelled by the
addition of 10yl of nick-translation-buffer (NTB), 5ul of 0.5 M dNTPs -dCTP, 5ul
of 3000 Ci/mmol [a—3?P]dCTP (504Ci from Amersham Intl.), 1ul DNasel (diluted
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10,000 fold from a 1 mg/ml stock solution), 1ul of 0.1 M dithiothreitol (DTT),
1ul of 0.4% bovine serum albumin (BSA) and 2ul E.coli DNA polymerase I (5 to
15 U).

Incubation was carried out for 2-4 h in a 14°C waterbath. The incorporation of
label into the DNA was monitored, either by carrying out a Cerenkov count or
by simply checking it in front of the Geiger counter. This was done by baking
1u1 of DNA onto a small piece of nitrocellulose membrane. The incorporation was
measured before and after dissolving excess free nucleotides in 5% trichloroethanoic

acid.

In order to remove any unincorporated dNTPs, the sample was spun through
a Sephadex G-50 column for 90 s at 1,500 rpm. Finally, the reaction mix was
denatured in a third of the volume of 1 M NaOH and neutralised with an equal

volume of 1 M Tris pH 7.5, before adding it to the prehybridisation solution and
the filter (see below).

2.7.2 Random primer labelling

Random primer- or oligolabelling was usually carried out on a small linear frag-
ment of DNA which was purified, either by elution from a DEAE membrane, by
genecleaning or by labelling a band of DNA after melting in a block of LMP

agarose.

Random primers (a mixture of hexanucleotides) were added to denatured DNA.
In the presence of dNTPs and radioactive label, the Klenow fragment was used
to synthesise a new complementary strand, incorporation the label. An ‘Oligo-
labelling Kit’ was obtained from Pharmacia and the manufacturer’s instructions

were followed, both for purified DNA and DNA in agarose.

The incorporation of label achieved was usually greater (>80%) than when nick-
translation was carried out. The Sephadex step was omitted and the reaction was

denatured and neutralised as described above.
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2.7.3 Ribolabelling: SP6/T7 transcription

This method of labelling involves the synthesis of a radioactive RNA probe.

A fragment of DNA which should serve as a probe, has to be cloned downstream
of a bacteriophage promoter (either SP6 or T7) in an appropriate transcription
vector (e.g. pGEM2 from Promega). The plasmid is linearised by cleaving with a
restriction enzyme which only cuts 3’ of the inserted fragment on the opposite side
of the promoter. SP6 or T7 RNA polymerase is added, which will consequently

transcribe DNA sequences downstream of the SP6 or T7 promoters, respectively.

In order to purify the RNA produced, the DNA template is removed by the addi-
tion of DNasel.

The radioactive label required in this case is a ribonucleotide triphosphate (Amer-
sham Intl.). All ingredients (apart from the radioactive label) were included in
the ‘SP6/T7 Transcription kit for in vitro transcription of DNA’ from Boehringer

Mannheim.

2.7.4 Hybridisation

The baked membrane filter was placed into a polythene bag (Jencons Scientific).
Depending on the size of the filter, 10-20ml of prehybridisation solution (0.5 NaPB
pH7.2; 7% SDS and 1 mM EDTA) prewarmed to 65°C was added. The bag was
sealed and placed into a 65°C incubator for 5 min to 12 h.

The 32P-labelled, denatured DNA probe was then added to the prehybridisation
solution in the bag and mixed, before carefully sealing the bag. Incubation was

carried out overnight at 65°C.

Washing of filters

After an overnight incubation, the hybridisation solution was poured into a poly-

thene universal tube, in order to be able to reuse it.
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The filter was then washed in 1 mM EDTA; 40 mM NaPB pH7.2 and 1% SDS to
remove any unbound and weakly binding probe. Three washes were carried out for
30 min each, before the filter was sealed in Saran wrap. The membrane was placed
in a autoradiographic cassette, overlaid with a sheet of X-ray film (RP1 CURIX,
AGFA) and stored at -70°C until the exposure was thought to be appropriate for
the film to be developed.

The X-ray films were developed in an automatic X-ray film processor (X-ograph

X1).

Reusing of a probe

The probe saved in the polythene tube was boiled for 20 min, left to cool down to
approximately 65°C and then transferred to the filter, which had previously been

prehybridising. The prehybridisation solution was discarded in this case. Probes

were reused several times, especially when dealing with Southern blots of plasmid

DNA.

Removal of probe DNA from membranes

The probe DNA could be removed from the nylon filter by boiling it for 3 min in
0.1% SDS. The filter was reused after the solution cooled down to room tempera-

ture.

57



2.8 Construction of genomic library

2.8.1 Partial digests, ligation and packaging of genomic
DNA

A genomic library consists of a large number of recombinant clones which should
be representative for the genome under investigation. In order to find out how
many plaques (N) are required for creating a representative library for Drosophila,

the following formula is applied:

(1 - P)
(1-1)

N=In

(Clarke and Carbon 1976).

P is the probability that a given gene is represenfed in the library, usually P=
0.99, and f is the size in bp of the desired fragments, as a fraction of the genome
size. The approximate size of the partially digested genomic DNA is 1.5 x 10* bp
and the size of the Drosophila genome is 1.5 x 108 bp.

(1 —0.99)

N =hy s =

46,026

Partial digests of genomic Drosophila DNA were carried out, using the Sau3Al
restriction endonuclease, which recognises a 4 bp site (GATC). Genomic DNA
was digested for variable lengths of time with Sau3Al and a small aliquot of
these digests were run on a 0.4% gel alongside A HindlIIl marker. Digests which
produced most DNA fragments in the range of 10-20 kb were concentrated by
ethanol precipitation and consequently used to ligate into EMBLA.

The EMBL4 vector was prepared as described earlier (see large-scale bacteriophage
preparation), digested with BamHI, which produces a left arm of 19.4 kb, a central
stuffer fragment of 13.7 kb and a right arm of 8.9 kb, and was ethanol precipitated.
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The generated genomic Sau3Al fragments were then ligated into the left and the
right arm of EMBL4 by the addition of 1 g of EMBL4; 0.5 ug of genomic DNA
(aiming at a concentration ratio of 2:1 between EMBL4 and genomic fragments);
1pl of 10 x ligation buffer an 1ul of T4 ligase (1 Weiss Unit) in a total volume of
10pl. A control ligation, which consequently served as a packaging control, was
also set up. It consists of a self-ligation of EMBL4. The ligation reactions were

incubated at room temperature for 3 h or at 14°C overnight.

An aliquot of the ligation mix was then checked on a gel by comparing it to
unligated partially digested DNA. If the ligation was successful, in vitro packaging
followed by using the Amersham “In vitro packaging kit”, as described earlier.
2ul of the ligated DNA were utilised for packaging which took place at room
temperature for 2 h. Another control was set up which consisted of packaging 1

pg of undigested EMBLA.

Phage suspension buffer (200x1) and one drop of chloroform were added to dilute
the packaging reaction. The titre of the packaging mix was obtained by preparing
dilutions and plating them out using a Q358 (Karn et al. 1979) strain and a P2
lysogen Q359 (Karn et al. 1979) strain. The efﬁciéncy of ligation and packaging
could be calculated from comparing the number of plaques obtained from the

controls and the library packagings.

Once the titre was established, an appropriate volume of the packaging mix was
then plated out on 10 large plates (diameter of 15 cm) using the Q359 E.coli strain
and incubated overnight at 37°C. The resulting pla.qﬁes were directly screened by
hybridisation.

2.8.2 Plaque hybridisation

The bacterial plaques were transferred to nitrocellulose filters. The plates were
chilled at 4°C for a few hours to allow the top agarose to harden. Circular Hybond
(Amersham) or nitrocellulose membranes (Schleicher and Schuell) were cut to

the appropriate size and labelled, before carefully placing them onto the plaques
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with the help of a pair of forceps. The membranes were kept in that position
for approximately two minutes, while producing an asymmetrical pattern on the
membrane and the bottom of the petri dish by stabbing through the membrane
into the agarose with a needle. The filter was then carefully peeled off, without
removing the top agarose from the plate and placed for 2 min in a denaturing
solution (1.5 M NaCl, 0.5 M NaOH) followed by 2 min in neutralising solution
(1.5 M NaCl, 1M Tris-HCI pH8) and for at least another 2 min in 2x SSC. The
filters were then transferred onto paper towels, dried, and baked at 80°C for 2 h.

Hybridisation to radioactive probes

Hybridisation to a nick-translated or oligolabelled probe was carried out as de-

scribed above.

Washing filters

Washes were carried out as described earlier. The filters were then sealed in
Saran wrap. Orientation positions were marked by either drawing a pattern with
radioactive ink on a small white paper sticker or placihg a Glogos autoradiogram
marker (Stratagene) onto the Saran wrap. An X-ray film “RP1 curix” (AGFA)

was then placed on top.

2.8.3 Identification and purification of positive bacterio-

phage clones

The autoradiograph, filters and the plates were properly aligned and the positions
of positive plaques were marked on the base of the agar plates. If the positive could
not precisely be located to one single plaque, the wide end of a Pasteur pipette
was used to spear into the agar and the agar plug was suspended in 5004l of PSB.
A drop of chloroform was added. After vortexing and resuspending the phage for
1-2 h several dilutions were prepared. Q358 plating cells were inoculated with

those dilutions, plated on small agar plates and incubated overnight at 37°C.
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A second screening was carried out by taking lifts of the plates with a low density,
in order to be able to pick single, separate plaques. The filters were treated as

above and hybridised to the probe used earlier.

The filters were exposed to an X-ray film for 4-16 h. Positive plaques, if found
singly, were picked and resuspended in 200ul of PSB with the addition of one drop
of chloroform. If no single plaque was available, a further screening had to be

carried out.

Minilysates were set up by aliquoting 20u! and 1004l of the positive resuspended
phage into 10ml of L-broth containing 10 mM MgCl,. The cultures were grown
overnight at 37°C, shaking hard. The preparation of DNA from lambda minilysates

has been described above under 2.2.4. .

2.9 cDNA library

An amplified cDNA library of 12-24 h embryés was obtained. The library was
prepared by Brown and Kafatos (1988). It is a plasmid library and the plasmid,
pNB40, was constructed by N. Brown (Brown and Kafatos 1988).

2.9.1 Transformation of cDNA

A control transformation was carried out, in order to check the efficiency of the
XL1-Blue competent cells. Transformation was carried out by adding 1x1 of cDNA
(5 ng/ul) to 100ul of XL1-Blue cells (efficiency of 1.2 x 107 cfu/ug). After an
incubation period of 30 min on ice, the cells were heat-shocked at 42°C for 40 s

and then chilled on ice for 90 s.

0.9ml of SOC medium (see Appendix) was added before placing the transformation
mixture in a 37°C shaker (at 225 rpm) for 1 h. The transformation mix was
then plated on large plates (diameter of 15 cm) containing 2 x TY agar with
100pug/ml of ampicillin. Incubation was carried out overnight at 37°C. In total,
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six transformations were prepared. Approximately 20,000 colonies were obtained

on each plate.

Taking colony lifts and preparation of replica filter

A nitrocellulose filter was placed onto a library plate for 2 min. The filter was
marked by piercing holes through it with a 20-G needle. A new nitrocellulose filter
(the ‘replica’ filter) was placed on a L-amp plate. The other filter was removed

from the library plate and carefully placed on top of the replica filter.

The replica filter was subsequently marked at exactly the same position as the
original filter, by piercing holes through the marked positions. This “sandwich”
was then incubated at 37°C. After 4 h, the filters were carefully peeled apart and
then placed with the colony side facing upwards onto fresh L-amp plates con-
taining chloramphenicol at 50 pgg/ml in the top agarose. This chloramphenicol
amplification is carried out in order to improve the signal produced during hy-
bridisation. The plates were incubated overnight at 37°C. The original library
plates were incubated at 37°C for 4 h and then transferred to 4°C.

Preparation of filters for hybridisation

The filters were denatured and neutralised by placing them in the following solu-

tions for 2 min each:

e 0.5 M NaOH/1.5 M NaCl

1 M Tris-HCl pH 7.5/1.5 M NaCl

2x SSC + 0.1% SDS

e 2x SSC

e 2x SSC
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The filters were then blotted and baked for 2 h at 80°C.

Prehybridisation was carried out for 20 min at 63°C in the hybridisation mix, as

described above.

An oligolabelled 1.1 kb genomic fragment was added as the probe and incubation

was continued overnight at 63°C.

Washes of filters were also carried out, as described above.

2.9.2 Purification of positive colonies

The “positive” colonies were picked with a sterile loop and inoculated into 1ml
of L-amp. Dilutions of the suspension were prepared ( e.g. 1ul in 800l ) and
100-15041 of this dilutions was spread onto a small L-amp plate. The colonies
were grown overnight at 37°C. Lifts were taken and hybridisations were carried
out, as described above, until a single positive could be purified. Minipreps and

subsequently a maxiprep were prepared from the positive.

2.10 DNA sequencing

2.10.1 Preparation of helper phage

For the production of single-stranded DNA, a helper phage (e.g. R408, a derivative
of M13 phage) is required which is used to infect a plasmid (e.g. pTZ19R/18R,
Pharmacia) containing the intergenic region of filamentous phage f1. When in-
fected, the plasmid enters the fl replication mode and produces single-stranded

DNA which is packaged and secreted from the cell as phage particles.

To optimise the yield of single-stranded DNA, the origin of replication of the R408
helper phage (Russel, Kidd and Kelley 1986) was partially inactivated, resulting
in the production of more single-stranded DNA particles than R408 DNA. -
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Preparation of R408 helper phage A colony of NM522 or XL1-Blue (Strata-
gene) previously selected on tetracycline containing medium, was grown at 350 rpm
for 4-6 h. A 500ml conical flask with 50ml of 2x TY broth was inoculated with
100u] of the NM522 or XL1-Blue cells and grown to Agge=0.1 at 37°C. 20ul of
R408 (10® pfu/ml) were added and growth was continued at 37°C overnight.

The culture was spun at 3,000 rpm for 15 min. The supernatant was collected and
the spinning was repeated. To the supernatant 500ul of chloroform was added.

The helper phage was stored at 4°C. The helper phage was titred before use.

2.10.2 Preparation of single-stranded DNA

Plasmid DNA (e.g. pTZ19R/18R) containing cloned inserts were transformed and
plated out. Single colonies were picked and inoculated into 10ml of 2x TY broth
containing ampicillin (100 pgg/ml). The culture was grown overnight. 10ul of it
was used to inoculate 3ml of 2x TY broth in a 50ml conical flask. The inoculate
was grown for 1 h at 37°C, shaking vigorously, before adding 10-20xl of the R408
helper phage stock (8 x 10 pfu/ml). Shaking was continued overnight.

Aliquots of 1.5ml of the culture were spun for 10 min at 4°C. To 1ml of the
supernatant, 200l of PEG/NaCl solution (20% PEG; 2.5 M NaCl) was added.
The mixture was allowed to stand at room temperature for 20-30 min, before
spinning for 10 min in a microcentrifuge. The supernatant was discarded and the
pellet was resuspended in 100ul of T.E.. A phenol extraction was followed by an
ethanol precipitation and the pellet was finally resuspended in 20yl of T.E.. In
order to check the yield, 5ul was loaded onto a gel.

2.10.3 Double-stranded nested deletions for sequencing

The introduction of double-stranded unidirectional nested deletions can facilitate
the sequencing of a large DNA fragment inserted into a plasmid. After linearisa-
tion of the plasmid, creating either blunt or 5’ overhanging ends, digestion with

exonuclease III for varying length of time will progressively unidirectionally remove
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nucleotides from one strand of the target DNA. Subsequent SI nuclease treatment
will digest any single-stranded DNA of the other strand, which had not been at-
tacked by exonuclease III, i.e. the other strand. The final step in the procedure
is the re-ligation of the two ends resulting in a series of plasmids containing DNA

inserts of different length.

A single primer, located in the plasmid close to the site of re-ligation, should now

be sufficient for sequencing the complete insert.

The reactions were carried out according to the instructions supplied by the man-

ufacturer of the ‘Double-stranded nested deletion kit’ (Pharmacia).

2.10.4 Sequencing of single- and double-stranded DNA

Sequencing of single and double-stranded DNA was carried out using the dideoxy
method (Sanger et al. 1977). The primers used for sequencing were either -
M13 primer or internal primers of specified sequence, which were synthesised by
the Oswel DNA Service, Department of Chemistry, University of Edinburgh, and
were purified by high-performance liquid chromatography.

Single-stranded sequencing was carried out by using the Sequenase-2 kit (United
States Biochemicals) with [3**S|dATP (Amersham; >1000 Ci/mmol) according to

the manufacturer’s instructions.

Double-stranded sequencing on minipreps (without removal of RNA), maxipreps,
genecleaned or eluted fragments of DNA was performed first of all denaturing
3-5 pg of DNA in 0.2 M EDTA and 0.2 M NaOH, as described by USB. The
standard annealing and termination reactions were modified by the addition of
dimethyl sulfoxide (DMSO) (Winship 1989) to a final concentration of 10% and
7.5%, respectively.

After boiling the annealing mix for 3 min, the samples were immediately chilled
on ice for 3 min. The labelling reaction was performed at room tempei'ature for 5

min and the termination reaction for 10 min at 37°C.
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The samples were loaded onto a 8% polyacrylamide denaturing gel. A wedged
gel was frequently used, which allows more nucleotides to be read from a single

loading.

Most of the sequencing was carried out using an electrophoresis apparatus called
“Base runner” (Internationals Biotechnologies, Inc.). Previously a single Perspex
stand and two pieces of window glass had served the purpose. According to the
manufacturer’s recommendations, electrophoresis on the “Base runner” was car-
ried out at a constant power setting of approximately 45 W, which supposedly held
the temperature of the gel at ca. 55°C, a temperature sufficiently high to keep the

DNA denatured and to reduce artifacts resulting from secondary structure.

The gels were routinely run for 4-6 h, extending the range of sequence readable
to 200-300 nucleotides in one sequencing run. The gel was subsequently fixed in
10% methanol (BDH) and 10% glacial acetic acid (BDH) for 20-30 min, before
drying it for 1-2 h at 78°C. A wedged gel was run between 4-8 h and dried for at
least 2.5 h. Autoradiography using an “AGFA curix RP1” X-ray film was carried
out, leaving the film to expose for 12-16 h.

Sequence analysis was performed on a VAX computer, using the University of

Wisconsin GCG programs (Devereux et al. 1984).

2.11 In situ hybridisation to salivary gland chro-

mosoilInes

The salivary glands of third-instar Samarkand larvae were dissected and in situ
hybridisation was performed according to Leigh Brown and Moss (1987). This
work was kindly carried out by Sarah Ross.

As the probe, the complete cDNA (24g) in pNB40 was nick-translated according to
Leigh Brown and Moss (1987). The polytene chromosomes were examined under

oil emersion at a 100x magnification with the Olympus BH2 microscope.
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Colour photographs were taken using the Olympus photographic system (model
PM-10AD) with the automatic exposure control unit (PM-CBAD) at 40x and

100x magnification.

2.12 In vitro transcription and translation and

SDS gel analysis

2.12.1 Transcription and translation

An in vitro transcription and translation kit was obtained from Promega and the
instructions provided by the Promega “Protocols and Applications guide” were

closely followed.

The template DNA (5 ug) for the in vitro transcription was the cDNA fragment,
subcloned into pTZ19R and linearised with EcoRI. After a phenol/chloroform ex-
traction and an ethanol precipitation, the DNA was resuspended in lug/ul, 4 ug
of which was utilised in the T7 RNA polymerase transcription reaction accord-
ing to Promega’s recommendations. The transcription product was subsequently

phenol/chloroform extracted and resuspended in 10ul of H;O.

For in vitro translation, the wheat germ system (Promega) was utilised and [*S]
methionine (Amersham Intl.) at a final concentration of of 500 xCi/ml was incor-

porated as the radiolabelled amino acid.

The positive control for the translation reaction was the Brome Mosaic Virus

(BMV) RNA which was supplied by the manufacturer.

Aliquots of translation products were stored at -70°C, if not used immediately for

electrophoresis.
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2.12.2 SDS gel analysis

Discontinuous gel electrophoresis under denaturing conditions in the presence of
0.1% SDS, a method for electrophoresis as described by Laemmli (1970), was
carried out. Vertical slab minigels with a 12% SDS polyacrylamide separating
gel and a 5% stacking gel were prepared for the Mighty Small II SE250 Hoefer

Scientific gel electrophoresis apparatus.

To 5ul of the wheat germ extract translation product, 20ul of 2x loading buffer
was added. The buffer contains S-mercaptoethanol, the disulfide reducing agent.
In order to prevent any protease activity and to denature the proteins, the sample
was heated at 100°C for 5 min after the addition of the loading buffer. 10ul of -
this mixture was subsequently loaded onto the gel alongside the BMV control
translation and parallel to the 1*C-labelled Rainbow?”™ protein molecular weight

markers (Amersham Intl.) ranging from 14,300-200,000 M.W..

A constant current of 10 mA was applied to the samples whilst migrating through
the stacking gel. When the samples entered the separating gel, the current was

increased to 20-30 mA.

Once the bromophenol blue dye front had run off the bottom of the gel, the gel
was removed and stained in 30% methanol, 10% glacial acetic acid containing 0.1%
Coomassie Blue for 30 min. After a series of destaining in 30% methanol and 10%
glacial acetic acid, the gel was layered on a sheet of Whatman 3 MM paper and
dried for 1 h at 78°C. Autoradiography using an “AGFA curix RP1” X-ray film

was carried out, leaving the film to expose for 12-16 h.
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Chapter 3

The smooth phenotypes

3.1 Background I - a smooth mutation induced by
hybrid dysgenesis

As one of the outcomes of an investigation into transposable element-induced
response to artificial selection for number of abdominal bristles in Drosophila
melanogaster carried out by Mackay (1985), a semi-lethal allele was identified

on the second chromosome extracted from the low dysgenic selection lines.

This semi-lethal allele was characterised as being receséive, producing sterile fe-
males not maintainable as homozygotes. It was found independently at least twice

in these lines.

Further investigations involved genetic mapping in order to locate the allele at a

certain locus, since a number of P elements were still present in the selection line.

Heterozygous flies, Cy over mutant allele, were crossed to a strain of flies with Cy
over seven mutations which were spread along the second chromosome. Analysing
the result of these crosses suggested the mutation, caused by the P element, lay
between ¢ (curved at 2:75) and pz (plexus at 2:100) at approximately 2:80. After
consulting Lindsley and Grell (1968), the smooth locus, at 2:91.5 was considered
as a good candidate for the gene (analysis carried out by Professor A. Robertson

cited by McKay 1985).
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A complementation test was carried out using a Cy/sm pz stock (obtained from
a stock centre) and the new allele. They failed to complement, indicating that a

new allele at the smooth locus had been discovered.

In order to confirm that a P element insertion at 56E was indeed the cause of
the smooth mutation, further genetic mapping experiments were required. Dr A.
Shrimpton carried out more precise genetic mapping, using a multiple marked
chromosome L ¢ nw? Pu (L at 2:72, ¢ at 2:75, nwP at 2:83, Pu at 2:97) where the

markers were more closely linked to the smooth locus than before.

The usage of dominant flanking markers allowed direct determination of F; males
with a second chromosome which had undergone a cross-over in the interval be-
tween nw and Pu. These males were then crossed to Cy/sm females, so that their

smooth phenotypes could be scored.

Out of 50 recombinants (30 between nw? and sm; 20 between sm and Pu), 28
had a smooth phenotype which was also associated with a P element insertion
at 56E, as shown by in situ hybridisation of P elements performed on each of
the recombinants. The remaining 22 recombinants exhibiting a wild-type (sm*)
phenotype with regards to smooth, did not show a P element homology at 56E.
The results obtained indicated that the P element was located within one map

unit of the smooth locus (at a 95% confidence limit).

3.2 Background II - locating the P element

In order to determine the cytological location of the P element causing the muta-
tion, 14 extracted second chromosome lines from the low dysgenic selection lines
were isolated. These were scored for their bristle phenotype, i.e. whether they

were smooth or not.

In situ hybridisations, using the P element as the probe, carried out by Dr A.
Shrimpton identified nine lines also exhibiting a smooth phenotype. All of these
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lines showed a P element homology at the cytological location of 56E. Since the
56E cytological position could correspond, or at least approximate, to the 2:91.5
genetic position, it was considered to be the correct position where the P element

could have been responsible for the mutation.

The other five low selection line extracted chromosomes did not produce a smooth

phenotype and in situ hybridisations showed no P element insertion at position

56E.

The results of the above described experiments give a clear indication about the
site of mutation. A P element insertion at the site of mutation is the most likely

cause of that mutation.

3.3 The smooth alleles and phenotypes

1) The first smooth allele

Bridges and Brehme (1944) came across a spontaneous mutation in a pz pd stock.
The mutation was labelled smooth (sm) and located at 2-91.5. Their description

of the sm phenotype can be summarised as follows:
e ventral surface of the abdomen partially denuded of bristles and shrunken
e wings usually warped and semi-erect
e acrostichal hairs disarranged
e tendency for erect postscuttellars
e male genitalia often disturbed
e anal protuberances of female bent down
o viability 30% of wild-type

e both sexes entirely sterile
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The sm pz chromosome was obtained as a Cy/sm pz Drosophila melanogaster
fly stock and now carries a lethal. The above described phenotype (sm/sm) was

therefore never observed.

lab

2) The second smooth allele, sm™ ?

or sm

Frankham and Nurthen (1981) detected a rare allele of large effect in a sample
of a Canberra outbred population. Complementation tests showed that they had

discovered a new allele at the 2-91.5 locus and it was called sm'®®, later renamed

to sm?.

The sm'® phenotype:

e abdominal bristle number reduced in homozygotes by more than 50%
e altered pattern of abdominal bristles
e reversed sexual dimorphism for abdominal bristles (see below)

e normal fertility

The abdominal sternite bristle character is normally sexually dimorphic with the
females having a larger number of bristles than the males. In the case of a reversed

sexual dimorphism, the males show a larger number of bristles than the females.

3) The new smooth allele

In an experiment on transposable element-induced response to artificial selection in
Drosophila melanogaster (Mackay 1985), a mutation was identified in low selection
lines which was responsible for an extreme bristle phenotype, causing an almost

complete lack of abdominal bristles in some flies.

This mutation was subsequently shown to be caused by a full-length P element
insertion at cytological location 56E on the second chromosome (IIR). Genetic
mapping experiments were carried out (A. Robertson, unpublished results) and
since the mutant allele failed to complement smooth which provided to be a suit-

able candidate at 2-91.5 according to Lindsley and Grell (1968), it was clear that
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another allele of the smooth gene was discovered. It is being referred to as sm® or

smP. A null mutant was not obtained.
Phenotype of sm®:
e abdominal bristles almost completely absent
e allele is largely recessive

e homozygous sterile

poor viability

Other features and pleiotropic effects observed at varying degrees are: acros-
tichal hairs lost, microchaetae from around the eye lost, aristae reduced and
macrochaetae (including scutellars) weak and thinned, but the sternopleural bris-

tles remained unaffected.

Description of the photograph of the abdomens

On the photograph (figure 1) three different Drosophila abdomens (a, b, c) are
depicted, where a) shows the abdomen of a wild-type (Samarkand) female. The
little rectangular plates along the midline of the ventral abdominal surface, the
sternites, are clearly visible, in particular sternites three, four, five and six. The

second sternite is partially covered by legs on that picture and the last sternite

(number seven) is slightly out of focus.

Figure 1b) shows the abdomen of a female fly homozygous for the second smooth
allele sm?/sm? derived from the Canberra population. As in a), the clearly visible
sternites are number three, four, five and six, with the second sternite again being
covered by the fly’s legs and the seventh sternite is difficult to identify due to the
lack of contrast. Compared to the wild-type abdomen, it shows that the number
of bristles is largely reduced and the bristles are shorter. In particular the third

and fourth sternite show a notable absence of large chaetes.

The third part of figurel, 1c), shows the abdomen of a male Drosophila homozygous
for the third smooth allele, sm3/sm3. Apart from a few black stubs, the shortened
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bristle remains, no real indication of the sternites is apparent. A complete null
mutant, an abdomen without any bristles, has not been observed. The phenotype
described for figure 1c) of the photograph can be obtained, either when Cy/sm
(where the sm mutation is the original Bridges and Brehme (1944) mutation) flies
are crossed to Cy/sm? flies, or when Cy/sm® are crossed to Cy/sm3. Nevertheless,

progeny with this phenotype are rarely obtained, since these smooth alleles are

lethal to semi-lethal.

As already mentioned above, a cross between Cy/sm and Cy/sm only resulted in
lethals, since the Cy/sm pz stock now carries a lethal. But according to Lindsley
and Grell (1968), the description of the abdominal phenotype seems to closely
resemble that of photograph 1c).

When homozygous sm?/sm? flies are crossed to either of Cy/sm or Cy/sm?, the

non-curly flies survive and show sm?-like phenotype, but never a phenotype as

described for 1c¢).
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Photograph: The ventral view of the abdomens of three different adult flies.

For detailed description see text above.
a) wild-type (Samarkand) female
b) sm? /sm? female

c) sm3/sm® male
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Chapter 4

Molecular analysis of the smooth locus

4.1 P element homology mapping

4.1.1 Background

This section summarises work carried out by Dr A. Shrimpton.

In order to facilitate the molecular analysis of the smooth locus, a Drosophila
stock had to be generated which retained as few P elements as possible, apart
from the insertion at 56E (sm®). This was accomplished by taking a suitable
recombinant male from an earlier experiment, Cy/L nwP sm® Put*, which carried
the least P elements (according to in situ results), crossing it to Cy/Pu females
before backcrossing Cy* female progeny to Cy. Individual Cy/L nw® Pu progeny
were crossed to Cy/sm to test whether they still carried sm®. A recombinant stock,
Cy/L nwP sm® Pu, was established, which was subsequently outcrossed with the
M strain Samarkand (Lai and Mackay 1990). The final stock, LP/SAM, contained
three or four P elements in the total genome, but only one on the right of the

second chromosome (56E).

A genomic library was constructed as in Methods, except that instead of using
Sau3Al for the partial digest, Mbol was used (Sau3Al is an isoschizomer of Mbol).
The library was screened using pPiBWC (a gift from K. O’Hare), a plasmid which

contained almost the entire P element, but no flanking sequences.
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By virtue of P element homology, positive lambda clones (16 in total) were isolated,
biotin labelled and used as probes for in situ hybridisations on Samarkand larvae
(which do not contain any P elements). The only clone which hybridised to the
56E site was the subsequently-labelled AG1 clone. Restriction mapping of the A
clone indicated a probable full length insertion of the 2.9 kb P element. AG1 was
subcloned and a number of different genomic libraries were constructed. Genomic
DNA adjacent to the 3’ and 5’ end of the P element insertion site was used to

probe the libraries listed below:

LP/SAM ()G, original library as described above)

SAM ()A, Samarkand, M strain, wild-type)

Harwich (AH, P strain, wild-type)

Cy/sm pz (AX, heterozygous strain from stock centre)

Canton-S (ACS, M strain, wild-type)

Figure 1 depicts the restriction maps of several of the overlapping A clones iso-
lated by A. Shrimpton showing the EcoRI (R), BamHI (B), Xhol (X), Bglll (G),
Hindlll (H), and Sall (S) restriction sites only. A genomic region spanning 50 kb
(illustrated as continuous horizontal line) was covered by the A clones, with 20
kb downstream of the 3’ end of the P element insertion site and a further 30 kb
upstream of the 5’ end of the P element. The coordinate 0 was fixed at the P
element insertion site. The proximal-distal orientation of the restriction map with

respect to the chromosome was not established.
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Figure 1: Lambda maps

Figure 1 shows a horizontal line representing a genomic restriction map covering
approximately 50 kb of the region surrounding the P element insertion (v7). The
coordinates (in kb) are set zero at the point of P element insertion. Six different

restriction sites are indicated as small vertical ticks on the map and labelled by
single capital letters: EcoRI (E), BamHI (B), HindIIl (H), Xhol (X) and Bglll
(G).

Below the genomic map, nine overlapping lambda clones are depicted, covering
the entire length of the genomic map. Genomic libraries from different Drosophila

strains and lines were used to isolate those clones, as indicated in the text (AG

LP/SAM; AA Samarkand; AH Harwich; AX Cy/smpz; ACS Canton-S).
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Subcloning of A clones

A number of EcoRI subclones, ligated into the plasmids pUC8 and pGEM2, wére
prepared by A. Shrimpton. These subclones were predominantly derived from the
following A clones: AG1, AG3, AG5, AA3 and AX6 (see listing above). Many of
these subclones were located upstream of the site of P element insertion, between
position 0 and -10 on figure 1. Initially, the subclones served as probes for ob-
taining further lambda clones and for mapping purposes. The most fx.'equently
used subclones are depicted in figure 8 (p4s, p4r, p4g and p4d). All of these were
derived from the wild-type Samarkand chromosome of AG4. In particular p4dr, p4g
and p4d were subsequently utilised as probes to examine the difference between

the genomic DNA of the smooth alleles and the wild-type.

The start of the next section marks the work of the project I have carried out

myself.

4.1.2 Analysis of the P element insertion site

The initial requirement for this project was the precise localisation of the P element
insertion site in the recombinant lambda clone, AG5. In order to achieve this, the
cloning of two terminal fragments, a 3.3 kb HindIII-Hindlll fragment at the 5’
end and a 4.8 kb EcoRI-Sall fragment at the 3’ end of the P element was carried
out, as shown in figure 2. Subcloning of these clones followed and at the 5’ end
of the P element a 924 bp HindIII-Hincll fragment, including 39 bp of P element
at the HindllI site, was isolated and cloned into pTZ19R (HindIIl/Smal cut). A
685 bp HinclI-Sall fragment containing 497 bp of the 3’ end of the P element was
inserted into pTZ19R.
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Figure 2: AG5 map

AG5 was derived from the LP chromosome containing the P element insertion at
56E IIR. The restriction map of AG5 shows the sites of eight restriction enzymes:
EcoRI (R), BamHI (B), HindlIl (H), Xhol (X), Bglll (G), Sall (S), Pstl (P) and
HincllI (C). The sites in brackets at either end of the A clone are sites present only
in the polylinker of the vector (EMBL4), not in the A clone.

The P element in the centre of the map is depicted as a grey box, with an indication
of the position of its 5’ and 3’ end. The initial large subclones from either end of
the P element are shown: a 3.3 kb HindIII-HindIIl fragment at the 5’ end and a
4.8 kb EcoRI-Sall fragment at the 3’ end.

Both fragments were further subcloned: into a 924 bp HindIII-HincII at the 5’ end
and a 924 bp HinclI-Sall fragment at the 3’ end of the P element. The HindIII-
Hincll fragment contains 39 bp of the 5’ end of the P element and the HinclI-Sall
fragment contains 497 bp from the 3’ end.

Sequencing was carried out from either end of both subclones and the immediate
sequence surrounding the 8 bp repeat on either site of the P element insertion is
shown, with the 8 bp repeat sequence in underlined capital letters, the genomic

sequence in capital letters and the P element sequence in small letters.
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Figure 2 describes the cloning and subcloning of the restriction fragments from
AG5 which include the 5’ and 3’ end of the P element together with the flanking

genomic sequences.

Both subclones were sequenced for at least 250 bp from either end. The sequence
confirmed a duplication of 8 bp of genomic DNA, GAACAACC, the so-called
target sequence, on either site of the P element insert. This 8 bp duplication is
thought to be a remainder of a staggered cut caused during the insertion of the

P element. The 8 bp target sequence obtained matches the consensus sequence,

GGCCAGAC (O’Hare and Rubin 1983), in 4 out of 8 base pairs.

The Hincll fragment, into which the P element had inserted, was subsequently
isolated from p4r (as described above) of AG4, Samarkand wild-type chromosome.
The 1.1 kb Hincll fragment was subcloned into pTZ19R (Smal cut).

The whole Hincll fragment of 1073 bp, fig.3, was sequenced by generating nested
deletions (see Methods). It was suspected to include part of the coding sequences

of the gene, since P elements have a tendency to insert at or near a transcription
start site (Tsubota et al. 1985; Chia et al. 1986; Searles et al. 1986; Kelley et
al.1987; Roiha et al. 1988).

At basepair 879 of the Hincll fragment sequence, a single copy of the 8 bp target

sequence was found. That site corresponds to the P element insertion site in AGS5.

4.1.3 Isolation and characterisation of a cDNA clone

In order to identify potential transcripts of the smooth gene, genonﬁc DNA clones
(previously isolated by A. Shrimpton) situated upstream of the 5’ end of the P
element, pdg and p4d (shown in fig.8 ), were labelled and used to probe Northern
blots. Neither of the clones revealed any hybridisation to the RNA filter (results

not shown).
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Figure 3: Hincll fragment sequence

The complete HincIl fragment sequence of 1073 bp is shown with the 8 bp repeat

sequence, the site of P element insertion, underlined (from 879-886 bp).
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Hinc 11 fragment sequence

caaccttat;atatatata;tattttcgtégtcgcttat;tttcagcta;tgtttctcc;
ctattatat;ttatttgct;cgccattgt;tttaggata;tttatttat;tgagatagt;
tttaaataa;atttaataa;atgttaaat;taaaacata;acatttttt;gacagcaaa;
tttgccctc;caaagcaaa;ttttgacca;agtacgctg;ctctgccgt;gctgccgct;
agggagaaa;acgtatctg;gttttgctt;ggttgcgtt;ggttttcgc;tcagtttcga
ggtttcgag;ttcgagcta;aactttgtg;acggagcaa;ttaaaaata;taaaataag;
aataaaata;taacaggca;aagaaaaga;aagcgacga;aacaacaaa;gctgatgaa;

acgtgegttcegtgtgggtgeccgtgeattctgegtacatatttacaagcattcgtacgett

. - - . . .

aaattaaatactttggcttaattaaatacttccgeggegtegttgttgtagttgttgata
ttttgcctc;tcacgcgtt;tctacqgtt;tcgattgtc;tcgtctcgc;ccctcgtac;
catacgcat;gagttgttg;ttgtttgtt;tttgtgtct;tcctcgcgt;ttgtttgtg;
actgacaaa;taacaacga;ataaaacccéaaagactgc;aataagcat;aataataaa;
aacgagaca;gtgcaaaaa;agcgcagcg;aaaggccaggtaaaa;aaagaaaagctggc

gctaacggtgaaagttgcgattgtgtgtgcaaatgaaaatccagtgtatgegtgtgtgtyg

tgtgcaaggcagaaacagaaaccacatttgttgaataaGAACAACCggaagatttttect
ttgccacccacgaaaattcagcacaaaagggccaggcaaaaaggtagttctegegagage
gggagagagagtgagactgagagaattagagttgcaacactctctectetetettttteg

- . - . .

gacaccttgcaacccttaaagaaatgctctctetgegecgacegttagttggg 1073
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Figure 4: Northern blot

This figure shows the photograph of a Northern blot with the first two lanes (C
and C) being identical and only containing T7 transcripts of the 1073 bp Hincll
fragment which were used as controls. The other two tracks contain approximately
2 pg of larval (L) and pupal (P) poly(A)* RNA from the Samarkand Drosophila

strain.

The blot was initially probed with a 32P radiolabelled Hincll fragment probe and
subsequently reprobed with a 1.8 kb a-tubulin probe.
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Subsequently, the genomic 1.1 kb HinclI fragment described above, which spans
the insertion site of the P element at 56E, was used as a probe for Northern blots.
The blots obtained were positive but ambiguous, with some Northerns showing a
weak hybridisation band of bigger than 1.1 kb (fig. 4) whereas others show up two
very weak transcripts of larger sizes. Despite the ambiguity, the HinclI fragment

was chosen to probe a cDNA library.

An amplified cDNA library prepared from 12-24 hr embryos (Brown and Kafatos
1988) was obtained. In this library, cDNA clones are directionally inserted into a
specially designed plasmid vector. Approximately 120,000 colonies were screened,
using the Hincll fragment as a probe and 10 positives were obtained after the
initial screening. Following repeated plating and purification steps, three positive
cDNA clones were recovered and, since an amplified library had been screened, it
was hardly surprising that all of them were of the same length when compared on

an agarose gel. The cDNA clones were 2.6 kb long.

A previous attempt to isolate a positive cDNA clone had been unsuccessful. A
different aliquot of the same amplified cDNA library was plated and 46,000 colonies
were screened. The screening procedure was identical to the method used for the

second attempt, as mentioned above and outlined in Methods (chapter 2).

As many as 32 positive colonies were observed after the first hybridisation, using
the 1.1 kb Hincll fragment as a probe. All of these colonies were isolated and
replated. Eventually, positive clones were purified and characterisation was carried
out by restriction mapping. The initial restriction digests already indicated a
difference between the anticipated pattern according to the plasmid map of pNB40
(Brown and Kafatos 1988) and the pattern obtained.

To further analyse this discrepancy and possibly confirm a suspicion of contam-
ination, sequencing reactions were carried out. Eventually, the “positive clone”
was identified to be a contaminant, a subclone of the Hincll fragment inserted

into pTZ19R.
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Since the contamination of the cDNA library stock (maintained as an ethanol
suspension) could have taken place during the initial precipitation step of the
original aliquot of the cDNA library, a fresh aliquot of the cDNA library was
obtained to repeat the procedure. A number of precautions were taken in order

to eliminate the chance of any further contamination.

To verify that the cDNA clones from the second screening attempt were derived
from the smooth locus, one of the cDNAs, after having established most of its se-
quence, was biotin labelled and hybridised to polytene chromosomes of Samarkand
larvae. The result of this in situ hybridisation is shown in photographs (fig.5) be-
low, where clear hybridisation bands at the cytological position of 56E (IIR) are
visible. This cDNA therefore derives from the site of insertion of the P element in

the sm® mutation.

Figure 5: Photographs showing in situ hybridisation at two different magnifica-
tions (40x and 100x)

85



Restriction mapping of the cDNA clones with commonly used enzymes that recog-
nise six basepair sequences (i.e. EcoRI, HindlIl, Pstl, Sall etc.) was carried out.
Of these, the only restriction enzyme which cleaved the cDNA clone was Puull,
which cuts twice, producing three fragments, of 2.9 kb, 1.2 kb and 0.9 kb in length.
One Puvull restriction site is present at the 5’ end of the vector sequence at position

76 (fig.6).

The three restriction fragments of the cDNA were subsequently subcloned into
pTZ19R and pTZ18R to facilitate the sequencing. The following restriction frag-

ments were isolated, as indicated in figure 5:

1. subclone 1: the 5’ HindlII-Puull fragment: 532 bp
2. subclone 2: the central small Pvull fragment: 952 bp

3. subclone 3: the 3’ large Puvull fragment: 1271 bp

Fragments 1 and 3 contain 66 bp of 5’ (from the HindIlI site) and 76 bp of 3’ (up

to the Pvull site) vector sequences, respectively.

4.1.4 cDNA sequencing

Sequencing was predominantly performed on either of the two strands, using the
M13 primers (forward and reverse) in pTZ18R and pTZ19R on double-stranded
DNA. Sequences which extended too far away from the M13 primers were accessed
by designing 18-20 bp primers derived from a 3’ end of a newly obtained part of the
cDNA sequence. The range of sequence readable extended routinely upto 250-300
bp in one sequencing run. Everything was sequenced at least three times to ensure
the accuracy of the sequence data. Also, when nucleotide sequences could not be
resolved unambiguously, new primers close to the site in question were applied to

the sequencing reaction.
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Figure 6: cDNA plasmid

Figure 6 shows the map of the plasmid containing the cDNA. It was drawn using
the PLASMIDMAP program of the UWGCG package on the VAX computer. The
site and length of the vector pNB40 (2498 bp) is indicated by a long arrow inside
the circle of the plasmid. Only the FcoRI sites (2), the HindIII site and the Puull
site of the vector are shown. The cDNA (2613 bp) insert is emphasised by a thicker
bar with a criss-cross pattern.

The Pvull subcloning sites of the cDNA are shown with their base pair positions
in brackets. The lines inside the circle of the plasmid labelled 1,2 and 3 covering
the whole length of the cDNA and short sequences at either end of the pNB40
vector are the three subclones:

Subclone 1: HindlII-Puull fragment

Subclone 2: central small Pyull-Pvull fragment

Subclone 3: large Pvull-Puvull fragment.

Subclone 1 contains 66 bp of the 5’ end of the pNB40, starting at the HindlII site
~and subclone 3 includes 76 bp of the 3’ end of the vector, up to the Pvull site.
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All the parts of the sequence were assembled using the University of Wisconsin
GCG programs (Devereux et al. 1984). The complete nucleotide sequence of 2613

bp, including an indication of the primer positions, is shown in the Appendix.

4.2 The organisation of the gene

4.2.1 Exon mapping

Exons were determined by comparison of cDNA and genomic sequences. Initially,
the three above-mentioned cDNA subclones were used as probes, labelled by ran-
dom priming, to hybridise to genomic Southerns of wild-type Samarkand DNA
and furthermore to a number of the A clones which were available for the region
(see fig.1). From the results obtained on the autoradiographs, a complex picture
emerged with a large number of bands hybridising to the two Pvull fragments (2
and 3). The autoradiograph of a genomic Southern (see fig.7) shows the bands
hybridising to the large Pvull fragment (subclone 3).

Isolation of exon 1 and exon2

The first two exons were quickly identified, since they were both found to be
contained in the p4r fragment of AG4 (fig.8). The first exon of 466 bp hybridised
fully to the 532 bp 5’ subclone of the cDNA (subclone 1 which also includes the
66 bp of vector sequence at 5’ end). Subclone 1 of the cDNA was found within
the Hincll fragment, extending from nucleotide 293 to 759 of the total sequence
of 1073 bp (fig.9).

The comparison of the exonl cDNA sequence and the Hincll sequence disclosed

three differences. It has to be mentioned that different Drosophila strains were
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Figure 7: Genomic Southern

Figure 7 shows a photograph of a Southern blot. Approximately 1ug of genomic
Samarkand DNA was digested with the restriction enzyme(s) as indicated above
each of the ten tracks (EcoRI (R), Sall (S), Bglll (G), BamHI (B), Xhol (X), Pstl
(P)). The samples were subsequently loaded on a 0.6% agarose gel. As size mark-
ers, AHindIIIl and APstl digests were loaded on either site of the genomic digests

(only the sizes shown here).

The Southern blot was first hybridised to a radiolabelled 3*P subclone 3 (large
Puull-Pvull fragmeht) probe and subsequently reprobed with a radiolabelled \
probe.
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Figure 8: )AG4 map

AG4 was derived from the Drosophila Samarkand genomic library. The long hori-
zontal line shows the restriction map of AG4 with the following restriction enzymes:
EcoRI (E), BamHI (B), Xhol (X), Hindlll (H), Bglll (G), Sall, Hincll (C) and
Pstl (P) sites. The EcoRI sites indicated in brackets at either end are part of the
EMBIL4 polylinker.

Four EcoRI subclones, here depicted as “probes”, are shown (p4s, p4r, p4g and
p4d) above the AG4 restriction map. '

The 1.8 kb Pstl-Psil fragment and the 1.1 kb Hincll- Hincll fragment shown
below the restriction map as “subclones” were both derived from p4r (see also
fig.9). The smaller of the two clones, the Hincll fragment, was completely se-
quenced (see fig.3), and the PstI-Pstl fragment was partially sequenced starting
from either end.

The Hincll fragment contains exonl and the Pstl-Pstl fragment contains exon 2.

All exon/intron junction sequences, including the splice sites, are shown.

Opposite page 90



Probes :

Subclones :

Sequencing:

Exon/Intron
junctions :

wild-type SAM chromosome : AG4

. p4r . l p4d .
pds . p4g )
1 kb
(R)Y X CH RP P C CCG RC C P RBRH S X SPH(R)
w11 11 @ LEIII [ 1 | | I O | | .|
Exon2 Exon 1
590bp 466bp
P P C C
L=
1.8kb - 1.1kb
~ — r—)H
Intron 2 Exgn 2 Intron1  Exon 1

3.8 3SLs

¥

v .

» qw
.IGGGATCG... ATGGTCGAcgt...2aaTGGACCGG...



Figure 9: p4r including exons 1 and 2

This figure contains a more detailed description of figure 8. It also indicates the site
of P element insertion (which is normally absent from the wild-type Samarkand
chromosome) relative to the position of exon 1 and exon 2. |

The p4r AG4 subclone is shown with the EcoRI (E), Pstl (P), Hincll (C), Byl (G)
restriction sites. The Xhol (X) and the Sall (S) restriction sites are only shown for
the P element. The size of the first exon, first intron and second exon, as well as

the Hincll fragment and the position of exon 1 in the Hincll fragment, is shown.
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used for the cDNA library (an isogenic second chromosome strain carrying the

markers dp cn bw) and the analysis (wild-type Samarkand strain).

First of all, the first nucleotide (G) of the cDNA sequence is not identical to what
would be the first nucleotide (C) at the equivalent site of the Hincll fragment.
There are at least three possible explanations for this: The occurrence of a se-
quencing error can be ruled out immediately, since the sequencing was repeated
several times. The presence of a polymorphism could be a second reason, but
again the chance of the occurrence of a polymorphism at the first position of the
cDNA must be very low. The third reason, and the most likely possibility could
be that the G is an artifact. As explained under section 4.3.1 (“The putative tran-
script”), the 5’ end G residue might have been incorporated during the reverse

transcription reaction, when the cDNA library was made.

A second dissimilarity between the cDNA exonl sequence and the HinclI fragment
sequence is a single nucleotide change. At position 602 of the HincIl fragment is
an A residue and, at the corresponding position 311 of the exon 1, a C residue is

present. This single base pair change is probably a polymorphism.

Thirdly, a polymorphism showing an insertion of two additional A nucleotides was
found in a run of seven A residues between position 735 and 741 of the Hincll
fragment. The equivalent site of the cDNA (444-448) only shows a run at 5 As.

Sequencing error must be ruled out.

As it will be shown later, none of these three differences between the genomic and

the cDNA sequences will affect the size of the transcript.

The intron separating the first exon from the second was 2.45 kb in length. The
second exon, isolated by hybridising subclone 2 (the central Pvull fragment of the
cDNA) to AG4, consisted of 590 bp of nucleotide sequence and was contained in
a 1.8 kb Pstil- Pstl genomic fragment. The 5’ splice site coincides exactly with the
upstream Pstl restriction site. Exon/intron junctions of both exons are shown in

fig.8 and 9.
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Having established the first exon positions, the orientation of the gene with respect
to the genomic map became apparent (since the orientation of the cDNA in the
vector was determined by its design). The gene extended in the same direction as
the P element would be transcribed (5’—3’). This implied that all the A clones 5’
to the first exon were not required in the exon mapping. It gradually emerged, by
probing the 3’ A clones, that none of the other exons was contained within the 50

kb genomic region covered by the A clones isolated earlier by A. Shrimpton.

Due to the way the initial A map (fig.1) was drawn, the 5’3’ direction in all
the following diagrams illustrating the positions of the exons present, proceeds
from right to left. To characterise further the structure of the gene, a different
approach for isolating the exon containing fragments had to be applied: screening

of genomic libraries.

4.2.2 Exons 3-10

A genomic library of Canton-S flies in EMBL4 (as described in Materials) was
prepared and screened with the two Pwvull fragment subclones (2+3). A number
of A clones were isolated with subclone 3. Screening with subclone 2 was more
difficult, since half of the subclone had already been localised within the 1.8 kb
Pstl-Pstl fragment of p4r. Repeatedly, A clones were isolated, which only covered
the AG4 area. Therefore, a new library was obtained, an Oregon-R library in
. GEM-11 (gift of K. Kaiser), and by screening it, all the remaining exon positions

were located.

Exon 3
Screening the Oregon-R library with the complete subclone 2, (the smaller, central

Pvull fragment of the cDNA), a large number of positives was isolated (at least
nine). After further purification, filters were hybridised to the Pstl-Pstl fragment
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Figure 10: ASP14 and ASP17 map

This figure illustrates the restriction maps of two overlapping A clones, A SP14
and ASP17, with the following restriction sites: EcoRI (R), HindIll (H), PstI (P),
Bglll (G) and BamHI (B), where the BamHI and the Xhol sites shown in brackets
are part of the GEM-11 polylinker.

These A clones had been isolated from the Oregon-R library probed with subclone
2 of the cDNA. Both XA clones contain exon 3 which was isolated by subcloning a
1.65 kb Pstl-EcoRI fragment. Sequencing was carried out from the Pstl side only
as indicated by the arrows.

The sequences of the intron 2/exon 3 and exon 3/intron 3 junctions are shown.
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to eliminate all those positives which hybridised to the first 590 bp of the subclone.
Eventually, two A clones, SP14 and SP17, which did not hybridise to the PstI-Pst]

fragment were singled out.

Minilysate DNA of ASP14 and ASP17 was prepared and digested. Hybridisation
of subclone 2 to Southern blots localised the homology to a PstI-EcoRI fragment
of 1.65 kb, as seen in figure 10. Subcloning into pTZ18R/19R was performed and
initial sequencing from either end of the insert revealed 138 bp of sequence located
at the cDNA 3’ Pstl end of the fragment. Intron/exon junctions are depicted in
fig.10.

The A clones were restriction mapped and an overlap with AX6, the most 3’ A
clone of the original set (fig. 1), was established by probing ASP14 and ASP17
with the 2.5 kb BamHI-Xhol (BX) probe derived from the 3’ end of AX6 (fig.11).

Exon 4 and exon 5

Only 728 bp of the 952 bp of the small Pvull cDNA fragment had been mapped
so far, corresponding to 1194 bp of the complete cDNA. A 20 bp primer (646)
was designed which started at position 737 bp of the small Pyull fragment (at
position 1203—1222 bp of the complete cDNA). By the polymerase chain reaction
(PCR), a 250 bp fragment was amplified from subclone 2 with the M13 (annealing
to pTZ18R and 646 as primers, see below). This fragment was random-primer-

labelled and hybridised to the Oregon-R library filter. 100bp
A
forward M13
prumer subclone 2
= 92 e-- --- Pwll fragment =30

ptz18R plasmid pz18R plasmid

Smalsie ; Smalsie —
of | primer " reverse M13
polylinker at 199 646 polylicker at 200 primer
o

PCR product of 292 bp

Figure 12: pTZ18R including subclone 2 insert
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Figure 11: )X6 map

Figure 11 shows the map of AX6 with the following restriction sites: EcoRI (R),
HindIII (H), Sall (S), Xhol (X), Bglll (G) and PstI (P). The EcoRI and the BamHI
sites indicated in brackets are part of the polylinker of the EMBL4 vector.

AX6 does not contain any exon sequences, but overlaps with XG4 at its 5’ end
and ASP14 and ASP17 at its 3’ end. A BamHI-Xhol probe from the 3’ end (as
indicated) was used to establish the overlap with ASP14 and ASP17.
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One very strong positive clone (AA22) was isolated, DNA was prepared and probed
with the 250 bp fragment. The smallest single band to which the probe hybridised
was a 0.75 kb Xhol-EcoRI fragment. This fragment was subcloned by first cloning
the 2.7 kb EcoRI-EcoRI fragment into pTZ18R, as shown in figure 13, and sub-
sequently subcloning the Xhol-EcoRI fragment into pBluescript II (KS-) (Strata-

gene).

The pBluescript II (KS-) plasmid contains a number of primer annealing sites
located either inside or flanking the multiple cloning site. Sequencing of the Xhol-
EcoRI fragment was therefore carried out, using the T3 and the SK primers which
were located at either end of the insert. The 646 primer was also available for

sequencing, since its sequence was present in the EcoRI-Xhol fragment.

A sequence of 317 bp obtained from the FcoRI 5’ end did not overlap with the
cDNA sequence, but sequencing from the 3’ Xhol end and with the 646 primer
revealed two exons separated by a 78 bp intron. Since the 646 primer derived from
the cDNA sequence, started amplifying 8 bp from within the 5’ end of exon 4, the

intron 3/exon 4 junction was not confirmed.

No overlap between AA22 and the ) clones containing adjacent exons, i.e. ASP17

and ARX19 (see fig.14) was established.

Exon 6 and exon 7

Exon 6 and 7 were contained in a Sall- Xhol fragment of AC (fig.14). The AC clone
was isolated from the Canton-S library by probing it with the large Pvull fragment
of the cDNA. The 1.1 kb Sall- HindIII fragment was subcloned into pTZ18R and

pTZ19R and was sequenced using the M13 primer starting from the Sall 5’ end of
exon 6 (182 bp).
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Figure 13: )A22 map

This figure illustrates the restriction map of AA22, containing exons 4 and 5. The
positions of the following restriction sites were established: EcoRI (R), BamHI (B),
Sall (S), Xhol (X) and BgllI (G). The BamHI site and the Sall site surrounded by
brackets are only contained in the polylinker of GEM-11.

A 2.7 kb EcoRI-EcoRI fragment was first cloned and a subclone, the 0.75 kb Xhol-
EcoRI fragment was prepared from it. Sequencing was carried out, as indicated
by the arrows, from either side of the subclone and the intron and exon junction

sequences are shown.
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Figure 14: ARX19/AC map

Figure 14 shows the restriction maps of two lambda clones, ARX19 and AC. The
restriction enzyme sites established are EcoRI (R), HindIIl (H), Sall (S), Bgll
(G), Xhol (X) and PstI (P). The restriction sites at the end of the lambda clones
shown in brackets are part of the lambda vector polylinkers.

AC was derived from a Canton-S library and ARX19 from the Oregon-R library.
The AC fragment was isolated before the ARX19 clone and, in an effort to carry
out a chromosome walk to establish overlaps between the lambda clones, the 5’
RX fragment (as indicated above the ARX19 map clone) of AC was used to probe
the Oregon-R library and isolate ARX19.

A 1.1 kb HindIII-Sall fragment was subcloned from AC and sequenced from either
end. Two exons, exon 6 and 7 were found to be contained in the subclone. Exon

and intron junctions were established as shown in the figure.
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When primer 141 (20 bp long) was used for sequencing on the Sall- HindIII frag-
ment, annealing 20 bp before the start of exon 6, an intron of 155 bp was detected
followed by exon 7. The exon of 93 bp was sequenced, using primer 710 from 1647
to 1665 bp of the cDNA. All intron and exon junctions were established.

ARX19 also contains both exons and was isolated in an effort to find an overlap
to a 5 ) clone. The most 5’ 3.65 kb Xhol-EcoRI (RX) (fig.10) fragment of AC
was used as the probe in the screening. But ARX19 did not provide the desired
overlap with AA22 (fig.13).

Exon 8, 9 and 10

Although the complete exon 8 and parts of exon 9 were contained at the 3’ end
of AC, the Oregon-R library was screened again, using the 0.9 kb PCR product of
pTZ18R plus cDNA insert with the reverse M13 primer and primer 824 (19mer,
from position 1725 to 1743 of cDNA), which had originally been designed for
the cDNA sequencing. Two identical clones, AA and AB, were independently
isolated and minilysate DNA was prepared. Restriction analysis and Southern
blotting indicated that the PCR product was hybridising to a 2.6 kb EcoRI- EcoRI
fragment, which was subsequently subcloned into pTZ18R. When this fragment
was further digested with the restriction enzyme Xhol, producing a 0.95 kb and
1.65 kb fragment, hybridisation with the above mentioned probe was found to
occur to both fragments (fig.15).

The two EcoRI-Xhol fragments were subcloned into pBluescriptIl (KS-) and par-
tially sequenced. For the sequencing of the 1.65 kb EcoRI fragment, the following
primers were utilised: M13, reverse M13, SK, T3, 824 and also 916, which was
derived from the cDNA sequence (20mer, from position 2031 to 2049 of the cDNA).

Sequencing of exon 8 (276 bp) was aided by the 824 primer which also helped in
the identification of the 60 bp intron 8 and 51 bp of the next exon, exon 9. Primer
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Figure 15: AA/B map

This figure illustrates AA /B with the following restriction sites: EcoRI (R), Xhol
(X), HindIIl (H), Sall (S) and PstI (P). The restriction sites in brackets are part
of the polylinker of the lambda vector used. ’

AA/B contains exons 8, 9 and 10 which are all present in a 2.7 kb EcoRI-EcoRI
fragment which was isolated and further subcloned into a 0.95 kb EcoRI-Xhol
fragment and a 1.65 kb Xhol-EcoRI fragment. Sequencing was carried out as
indicated by the arrows and all the exon/intron sequences were established, apart

from the intron9/exonl0 junction (shown by question marks).
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916 was necessary for obtaining the remaining exon 9 sequence of 205 bp in total

and its exon/intron junction (fig.15).

The last exon, exon 10 (404 bp), was contained in the smaller Xhol- EcoRI fragment
(0.95 kb). The intron 9/exon 10 junction was not established, since the cDNA
primer 709 (18mer, position 2240 to 2257) was used in the 5’ to 3’ direction which
started 42 bp into exon 10. The 3’ end of exon 10 was located 94 bp away from
the 3’ end of the Xhol-EcoRI fragment.

Figure 16 shows the summary of the organisation of the gene, including all the A

clones and exons isolated.

4.2.3 Summary of sizes and cDNA positions of exons

exon no. | size of exon in basepairs | cDNA position of exons

exonl 466 1- 466

exon2 590 467-1056
exon3 138 1057-1194
exond 183 | 1195-1377
exond 64 1378-1441
exon6 182 1442-1623
exon? 93 1624-1716
exon8 276 A 1717-1992
exon9 205 1993-2197
exonl0 404 2198-2601

All intron/exon junctions sequenced match the consensus for eukaryotes (Mount

1982). Only for exon 4 and 10 the intron/exon junctions were not established.
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Figure 16: Map of genomic organisation

This figure shows a summary of all the lambda clones isolated and illustrated
in the previous figures. The horizontal line represents approximately 74 kb of
DNA containing the smooth gene. The line is dotted where an overlap between
the lambda clones had not been established, since the precise position of AA22
relative to ASP17 and ARX19 is not known.

EcoRI sites are indicated by ticks above the horizontal line; below it, only those
restriction sites are shown which were used to subclone fragments for sequencing,
since they contained the exons.

The cDNA is illustrated by black boxes, each representing one exon. The exons
are labelled from 1 to 10.

The site of P element insertion into the LP chromosome is indicated by the triangle.
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4.2.4 Northern blots and developmental expression

In order to compare the length of the cDNA obtained by sequencing with the size
of the actual mRNA, Northern blot analysis was carried out (see Methods).

A large fragment of the cDNA was used to probe Northern blots. An internal
primer, 575 (nucleotide residues 396—416 of the cDNA), and forward M13 or
reverse M13 were utilised, depending on whether the cDNA had been inserted into
pTZ18 or 19R, to amplify up a 2226 bp fragment. The PCR product was random-
primer-labelled with 2P and used to hybridise to Northern blots of mRNA from

different developmental stages.

The photograph (fig.17) shows the pattern of expression of transcripts on a North-
ern blot of egg, larval, pupal and adult mRNA of the wild-type Samarkand strain,
probed with the cDNA probe. As an estimate for the amount of mRNA loaded and
in order to obtain a relative size comparison, the filter was subsequently reprobed
with part of the a-tubulin 1 gene (Kalfayan et al. 1982 and Theurkauf et al. 1986),

which produces a 1.8 kb transcript constitutively expressed during development.

Single transcripts can be observed in each lane, apart from the egg lane, which
shows a smear (which might represent transcripts of smaller sizes, but further
evidence is missing). Although the precise size of the hybridisation product was
not established, it was found, as expected, to be larger than the a-tubulin 1
transcript. This result is in good agreement with the size of the cDNA obtained
by sequencing, 2.613 kb, and suggests that the smooth sequence could correspond

to the transcript recovered.

While the amount of mRNA loaded for the egg and larval sample is approximately
equal, the pupal sample by comparison is vastly overloaded, whereas too little adult
mRNA was applied to the gel. A general trend in the pattern of expression of the

smooth gene can be observed.
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Figure 17: Developmental Northern blot

Figure 17 shows the photograph of a developmental Northern blot. The four
tracks contain approximately 10pg of egg (E), larval (L), pupal (P) and adult (A)
poly(A)* RNA isolated from the Drosophila Samarkand strain. The samples were
loaded onto a 1.4% formaldehyde containing agarose gel.

The blot was probed with an almost complete cDNA clone (2226 bp) 2P radiola-
belled probe.

After an exposure of 10 days, the blot was reprobed, without prior removal of the
cDNA label, with a 1.8 kb a-tubulin 32P labelled probe which served as a loading

control.
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Varying levels of transcript are detected. Whereas no transcript of comparable
size to what is seen in the larvae, pupae and adult is present in the egg, i.e. during :
the embryonic stages, low levels of hybridisation are first appearing in the larvae.
An increased level of expression can be observed in the pupae, but the level of
expression is decreased again in the adult. Due to the uneven loading of the gel
shown in figure 17, the level of expression in the adult might be approximately
equivalent to that of the pupal level. Although there is no evidence suggesting that
the smooth locus encodes more than one mRNA, there is still the possibility that
more than one transcript of similar size can be produced. Transcripts of the same
size could come about by alternative splicing and would not be distinguishable on

the gel.

4.3 Analysis of the cDNA clone sequence

4.3.1 The putative transcript

It has not been determined whether the cDNA clone isolated represents the full-
length transcript, including the 5’ and 3’ termini. A primer extension experiment,
which had not been carried out, would be necessary to verify whether the 5’ end

of the cDNA clone was present.

A curious phenomenon, noticed at the 5’ end of the cDNA clone suggests, that this
may indeed be the 5’ terminus. An insertion of a single extra G nucleotide residue
was observed to be present in the cDNA, but was not found in the corresponding
genomic sequences. The addition of an extra G residue has been observed in
several full-length cDNA clones, isolated from the same cDNA library (Brown
and Kafatos 1988) and are thought to be an artifact produced by the reverse
transcriptase attempting to transcribe the mRNA cap (Brown et al. 1989 and
St. Johnston et al. 1991). Although no actual survey has been conducted on the
appearance of the additional G residue, the fact that it has been reported to exist
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at the 5’end of several other loci could suggest that the 5’ end of the cDNA is

complete.

The genomic sequence 294 bp upstream of the cDNA, corresponding to the 5’
end of the HincllI fragment sequence, was examined for consensus sequences for
the initiation of transcription, i.e. TATA and CAAT boxes. Neither a TATA box
at the appropriate region of about 30 nucleotides upstream of the 5’ end of the
cDNA clone, nor a CAAT box 80 nucleotides upstream was found. The only
TATA sequences present were located between nucleotides 9 to 22 (three copies)
and 64 to 69 of the Hincll fragment. No CAAT box sequence was detected at all.
The conclusion can be drawn that either the 5’ end of the cDNA is not complete,
because at least a TATA and CAAT box is expected, or we are dealing with a
different kind of promoter, which does not contain any of these common signals

for RNA polymerase II recognition.

Drosophila homeotic genes like Ultrabithoraz, engrailed and Antennapedia are ex-
amples of genes which do not have the obvious control elements. Transcription in
these genes might be controlled by sequences immediately surrounding the tran-
scription start site (Smale and Baltimore 1989). Further investigation would be
necessary and hence, the sequences which are involved in the initiation of tran-

scription of the gene remain presently unknown.

The 3’ end of the cDNA consists of 12 A nucleotide residues, which should normally
correspond to the polyadenylation site. But these 12 A residues do not necessarily
represent the poly A-tail. The cDNA library was constructed (Brown et al. 1988),
using 12 A nucleotides as a first strand primer during the directional cloning
process and these were therefore incorporated into the plasmid vector. This has
the disadvantage, as pointed out in Yang et al. (1991) and St Johnston et al.
(1991), that truncated 3’ ends of cDNAs can be produced, if there is a natural run
of A’s internal to the cDNA.

When the 3’ end of exon 10 was examined at the junction with the genomic DNA,
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an A rich region was discovered. But since this is the only cDNA isolated for the

gene, it is not known whether the 3’ end is complete or not.

One feature suggesting that the 3’ end of the transcript is not present, is the fact
that the polyadenylation site is not preceded by a sequence matching the consensus
polyadenylation signal: A A T A A A (Proudfoot and Brownlee 1976). This
sequence is highly conserved and can normally be found in a region 11 to 30
nucleotides upstream of the polyadenylation site. The only sequence similar to
the A,TA; can be detected at nucleotide residue 2556 with AATTAAA. Further
screening of cDNA libraries using the 3’ end of the present cDNA clone as a probe,

would be necessary to confirm the actual 3’ end.

4.3.2 Translation

For the initial analysis of the sequence, the UWGCG FRAMES program (Devereux
et al. 1984) was used. It draws the six reading frames, showing all start and stop
codons of a sequence (see Appendix). Due to the fact that the cDNA library
was constructed using directional cloning, only the first three 5’ to 3’ reading
frames were of relevance. All the bars above the line indicate start codons, i.e.

methionines, and bars below the line correspond to stop codons.

A single long open reading frame is present in the cDNA sequence, bounded by
termination codons at 690 and 2332. This contains a potential initial methionine

at position 907.
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Figure 18: Sketch of one open reading frame showing a number of start and stop

codons
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The consensus translational initiation sequence, C/A A A C/A A U G (Cavener
1987) is in good agreement with the sequence of the predicted start codon at 907:
C A C A A U G. Two in-frame ATGs further downstream (at nucleotides 1045
and 1090, respectively) which could also act as the starting methionines, do not
match the translational consensus start sequence as well. Therefore the ATG at

position 907 is assigned as the initiating methionine.

As the consequence of the start codon being located at position 907, an unusually
long untranslated 5’ leader sequence is predicted, which again suggests that the 5’

terminus of the cDNA clone could be full length.

A long 5’ leader sequence with methionine codons upstream from the actual start
sequence can produce false translation starts and can therefore cause inefficient
translation. Such upstream methionine codons have been proposed as important

"elernents in the translational control of gene expression (Hunt 1985).

Translation would be terminated by the opal stop codon at 2332 (UGA), followed
by a 281 bp 3’ untranslated region.

4.4 The peptide sequence

The sequence of the long open reading frame (ORF), together with that of its
deduced translation product, is shown in the Appendix. The ORF, starting the
translation at nucleotide residue 907 and ending with the termination codon UGA
at 2332, encodes a putative polypeptide of 475 amino acids with a molecular mass
of 51,913 D, as calculated by the UWGCG program PEPTIDESORT (Devereux
et al. 1984). The isoelectric point of the protein was predicted to be 8.74 - a
highly basic protein.

The codon preference data (as calculated by the CODONFREQUENCY and
CODONPREFERENCE programs of UWGCG) obtained for the putative pro-

tein are in good agreement with the data available for Drosophila (M. Ashburner
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1989) in showing a typical Drosophila codon bias throughout the length of the
ORF. The amino acid composition of the protein obtained does not diverge much

from the average in Drosophila, as compiled by M. Ashburner (listed in Smoller et

al. 1990).

Inspecting the primary structure of the polypeptide sequence, there are two no-
table features. The amino terminal of the protein is very glycine (G) and glutamine
(Q) rich. Although the percentage of glycine constitutes 8.2% of the whole pro-
tein and does not diverge much from the average found in Drosophila (7.2%), the

percentage of glycine in the first 60 amino acid residues is increased to 18.3%.

Similarly, the overall percentage of glutamine in the smooth protein of 4.4% rep-
resents an even lower frequency than the average in Drosophila (5.0%). On the
other, hand the glutamine residues make up 13.3% of the first 60 amino acids at

the amino terminus.

The role of thesé relatively high frequencies of glycine and glutamine are not
known, but it has been proposed that regions with a low charge and a small fre-
quency of hydrophobic residues have an effect on the tertiary structure by forming

coils which provide flexibility to the protein (Brendel and Karlin 1989).

The other point of interest is the higher than average frequency of proline residues
and their distribution. Due to the cyclic structure of the proline residue, a large
number of prolines causes an increased number of turns or coils which again affects
tertiary structure of the protein. The average percentage of proline residues in
Drosophila has been calculated as 5.7%, whereas the smooth polypeptide shows
a percentage of 7.6%. Apart from two major gaps between amino acid position
106—157 and 235—324, the proline residues are relatively evenly distributed over
the protein. Although three possible glycosylation sites are present, this does not

necessarily imply that glycosylation occurs at those positions.

In vitro transcription of the cDNA, followed by in vitro translation of the transcrip-

tion product (see Methods), synthesised a protein with a mobility of about 54 kD
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on a SDS-polyacrylamide gel (photograph fig.19). This approximately corresponds
to the molecular weight of 51.9 calculated.

1. 200kD
~974

-

- -30

P e ‘ -215

Figure 19: Photograph of the translation product on a SDS-polyacrylamide gel.
Track 1: Brome Mosaic Virus control RNA. Track 2: translation product of smooth

transcript. Track 3: Molecular weight size markers.
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4.5 Protein homologues

A computer search in the GenEMBL database using the TFASTA program (Pear-
son and Lipman 1988), which searches the database for protein sequences similar to
the one in question, revealed a number of proteins showing a remarkably high level
of sequence homology to the isolated protein. The protein with the highest identity
score listed by the program was encoded by the human mRNA for heterogeneous
nuclear ribonucleoprotein L; then followed by a group of eight pyrimidine tract-
binding (PTB) proteins, including the heterogeneous nuclear ribonucleoprotein I,
which has separately been identified as both a PTB and a hnRNP protein (i.e. the
human hnRNP I is identical in its protein sequence to the human pyrimidine-tract

binding protein isoform four, PTB-4).

The nine top scoring proteins are listed overleaf:
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Protein

% of identity

length of overlap

total length

human heterogeneous nuclear RNP L protein (Pifiol-Roma et al. 1989)
rat pyrimidine binding protein 1 (PYBP 1) (Brunel et al. 1991)

rat pyrimidine binding protein 2 (PYBP 2) (Brunel et al. 1991)

H. sapiens PTB-2 gene (Patton et al. 1991)

H. sapiens PTB-1 gene (Patton et al. 1991)

H. sapiens PTB-4 gene (Patton et al. 1991)

human polypyrimidine tract-binding protein (Gil et al. 1991)

human heterogeneous nuclear RNP I protein (Ghetti et al. 1992)
mouse 25 kDa nuclear protein (PTB) (Bothwell et al. 1991)

59.7 %
30.1 %
271 %
30.3 %
30.4 %
244 %
30.4 %
244 %
29.2 %

119 a.a.
342 a.a.
328 a.a.
356 a.a.
342 a.a.
270 a.a
342 a.a.
270 a.a.
342 a.a.

2033 bp
2723 bp
9208 bp
3188 bp
3131 bp
3209 bp
3090 bp
3319 bp
3083 bp




Pairwise comparisons of the overall similarity of the protein and the cDNA (includ-
ing the ORF only) sequences, using the GAP program of UWGCG, established
the following similarities and identities (listed in the same order as the TFASTA

protein sequence comparison output, apart from the cDNA comparison):

Sequences compared % of similarity | % of identity
smooth protein x hnRNP L protein 64.9 % 441 %
smooth protein x rat PYBP 1 52.9 % 29.1 %
smooth protein x rat PYBP 2! 56.0 % 32.0%
smooth protein x hum PTB-2 protein 53.6 % 30.3 %
smooth protein x hum PTB-1 protein 52.3 % 29.1 %
smooth protein x hum PTB-4 protein 54.8 % 313 %
smooth protein x human PTB protein 52.3 % 29.1 %
smooth protein x hnRNP I protein 54.8 % 31.3%
smooth protein x mouse PTB protein 52.4 % 28.6 %
cDNA smooth seq x cDNA hnRNP L seq 52.2 % 52.2 %

Table 4.2: GAP sequence comparisons of whole length sequences

I'only partial sequence available in database

The GAP program determines percentages of similarity and identity for two
aligned sequences (DNA or peptide sequences). An optimal alignment is achieved
when the number of identical bases or amino acids is the largest and the number

of gaps is the smallest.

For DNA sequence comparisons there is no difference between the similarity and
the identity score, since the four nucleotides are being treated as different entities
and therefore are either identical, or not identical, but never similar. The similarity

score can therefore be ignored.

The matter becomes more complicated with peptide sequences, where up to 22
“different” amino acids have to be compared and aligned. In this case, distinctions
can be made between identical and similar amino acids, where identical means ex-

actly the same amino acid. The degree of similarity on the other hand is based

115



on the evolutionary distance between the two amino acids under comparison. The
GAP program deals with this by using a symbol comparison table which contains
protein weight matrices according to the scheme proposed by Dayhoff et al. (1978).
It assigns appropriate scores to each pair of amino acids, with a fixed score for
identity and a range of scores, dependent on the degree of relatedness to the simi-

lar amino acids. The similarity scores are normally higher than the identity scores.

In the table (4.2) above, the similarity and identity scores are listed. The TFASTA
program only considers a single region of overlap of a sequence producing the
highest percentage of identity (it does not list the similarity score). The GAP
program, on the other hand, compares sequences over their whole length. This
explains the differences in the identity score obtained for the GAP'progra.m and
the TFASTA program. Where, for example, the TFASTA program produced an
identity score of 59.7% between the hnRNP L protein and the smooth protein, the
GAP program showed a reduced identity score of 44.1%. The TFASTA comparison
only considered a sequence of overlap of 119 amino acids, generating the highest
percentage of identity, but ignored the rest of the sequence, which contained other

regions of strong homology.

As a comparison, a database search using the smooth ¢cDNA nucleotide sequence
was carried out using the FASTA program (table 4.3). The heterogeneous nuclear
RNP L protei.n was still detected. It again gave the highest identity, but was
followed by four other DNA sequences which did not produce any similarity over

a great length.

It is notable that none of the other proteins which show similarity to the putative
smooth protein, apart from the hnRNP L, are present in the compiled table of the

most similar DNA sequences.

The table below shows a list of the five highest scoring DNA sequences:
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DNA sequence of the gene % of identity | overlap | length
1 human heterogeneous nuclear RNP L protein 62.7 % 410 bp | 2033 bp
2 Kluyveromyces lactis GAL 11 gene 63.7 % 91 bp | 4159 bp
3 D. discoideum protein kinase gene 56.6 % 258 bp | 2696 bp
4 D. discoideum alpha-mannosidase gene 72.0 % 50 bp | 4615 bp
5 D. discoideum phosphodiesterase gene 63.1 % 84 bp | 6372 bp
References in order 1—5: Pifiol-Roma et al. 1989; Dickson et al. 1991; Buerki et al.

1991; Schatzle et al. 1989; Podgorski et al. 1989.

Table 4.3: Result of FASTA (DNA sequence comparison)

With regard to the high level of similarity between the human hnRNP L protein
and the smooth protein, it is considered that smooth represents the Drosophila

homologue of the human hnRNP L protein.

Comparison between smooth and hnRNP L

Comparison at the DNA level:

To illustrate the large degree of homology between the smooth gene and the hu-
man hnRNP L DNA sequence, the sequences were run through the COMPARE
program and subsequently the DOTPLOT program of UWGCG. Figure 20 shows
a DOTPLOT comparison between the smooth cDNA sequence and the human
hnRNP L protein cDNA sequence.

The significant regions of homology are depicted as short stretches of diagonal
lines between the two coordinates, with the horizontal line representing the cDNA
smooth sequence and the vertical line the cDNA of the hnRNP L protein. A con-
tinuous diagonal line would indicate complete homology between two sequences.

The four major regions of almost identical sequences are the following:
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Figure 20: DOTPLOT of smooth cDNA and the human hnRNP L ¢cDNA

Figure 20 represents a dot matrix comparison (DOTPLOT) between the hnRNP
L DNA sequence, with only the coding sequence (from 29 bp to 1702) depicted
along the horizontal axis, and the smooth DNA sequence, again only containing
the coding sequence (from 907 bp to 2334 bp) along the vertical axis.

The DOTPLOT was produced with the UWGCG package by first of all establish-
ing a comparison table, using the COMPARE program with the window setting
of 21 and a stringency of 14.0.

The regions of highest homology between the two sequences can be seen as short

diagonal lines.
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bp position in smooth sequence | bp position in hnRNP L sequence
1 1151—-1287 516— 651
2 1320—1425 686— 780
3 1679—1768 1132—1220
4 1905—2051 1351—1497

Table 4.4: Four regions of significant homology between the smooth cDNA se-
quence and the hnRNP L protein cDNA sequence

A number of smaller regions of homology can also be detected along that diagonal

line.

Comparison at the protein level:

Carrying out the same analysis for the protein sequence between the putative
smooth protein and hnRNP L protein, an even higher degree of homology can be
observed (fig.21) in the protein DOTPLOT comparison. Starting at the amino
acid position 80 in the smooth protein and 160 of the hnRNP L protein, the
homologous region extends to amino acid position 175 and 254 respectively. After
a small gap, a renewed region of high similarity is produced between 237 of smooth
which corresponds to 347 of the hnRNP L protein. This diagonal line is almost
continuous until amino acid position 300 in the smooth and 410 in the hnRNP
L protein. The last region of homology starts at position 328 in smooth and
435 in the hnRNP L protein and extends with only two brief stretches of weaker
homologies to position 440 and 552, respectively.

A direct protein sequence comparison of the three distinct regions of highest ho-
mology between hnRNP L protein and the smooth protein are depicted at the end
of the next chapter. A complete comparison of the two protein sequences can be

found in the Appendix.

To illustrate internal sequence repeats in the smooth protein itself, a DOTPLOT

in figure 21a shows a smooth versus smooth comparison.
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Figure 21: DOTPLOT of smooth protein and the human hnRNP L protein

Figure 21 shows a DOTPLOT comparison of the complete hnRNP L protein amino
acid sequence on the X-axis and the complete smooth amino acid sequence on the
Y-axis.

The DOTPLOT was produced by using the DOTPLOT program of the UWGCG
package by first establishing a comparison with the COMPARE program using a

window setting of 20 and a stringency of 9.0
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Figure 21a: DOTPLOT of smooth protein versus the smooth protein protein

This figure shows a DOTPLOT comparison of the complete smooth amino acid
sequence on the X-axis versus the same sequence on the Y-axis. The window setting

was 25 and the stringency 9.0 in the COMPARE program.

Some small areas of sequence repeats can be found.
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4.5.1 Homology to pyrimidine binding proteins

The other eight top-scoring proteins apart from the human hnRNP L protein,
which are listed in the TFASTA table (4.1) and compared by the GAP program
(table 4.2), all belong to the same group of pyrimidine binding proteins exhibiting a
remarkable degree of homology. The rat PYBP 2 (polypyrimidine binding protein
2) has only been partially entered into the database (the amino terminus seems
to be missing), but shows complete homology to the rat PYBP 1, apart from an
insertion of 25 amino acids between positions 296 and 297 of PYBP 1.

Different isoforms of the human pyrimidine-tract binding (PTB) proteins are
listed, where the human PTB protein is completely homologous in its protein

sequence to PTB-1 and also the PTB-4 isoform is equivalent to hnRNP 1.

" The human and the murine polypyrimidine-tract binding proteins show an identity
of 97% to each other at the protein level. The same value of 97% applies to the level
of identity found between the rat PYBP 1 and the human polypyrimidine-tract

binding protein.

When this group of pyrimidine binding proteins is compared to the putative
smooth protein, approximately the same extent of identity is found, not unex-
pectedly, over a conserved region for all of them. There is no significant homology

between the pyrimidine binding proteins and the smooth protein at the DNA level.

The GAP comparison over the complete length of the proteins (table 4.2) again
reveals very similar results. The percentage of identity of the pyrimidine binding
proteins and the smooth protein is considerably smaller compared to the values
obtained for the smooth protein and the hnRNP L protein. On the other hand,
the DOTPLOT analysis of the comparison between one of the pyrimidine bind-
ing proteins, the rat PYBP 1 (fig.22), and the smooth protein shows extensive

similarities over large regions nevertheless.



Figure 22: DOTPLOT of smooth protein and the rat polypyrimidine-tract

binding protein

Figure 22 shows a DOTPLOT of the rat polypyrimidine binding protein (PYBP)

1 amino acid sequence along the X-axis and the smooth amino acid sequence along
the Y-axis.
The UWGCG package programs COMPARE and DOTPLOT were used and a

window setting of 20 and a stringency of 9.0 was used for the comparison.
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According to the DOTPLOT output, the first region of similarity starts at amino
acid position 84 of the smooth protein, extending to position 175 which corresponds
to position 182 to 276 of the rat PYBP 1 protein. The continuous stretch of
homology can be found from position 228 to 299 in the smooth protein and 326 to
394 in the PYPB 1. The last major region of similarity is present from position

336 to 390 in the smooth protein and corresponds to amino acid 427 and 482 in

PYPB 1.

Table of the amino acid positions of regions of homology common to the human
hnRNP L and the smooth protein and the rat pyrimidine binding and the smooth

protein:

1 2
hnRNP L protein | smooth protein | rat PYBP 1 | smooth protein

160254 80—175 182—276 84—175
347—410 237—300 326—394 228—299
435—552 328—440 427—482 336—390

Table 4.5: Regions of protein homology as identified by DOTPLOTS

The above table indicates that there are certain conserved regions in the smooth
protein, since the three main areas of homology with the hnRNP L protein and
the PYBP 1 cover approximately the same regions. Due to the high percentage of
homology between PYBP 1 and the PTB proteins, the DOTPLOTS comparing the
human or murine PTB protein with the smooth protein are similar in appearance

(not shown).

The hnRNP L and the pyrimidine binding proteins have been associated with
RNA binding and also specific single-stranded DNA binding, a property which is
common to many of the RNA binding proteins, specifically in the case of the rat
PYBP 1 and 2 proteins (Brunel et al. 1991) and the murine PTB protein (Bothwell
et al. 1991).
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Further discussion of the proteins homologous to smooth and analysis of their

RNA binding domain can be found in the subsequent chapter.
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Chapter 5

Proteins homologous to the smooth

protein in vertebrates

5.1 Homologous proteins

- 5.1.1 Heterogeneous nuclear ribonucleoproteins

The heterogeneous nuclear ribonucleoproteins (hnRNPs) comprise at least 20 ma-
jor polypeptides designated alphabetically from A through to U according to their
molecular weight from 34,000 for Al to 120,000 for U (Pifiol-Roma et al. 1988).
These hnRNP proteins are very abundant and form a complex in the nucleus of
many eukaryotes with the RNA polymerase II transcript (also called pre-mRNA,
nascent RNA transcript or heterogeneous RNA). They are thought to be actively
involved in the post-transcriptional processing of pre-mRNA which includes splic-
ing, storage and transfer, e.g. nucleo-cytoplasmic transport of mRNA (Pifiol-Roma

and Dreyfuss 1991; 1992).

The isolation of the hnRNP complex and single hnRNPs from a nuclear extract
can be carried out in various ways. Originally, the nuclear proteins were isolated
by sucrose gradient sedimentation (Samarina et al. 1968; Pederson 1974). But in
order to ensure the selective isolation of RNA-binding proteins, the ability of RNA
to photo-activate and react with any molecule in close proximity is now utilised

(Dreyfuss et al. 1984a; Choi and Dreyfuss 1984).
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UV cross-linking in intact cells is carried out followed by affinity chromatogra-
phy on oligo(dT) cellulose and RNase treatment. From these isolated complexes
monoclonal antibodies to individual hnRNP proteins are raised (Dreyfuss et al.
1984b). The advantage of having monoclonal antibodies has greatly facilitated
the isolation of hnRNPs due to the application of immunopurification procedures

(Dreyfuss et al. 1988; Pifiol-Roma et al. 1988).

A number of major hnRNPs have been analysed individually e.g. hnRNP A1l (Bu-
voli et al. 1990), C (Pifiol-Roma et al. 1988; Swanson and Dreyfuss 1988a; 1988b),
D (Pifiol-Roma et al. 1988), I (Ghetti et al. 1992), K (Matunis et al. 1992c), L
(Pifiol-Roma et al. 1989) and U (Kiledjian and Dreyfuss 1992) proteins. It has
been established that hnRNPs are capable of binding single-stranded nucleic acids
and showing a high binding affinity for different ribohomopolymers, e.g. U or G.
The binding of RN A has been shown to occur at a special region of 80 to 90 amino
acids, the RNA-binding domain (RBD) (also called RNA recognition motif, RRM).
The RBD contains two highly conserved motifs, the consensus sequences RNP 1
and RNP 2 (CS-RNP 1 and CS-RNP 2, see section on RNA-binding domain), and
has been identified in many RNA-binding proteins, including most of the hnRNPs.

Recently studies have been carried out on interactions of hnRNP complexes as a
whole to pre-mRNA and their role in splicing (Bennett et al. 1992a; 1992b). The
hnRNPs have been shown to be part of the earliest detectable complex, the H
complex, which assembles on pre-mRNA during in vitro splicing reactions. The
formation of the H complex is the first step towards the formation of spliceosomes
which involves the action of other classes of ribonucleoproteins, specifically the
small nuclear ribonucleoproteins (snRNPs) (Guthrie and Patterson 1988). Al-
though the hnRNPs are part of the final spliceosomes, they might not necessarily
function as splicing factors. It has been indicated (Bennett et al. 1992a; 1992b)

that they might facilitate or prevent binding of other factors, e.g. splicing factors.
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Human heterogeneous ribonucleoprotein L

The hnRNP L protein has a predicted molecular mass of 60,187 D and is of neu-
tral pH (Pifiol-Roma et al. 1989). The L protein has only got poorly conserved
CS-RNP 1 and 2 elements and has therefore been referred to as a “novel” heteroge-
neous nuclear RNP protein. Formerly, it was assumed that the L protein contained
only two segments (from amino acid position 63-147 and 155-241) which showed a
weak homology to each other and to other RNA-binding domains (Pifiol-Roma et
al. 1989). But since more information has become available on the secondary and
recently on the tertiary structure of the RNA-binding domain, it was then noted
that a third putative RNA-binding domain was present in the L protein. The
third domain extends from amino acid position 342 to 425 (Kenan et al. 1991).
A fourth region also showing some conservation and similarities to RNA-binding

domains was listed in Ghetti et al. (1992) and extends from amino acid 461 to

549.

The precise function of the L protein has not been established, although it has
been demonstrated that the L protein binds to poly-A-containing RNA in intact
cells (Pifiol-Roma et al. 1989). For the human hnRNP Al, C and D proteins,
putative high affinity binding sites towards the 3’ end of introns on pre-mRNAs
have been detected (Swanson and Dreyfuss 1988b) but, so far, such RNA-binding
specificity has not been established for the hnRNP L protein. It is therefore not
known which and how many of the three (or maybe even four) RNA recognition

motifs (RRMs) are involved in RNA-binding.

Another feature, which sets the human hnRNP L protein apart from the other
hnRNPs discovered, is that a monoclonal antibody to hnRNP L binds to the
giant loops of amphibian lampbrush chromosomes. High concentrations at C-rich
transcripts generated at the giant loop were detected. The L protein was the
first protein found to become selectively distributed over the nascent nonnucleolar

transcripts of lampbrush chromosomes in newts (Pifiol-Roma et al. 1989).
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5.1.2 The pyrimidine tract binding proteins

The group of proteins more closely related to the smooth protein than any other
heterogeneous ribonucleoprotein, apart from the human hnRNP L protein, are the

recently discovered pyrimidine tract binding proteins (PTB).

When searching the database with the rat 1 PYBP, apart from listing the other
PTB proteins and the human hnRNP L protein, two Drosophila proteins are in-
cluded in the list of the 25 best scores. The proteins are the elav proteins of
Drosophila virilis (Yao and White 1991) and Drosophila melanogaster (Robinow
et al. 1988). They exhibit identity scores of 21.6% and 21.0% in overlaps of
278 and 300 amino acids, respectively. The elav protein is a neuronal protein

containing RN A-binding consensus squences.

The PTBs also have only poorly conserved RNP 2 and RNP 1 motifs, as had
already been found for the human hnRNP L protein. On the other hand, the
PTB proteins are still capable of binding RNA and single-stranded DNA, and they
do have certain characteristics contained in their RNA binding domain which are

important for the binding.

The rat 1 polypyrimidine binding protein, 56,936 D protein, was originally dis-
covered as a transcription factor binding to a polypyrimidine tract present in one
of the two strands of DNA regulatory elements, DRI and PRI, of the rat tyro-
sine aminotransferase (TAT) gene enhancer (Brunel et al. 1991). Although PYBP
has been isolated from rat liver nuclei as a DNA binding protein, binding to at
least three regulatory cis-elements of hepatic genes, it contains four repeats of
sequences which exhibit the RNA recognition motifs. This is not an uncommon
phenomenon, since other proteins have been discovered sharing an ability to bind
to single-stranded DNA as well as RNA, hence bélonging to a group of nucleic
acid binding proteins. The biological role of PYPB has not been defined (Brunel
et al. 1991).
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The rat 2 protein, which showed the second highest homology, is not being con-
sidered any further here, since it is only partially available on the database and
seems to be completely homologous to the rat 1 protein apart from a 25 amino

acid gap.

The human homologue to the rat 1 PYBP is the pyrimidine tract-binding protein.
So far, at least four different isoforms have been isolated from HeLa nuclear ex-
tracts. The human PTB proteins were isolated by several groups independently
(Garcia-Blanco et al. 1989; Wang and Pederson 1990; Gil et al. 1991; Patton et
al. 1991; Ghetti et al. 1992).

In an experiment studying proteins involved in binding pre-mRNA, a 62 kD protein
from the HeLa nuclear extract was identified to UV cross-link specifically to the
~ pre-mRNA of Adenovirus (Ad10) (Garcia-Blanco et al. 1989).

Wang and Pederson (1990) detected an approximately 62 kD protein in the HeLa
nuclear extract, capable of cross-linking to a 61 nucleotide RNA fragment which
is present in the first intron of the human S-globin pre-mRNA; The 61 nucleotide

RNA fragment contains a polypyrimidine tract.

A third group (Mullen et al. 1991 and Patton et al. 1991) who were working
on the identification of splicing factors involved in the mutually exclusive exon
selection in rat a-tropomyosin, came across a 57.2 kD protein, which specifically

bound to polypyrimidine tracts of introns.

The purified PTB protein can be resolved as a doublet (and in some cases as a
triplet) of bands, as visualised on SDS-polyacrylamide gels after silver-staining
(Garcia-Blanco 1989, Gil et al. 1991 and Patton et al. 1991). Sequence analysis
of the PBT proteins revealed that the 62 kD and the 57.2 kD proteins are identical
(Gil et al. 1991 and Patton et al. 1991).

Gil et al. (1991) described three isoforms: the prototype PTB (also called PTB-1)
with 531 amino acids and a molecular mass of 57,220 D, PTB-2, which consists of

550 amino acids with an insertion of 57 nucleotides at position 921 of the prototype
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PTB nucleotide sequence (maintaining the reading frame) and PTB-3 which has
only been reported by Gil et al. (1991) and is due to an addition of 77 nucleotides
at position 921 of PTB. The reading frame is shifted, resulting in a truncated 42.8
kD protein.

The PTB-1 protein has been identified as being a subunit of a large complex
necessary for splicing (Patton et al. 1991). The human PTB protein co-purifies
with a 100 kD (now called PTB-associated splicing factor, PSF (Patton et al.
(1993)) and a 33 kD protein, where the 100 kD protein has been found to play
an important role as an essential splicing factor during the splicing process in
association with the PTB protein. The humaﬁ PTB protein has been shown to
bind to pre-mRNAs, specifically to the polypyrimidine tract of introns (Gracia-
Blanco et al. 1989), which are usually located immediately upstream of the 3’

splice junction and downstream of the branch site.

A series of deletions at the 3’ end of the first intron of the AAML (Adenovirus major
late transcription unit) helped to identify a region critical for the binding of PTB
proteins (Garcia-Blanco et al. 1989). Subsequently, in vitro mutation experiments
(Gracia-Blanco et al. 1989) indicated that PTB proteins might be involved in the
early stages of splice recognition, pre-spliceosome assembly and remain associated
to pre-mRNA during the formation of spliceosomes. The human PTB protein is
thought to facilitate or enhance the binding of the U2 snRNP, which is involved in
the recognition of the branchpoint and 3’-splice-site region of the preemRNA. The
experiments revealed that, when the 3’ splice site (AG) was intact and the PTB
protein bound to the polypyrimidine tract, the U2 snRNP complex was formed,
resulting in efficient splicing. On the other hand, when the binding of the PTB
protein was prevented (e.g. due to a deleted polypyrimidine tract in the intron),
formation of the U2 snRNP complex was reduced. The fact that the absence of
PTB protein only reduces the formation of the U2RNP complex indicates that
a number of other factors might be involved in this process. One of these is
the U2 auxiliary factor (U2AF), which was also found to bind specifically the
polypyrimidine tract of introns (Zamore et al. 1992).
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The murine homologue of the human PTB was isolated from murine plasmacytoma
nuclear extracts (Bothwell et al. 1991), as part of a complex consisting of three
nucleic acid binding proteins (100 kD, 35 kD and 25 kD). The 25 kD protein
has been identified to be a proteolytic product derived from the 56,782 D murine
PTB protein. The 25 kD protein contains an RNA-binding domain which has
been shown as being sufficient for protein binding.. The murine PTB protein was
originally isolated as a DNA binding protein showing specific binding to single
stranded nucleic acid (Ballard et al. 1988).

5.1.3 hnRNP I protein and the human PTB protein

Very recently, the DNA and polypeptide sequence of the human heterogeneous
nuclear RNP I protein was established (Ghetti et al. 1992). The most surprising
discovery of the predicted 557 amino acid protein with a molecular mass of 59,632
D and a pl of 9.86, is that it represents another isoform of the human PTB protein.
hnRNP I is almost completely identical to the PTB-4 protein (Patton et al. 1992),

apart from a 7 amino acid insertion at position 298 of the protein sequence.

The DNA sequences of hnRNP I and PTB-4 are not entirely identical. First of
all, they differ in length, mainly due to the fact that the hnRNP I DNA has a
longer leader sequence. When the sequences are aligned, 16 gaps are found in the
3’ untranslated region and three third base polymorphisms in the coding sequence.

These polymorphisms do not make any difference to the translation product.

Since the hnRNP I and PBT proteins are identical, the characteristics and the
function of the proteins must also be the same, i.e. hnRNP I will specifically
recognise polypyrimidine tracts and therefore be involved in the 3’ splice site se-

lection.

The hnRNP L protein exhibits a significant homology to the hanRNP I protein.
The GAP analysis using UWGCG produced a 28.3% identity score and a 53.8%
similarity. A DOTPLOT analysis showed that there are four regions of specific
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similarity between the two proteins, suggesting that these regions of approximately

80 amino acids represent the RNA binding domain.

Likewise, the putative smooth protein is related in a similar way to the hnRNP 1
protein as the hnRNP L protein is. The GAP comparison even shows a slightly
stronger homology to hnRNP I, with 31.3% identity (compared to 28.3% between
hnRNP I and L) and 54.6% of similarity (compared to 53.8% between hnRNP I
and L). Although four regions of similarity have been described between hnRNP L
and hnRNP I (Ghetti et al. 1992), homology between the smooth and the hnRNP
I protein is largely confined to three regions (just as was reported for smooth and

the hnRNP L protein and smooth and the rat 1 PYBP earlier, see table 2.5).

Ghetti et al. (1992) also made some interesting observation regarding the staining
pattern of anti hnRNP I antibody. They noticed that the staining pattern of the
anti I monoclonal antibody differed from that found for other hnRNPs. Apart
from a high concentration of staining in the nucleoplasm, the antibody was also
found to stain the perinucleolar structure. The cytoplasmic staining with hnRNP
I antibody was also higher compared to that of other hnRNPs, which hardly stain

the cytoplasm at all.
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5.2 The RNA-binding domain
5.2.1 Description of RNA-binding domains

The amino acid sequence of the putative smooth protein has revealed three dis-
tinct regions of homology to the polypyrimidine binding proteins (rat, murine and
human) and an even higher overall degree of homology to the hnRNP L protein,

but also including three major regions.

These regions of homology bear a distant relationship to the RNA-binding domains
(RBD) which have been discovered in species as diverse as E.coli and Homo sapi-
ens, including Saccharomyces cerevisiae, Zea mays and Drosophila melanogaster.
The 80-90 amino acid long sequences, also called RNA recognition motifs (RRM),
consist largely of aromatic and hydrophobic residues, were first discovered in the
yeast poly-A-binding protein (PABP) which contains four copies of such a domain
(Adam et ol. 1986 and Sachs et al. 1986).

Although the overall sequence similarity varies at the protein level immensely, be-
ing only loosely conserved amongst the different nuclear, cytoplasmic and organel-
lar RNA-binding proteins, two RNP consensus sequences (RNP-CS) separated
by approximately 30 amino acids are highly conserved. And although there are
approximately 21 “conserved” amino acids (conserved in the sense of conserved
amino acid type, i.e. aromatic, aliphatic and basic) spread over the extend of the
RBD domain, the most conserved oligopeptide regions are the RNP-1 and RNP-2.
The RNP-1 is an octamer with the consensus (R/K)GF(G/A)FVX(F/Y) lo-
cated more 3’ in the RNA-binding domain than the later discovered and less well

conserved hexamer RNP-2 consensus sequence, LF(V/Y)GNL (fig.23a).

Many of these proteins with RRMs have been shown to bind single-stranded nucleic
acids to differing extends. The type of functions these proteins carry out can be

divided into two groups: first of all proteins with basic housekeeping functions,
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Figure 23a: Diagram of RNA-binding domain

This figure shows a diagram of a RNA-binding domain. It normally consists of
80-90 amino acids. The RNP 1 and RNP 2 consensus sequences are shown. The
most conserved amino acids outside the consensus sequence have been included.
The position of the secondary structure pattern, the « helices and the 8 sheets

have been indicated.
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e.g. snRNPs and hnRNPs and secondly, proteins with developmentally important

roles: Sxl, tra-2, elav and MA 16 in maize.

Alignment of RN A-binding domains

Figure 23b illustrates the alignments of the conserved RNA-binding domains of a
number of human ($) and Drosophila (#) proteins based on the structure of the
human Ul small nuclear ribonucleoprotein A (alignment carried out as in Kenan

et al. 1991).

Two RNA-binding domains have been identified in the 282 amino acid long se-
quence (Sillekens et al. 1987) of the snRNP Ul A, one of which is located at the
amino-terminal end (domain 1 amino acid position 11—91) and the other at the
carboxy-terminal end(domain 2 210—282). The structure of the RNA-binding do-
main 1 of the Ul small nuclear ribonucleoprotein A (snRNP Ul A) has been under
intense investigation and analysis of the crystal structure by X-ray crystallography
(Nagai et al. 1990 and Jessen et al. 1991) as well as analysis of the global folding
by NMR spectroscopy (Hoffman et al. 1991) has been carried out.

So far, only the first domain has been shown to bind to RNA, specifically to
stemloop II of snRNA Ul (Scherly et al. 1989 and 1990; Jessen et al. 1991). The
second domain (not included in fig. 23b) does not contain a well conserved RNP-1
consensus and it has been proposed that domain 2 might fulfil a role in binding

proteins involved in the splicing complex, but whether this is indeed the case is

not known (Scherly et al. 1989).

The figure has been divided up into two sections, with A representing RNA-binding
domains with well conserved RNP-1 and RNP-2 consensus sequences and B listing
RNA-binding domains of proteins without conserved RNP-1 and RNP-2 consensus

sequences.

Other human proteins, apart from snRNP U1A, listed in section A which have well

conserved RNP-1 and RNP-2 consensus sequences are the heterogeneous nuclear
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ribonucleoproteins Al and Cl. Al has two domains (Cobianchi et al. 1986 and
Kumar et al. 1986) and C1 contains one domain (Swanson et al. 1987). A summary

about the hnRNPs is given below.

The Drosophila RNA-binding proteins listed in section A are Hrb98DE and Hrb-
87F which are homologous to the human hnRNP proteins with Hrb98DE (Haynes
et al. 1987 and 1990) being homologous to human hnRNP Al protein and Hrb87F
related to the human A and B hnRNP protein group (Haynes et al. 1991).

The proteins Sx11, Sx12 (Sex-lethal) and tra-2 (transformer-2) are Drosophila pro-
teins with an important role in the sex-determination pathway hierarchy, which
is regulated by alternative pre-mRNA processing. The RNA-binding domains of
Sex-lethal (Bell et al. 1988 and Inoue et al. 1990) regulate the choice between two
alternative 3’ splice sites in transformer (tra) pre-mRNA by binding to a U-rich
region upstream of exon 2 and therefore preventing it from being spliced. Tra-2
(Amrein et al. 1988 and Goraslki et al. 1989) on the other hand is a positive
regulator of sex-specific splicing and polyadenylation (Hedley and Maniatis 1991)
and regulates the expression of dsz (doublesez). The binding site for tra-2 in this
case is a region containing six copies of a 13 nucleotide repeat found within the

female specific exon of dsz.

The Drosophila elav protein (elav=embryonic lethal, abnormal visual system;
Robinow et al. 1988) functions in the maturations of neurons for the develop-
ment of the visual system. It contains three RNA-binding domains whose binding

sites are unknown.
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Figure 23b: Alignment of RNA-binding domains
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Section B contains alignments of proteins showing Aonly a limited homology to the
RNP consensus sequenées, but which nevertheless are involved in RNA-binding
and have been isolated as nucleic acid binding proteins, binding RNA and single-
stranded DNA. For the PTB-4/hnRNP I and the hnRNP L protein, four sequence

segments have been aligned and for the smooth protein three.

Not all of these segments are necessarily involved in RNA-binding, as is the case
for snRNP Ul A protein, where only one of the two RBDs has a function in RNA-
binding. On the other hand, the mammalian splicing factor U2AF (U2 auxiliary
factor) contains three RBDs, all of which exhibit a strong RNA binding affinity
and play an important role in the RNA-binding (Zamore et al. 1992).

As noted before for other RNA-binding proteins with more than one putative
RNA-binding domain, domain 1 of PBT-4/hnRNP Iis more homologous to domain
~1-of hnRNP L than to its other three domains. The same applies for hnRNP L
and also for the smooth protein, where the first domain is more homologous to

domains 2 of PBT-4 and hnRNP L than to domains 2 and 3 of the smooth protein.

5.2.2 Features and structure of RNA-binding domain

Due to crystallography and NMR studies carried out on snRNP Ul A protein and
with more information recently emerging on the global folding pattern of hnRNP
C1 also examined by NMR (Wittekind et al. 1992 and Gérlach et al. 1992), amino
acid residues which are important for structure have been identified, as opposed

to other residues important for function.

As indicated in figure 23b, the secondary structure has been identified, showing a
Bapf — Baf pattern with four antiparallel B-strands and two a helices, whereby
the RNP 1 and RNP 2 lie side by side in the middle of two 3-sheet strands (3 1
+ B 2) (Nagai et al. 1990).

It had been observed that the RBDs are rich in hydrophobic and aromatic residues.

Certain hydrophobic residues have now been assigned to contribute to the struc-
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ture of the protein, forming a hydrophobic core (marked by asterisks in fig. 23b),

whereas some of the aromatic residues have a function in the RNA-binding.

According to Nagai et al. (1990) and Hoffman et al. (1991), the hydrophobic core
of the RBD domain of snRNP Ul A protein consists of Ile 12, Ile 14, Ile 40, Ala
55, Val 57, Phe 59, Met 82 on the 8 strands, Leu 26, Leu 30, Phe 34 on a-1 and
Ala 65, Ala 68 and Met 70 on «-2.

These hydrophobic amino acids are not only preserved at the above mentioned
positions in snRNP Ul A and in section A, but also in section B, allowing hy-

drophobic amino acids to be replaced by other hydrophobic amino acids.

In the following, the hydrophobic positions of snRNP Ul A and section A in
general are compared with amino acid residues in the corresponding positions of

section B.

The two Ilé .12. and 14 of snRNP Ul A are all occupied by hydrophobic residues
at the equivalent positions of section B. Although four Phe residues are present in

section B at these positions two each in hnRNP L and smooth.

The next marked hydrophobic position 26, a Leu, in snRNP Ul A does correspond
to position 27 according to the Ul A alignment for all the other proteins of section

A and B. The Leu is prevalent in the majority of cases, but is occasionally replaced

by Ile and Val, with the exception of a Lys in PBT-4.

At position 30, with the Leu in Ul A, a range of hydrophobic residues can be
found in section B, including three Leu, five Ile, one Val, one Ala and one Phe. In
section A, three His can be found at that position, one of which is in hnRNP Al
1 and the other two in Hrb98 1 and Hrb87 1.

Again position 34 is aromatic with two exceptions, which are still hydrophobic, in
section A and five exceptions in B, two of which are not hydrophobic (a His and

a Lys).

The corresponding position to amino acid residue 40 again shows a variety of

hydrophobic amino acids, whereby section A has one Lys and one Ser as a re-
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placement, there is also a Ser and a Thr to be found in section B. Two aromatic

hydrophobic residues are present, one in PBT-4 and the other in hanRNP L 1.

Position 65 contains an Ala in most cases, which holds for section A and B. If no
Ala is present, it is either replaced by a Val (in two sequences of section B and four
in section A) or by an Ile (two cases in A). Only Szlf has a Ser in that position.
Again, position 68 is very well preserved as an Ala with only two replacements by
a Val and Ile for section A and three replacements by a Met, a Thr and a Cys in
section B. In snRNP U1A, Ala 68 has been shown to be completely buried by the

hydrophobic core and is close to two aromatic rings.

The hydrophobic position next to 68 shows mainly hydrophobic residues, with two

Gln and one Lys in section A and two Lys and one Arg in section B.

The last two hydrophobic core positions identified in Hoffman et al. (1991) and lo-
cated on 3 strand 4, are the Met 82 and the Ile 84. Section B has only hydrophobic
residues in postion 82, two of which are aromatic residues, whereas three prolines
are present in that position in section A. Again, position 84 is very well preserved
in section B, with the same two aromatic residues present in the corresponding
sequences and section B shows three Arg and two Lys with the remaining residues

being hydrophobic, one of which aromatic.

The above has shown that the hydrophobic residues, which were found to have
structural importance, are very much conserved even amongst the “nonconsensus”

RNA-binding domains.

142



5.2.3 Comparison of smooth and hnRNP L proteins with

regard to the binding domains

The smooth protein and the human hnRNP L protein have got several features in
common. The amino termini of both proteins are glycine rich. In the hnRNP L
protein, almost 50% of the first 60 amino acids are glycines (60 out of 29). The
more than average number of glutamines present at the amino terminus of the

smooth protein is not found in the hnRNP L protein.

Another amino acid which is also present at a high frequency almost through-
out both proteins is proline, which might be of structural importance conferring

flexibility to the proteins.

With a protein sequence of 558 amino acids, a molecular weight of 60.2 and a
neutral isoelectric point, the human hnRNP L protein is larger than the smooth
protein which has a peptide sequence of 475 amino acids, a molecular weight of

51.9 and an isoelectric point of 8.74.

Sequence comparisons over the whole length of the proteins (see Appendix) re-
veal three highly conserved regions. These three regions of striking homology are
thought to exhibit some functional I?roperties, a possible involvement in the RNA-
binding, explaining such great degree of conservation between the invertebrate and

the vertebrate protein.

All three regions of the protein alignments listed belovwf (see figure 24) contain
either partial or almost complete homologies to the RNA recognition motifs. As
suggested by Kenan et al. (1991), the hnRNP L protein may contain at least three
regions homologous to this motif (if ‘not even four, Ghetti et al. 1992). In figure
23b, the four RRM repeats for the hnRNP L protein were listed.

When the first RNA-binding domain of the hnRNP L protein (63-147) is compared
to different sections of the smooth protein, a significant amount of similarity can
be obtained between amino acids 63-147 of hnRNP L and each of the three regions

of putative RNA-binding domains of smooth. Nevertheless, a direct comparison
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of the two whole length peptide sequences using the GAP program aligns the
second putative RNA-binding domain with the first RBD of the smooth protein
(see Appendix).

The first and the longest region of extensive overlap between the two peptide
sequences covering 93 amino acids (including one gap in the hnRNP L protein),

also shows the highest percentage of identity and similarity.

As proposed by Kenan et al. (1991), the second RNA-binding domain of hnRNP L
would start at amino acid 155 and continue up to amino acid 241. The equivalent

regions for the smooth protein would contain amino acids 74 to 178.

The region of homology does not include the first ten amino acids of each protein,
which according to the snRNP U1A protein alignment (Kenan et al. 1991), would
be part of the RNA-binding domain. At the other end, the regions of overlap
extend for a further 14 amino acid residues (for the hnRNP L protein) and 15 for

the smooth protein.

The second region of homology covers a length of 75 amino acids. Again, this
region is part of what could be considered a RNA-binding protein. Both proteins
are being matched starting at the equivalent position of amino acid ten of the

snRNP UlA RNA-binding domain.

The third region of homology, comprising 69 amino acids, shows least homology
to the RNA-binding domian. A putative hnRNP L RNA-binding domain would
extend from approximately position 461 to 552 and the aligned smooth protein
from 353 to 443. The actual region of homology starts 12 amino acids before that
and ends 35 amino acids before the end of the putative RNA-binding domain.

As already mentioned in the previous section, the hnRNP L protein and also the
smooth protein only contain very loosely conserved RNP consensus sequences (if
at all). The amino acids which are specifically conserved in the RNA-binding
domains of other RNA-binding proteins, RNP 1 and RNP 2, consisting mainly of

aromatic amino acids and amino acids with basic side chains, are absent from both
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the hnRNP L and the smooth protein (for example, a Tyr or Phe at residue 13
of RNP 2, in RNP 1 a well conserved Arg at position 52, a Tyr or Phe at 54 and
a Phe at 56 (all numberings are based on the snRNP UlA RNA-binding domain,
Kenan et al. 1991 and also used in figure 23b)) .

Therefore the “RNA-binding domains” of the smooth protein and the hnRNP L
protein are rather unusual. But this does not necessarily impair the function of
either of the proteins as RNA-binding proteins, (which still has to be shown).
Kenan et al. (1991) argued that, since the major hydrophobic amino acids are
maintained in the hnRNP L protein, the folding of the protein would still be
characteristic for an RNA-binding protein, where the hydrophobic amino acids
make up the core of the RNA-binding domain. A good example of RNA-binding
proteins without conserved RNP consensus sequences are the polypyrimidine tract
binding proteins (PTB/hnRNP I proteins). Since the PTB proteins were originally
purified on their property to bind to RNA, they clearly must be RNA-binding

proteins.

Ghetti et al. (1992) suggested that, due to their unusual RNA binding domain,
hnRNP I/PTB and hnRNP L proteins could form a subfamily of RNA-binding
proteins. Although these proteins seem to maintain their 3-dimensional structure
of the RRM, the RNA-binding might proceed somehow differently, either with
their altered RNA-binding domain or with other regions of the protein outside the
RRM.

The other characteristic of this subset of proteins (i.e. the hnRNP I/PTB and the
hnRNP L protein) is their antibody staining pattern, which is different to that
observed with the other hnRNP proteins.

One final point of interest worth mentioning with regard to the putative RNA-
binding domains in the smooth and the hnRNP L protein is that each RNA-
binding domain of the smooth protein is more closely related at the level of protein
homology to its hnRNP L protein RNA-binding domain counterpart than the other
two putative RRMs of smooth itself. The same applies for the hnRNP L protein
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(see Appendix for the comparisons). A similar situation has been reported for

other human and Drosophila proteins which contain more than one RRM.
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Figure 24: Three regions of high homology between the hnRNP L protein and

the smooth protein



Regions of homology between hnRNP L protein and the smooth protein
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3) hnRNP L protein X smooth protein
Percent Similarity: 75.000 Percent Identity: 54.412
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bz Ll
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Chapter 6

DISCUSSION

6.0.4 Summary of the original experiment

The primary aim of the original experiment by Mackay (1984; 1985) was to test
" whether transposable P element mutagenesis can cause a response in quantitative
traits. The discovery of an allele of major effect led to the isolation of a Drosophila
gene. This gene was considered of special interest due to the particular way the
mutation had been obtained, i.e. during a selection experiment for a quantitative
character. Since matters concerning the nature of genes influencing quantitative
characters are poorly understood, characterising this gene of major effect was
thought to provide some insight into the question of what kind or type of gene

might be expected from a so called “quantitative trait gene”.

The mutation isolated exhibited an almost complete absence of abdominal bristles
and was associated with a deleterious fitness effect. By virtue of its origin in a

dysgenic cross it was believed to have been caused by the insertion of a P element.

Initial mapping experiments located the position of the mutation to approximately
2-80. Subsequent consultation of Lindsley and Grell (1968) revealed that at po-
sition 91.5 on the second chromosome a mutation called smooth, which closely
resembled the new mutant phenotype, had previously been discovered by Bridges
and Brehme (1944). A complementation test confirmed that a new smooth allele
had been found.
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Cytological mapping of P elements in extracted second chromosome lines, together
with complementation tests, were conducted, using the first smooth allele (Bridges
and Brehme 1944) in order to score the phenotype of each line. This led to the
association of the mutation with one particular P element insertion site, at 56E
ITR. Therefore it was believed that the P element had disrupted the smooth gene

on insertion.

In this thesis I have dealt predominantly with the molecular analysis of the smooth
locus and described the discovery of a previously unknown Drosophila protein
coding sequence. The smooth gene was found to encode a protein homologous
to the human heterogeneous nuclear ribonucleoprotein L protein (haRNP L), an

unusual member of a group of RNA-binding proteins.

Evidence for the P element insertion into the smooth gene

The isolation of the abdominal bristle allele of major effect, its mapping and the
location of the P element was described earlier (see Introduction and chapters 2
and 4). It had been assumed that the new mutant allele had been caused by the
insertion of a P element in a site on the second chromosome which had previously
been unoccupied by a P element. The possibility of the presence of a second
chromosome carrying a P element at 56E in the original P strain (Harwich), at the
start of the experiment, can not completely be ruled out. A chromosome carrying
a P element insertion at 56E might have been segregating at a low frequency. But
by this stage it has become impossible to deduce whether this had actually been
the case. 25 to 30 generations after the second chromosome extraction a small

number of P elements at 56E IIR existed in the population.

Reversion experiments resulting in the precise excision of the P element at 56E IIR
in at least two cases caused the complete reversion to the wild-type phenotype (A.
E. Shrimpton unpublished data). The absence of P elements at the position of 56E
after the reversion, as determined by cytological in vitro hybridisation mapping,

supported the hypothesis of having located the precise position of the P element.
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The reversion experiment did not generate any new alleles by imprecise P element

excision (A. E. Shrimpton personal commuhication).

In order to confirm the precise position of the P element by genetic mapping, since
the initial mapping had been rather crude and had only yielded a map position
of 2-80, Shrimpton proceeded to carry out a fine genetic mapping study. He used
multiple flanking markers at loci more closely linked to 2-91.5 than previously
(see chapter 3). By scoring the recombinants for their smooth phenotypes and
establishing the corresponding presence or absence of the P element by in situ
hybridisation, he found that the P element could not be recombined away from
smooth and concluded with 95% confidence that the P element was indeed located

within one map unit of the smooth locus.

Since it had been reported in a number of cases that P elements have a tendency
to insert in close proximity to the 5’ end or upstream of a gene, this possibility
was taken advantage of in this study. Northern blots probed with a fragment
flanking the P element from a wild-type chromosome, subsequently showed that
the P element had indeed inserted into a transcribed region. This was the only
transcript detected within the proximity of the P element insertion site, since
further Northern blot analysis ruled out the presence of a transcript upstream of
the P element insertion, i.e. upstream of the start of the gene as it was established

later.

The isolation of a cDNA clone and the subsequent analysis of the organisation of
the gene followed. In total, the gene was found to span a region of at least 90
kb and included 10 exons. The P element had inserted into the first intron of a
gene. It was found to be located at nucleotide position 544 from the supposed
start of the gene, with the first exon being 466 nucleotides long. The direction of

transcription for the P element and the smooth gene are the same.

Further support for having cloned the actual smooth gene came from preliminary
genomic Southern blots, where digests of the three mutant alleles were compared

to those of the wild-type blots (results not shown). Various probes derived from
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wild-type genomic DNA from regions equivalent to the P element insertion site
and other flanking regions, showed that there were differences in the region of
interest. Both the sm allele and sm? appeared to be different around the area of
P element insertion, showing some sort of rearrangements or insertions. Precise

restriction maps of those two alleles were not established.

Although there is strong evidence indicating that the smooth gene has been cloned,
the fact that the P element is present in the first intron of the gene, causing a

mutant phenotype, is rather unusual.

A P element reversion experiment led to the recovery of the wild-type phenotype.
From this follows that the inserted P element must have caused the mutant phe-
notype observed. Since the P element is inserted 120 bp downstream of the first
exon, the mutation could be brought about by the P element interfering with the

transcription of the gene, preventing, for example, the correct splicing.

On the other hand, it has not been shown whether there are any other transcripts
present in the region immediately downstream, adjacent to the P element insertion
(i.e. in intron 1). A gene overlapping with the putative smooth gene could be

responsible for the phenotype observed.

Further Northern analysis, using genomic sequences downstream of the P element

insertion as probes, would be necessary to clarify this matter.
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6.0.5 smooth
The smooth gene

Molecular analysis of the smooth gene revealed a number of special features. The
most immediate observation is concerned with the length of the gene. The smooth
gene has been found to extend over more than 90 kb of genomic DNA. In contrast,
the average length of a Drosophila gene typically ranges between 3-5 kb. On
the other hand, there are several examples of extremely long and structurally
extremely complex genes. For example, the dunce locus, which codes for the
structural gene cAMP phosphodiesterase, spans a region of at least 150 kb (Qiu
et al. 1991). It includes 13 exons, eight to ten different transcripts between 4.2
and 9.6 kb in length and one intron 79 kB in length. The Antp locus is another
~example of a long gene. It is also a very complex gene with two promoters and
nested transcription units with the longest being 103 kb and the longest intron of
57 kb (Laughon et al. 1986).

As observed in genes like dunce and’ Antennapedia, the introns in the smooth gene
are also of varying sizes, with one of them of only 60 bp and others larger than
20 kb. Two of the introns have not been mapped, due to the lack of overlapping

lambda clones, so the precise length of all introns is not known.

As already pointed out, the smooth gene comprises ten exons, ranging in size from
64 to 590 bp. The first exon is completely noncoding and translation only starts
in the last 149 bp of the second exon, the longest, which extends over 590 bp.

The 5’-noncoding region or leader sequence is thought to have a length of 907
nucleotides. The precise 5’ end of the transcript has not been mapped experimen-
tally, but there is some other evidence that a complete 5’ end of the transcript
has been isolated. This indirect evidence is based on the observation that a large
number of cDNAs isolated from N. Brown’s cDNA libraries show an additional
G residue at the 5’ end. This artifact which is present in the smooth cDNA, is
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thought to arise when the reverse transcriptase is attempting to transcribe the

mRNA cap (see chapter 4).

Interesting observations have been made regarding the 5’ end of Drosophila tran-
scripts in general. While most of the Drosophila genes have leader sequexices
varying between 40 and 80 nucleotides in length, as many as 20% of Drosophila
genes contain 5-noncoding regions (NCRs) of several hundred nucleotides, con-
taining upstream AUGs (Cavener and Ray 1991). This phenomenon has been
shown to be very rare for vertebrate genes where, according to Kozak (1991), only

genes involved in growth control have long leader sequences.

The smooth gene has two translation initiation start sites upstream of the presumed
start site. The two AUG sites could theoretically code for two short open reading

frames of 28 and 11 amino acids.

A ribosome scanning model for the initiation of translation has been proposed by
Kozak (1984; 1989; 1991), which suggests that ribosomes move along the transcript
proceeding from the 5’ end of the gene and initiate transcription as soon as they
would come across the first AUG. In the case of the Antennapedia (Antp) tran-
script, the initiation of transcription of the longer transcription unit only starts at
the sixteenth AUG and the translation start site is located at nucleotide residue

1727 (the shorter transcription unit starts at nucleotide 1512).

The Ultrabithoraz (Ubz) gene (Kornfeld et al. 1989) represents another example of
a gene with a long 5’ untranslated sequence and in some aspects it is structurally
similar to the smooth gene. The NCR of the Ubz gene closely resembles that of the
smooth gene in a number of features: the 5’NCR of Ubz is 965 bp long, the smooth
5’NCR 907 bp, both Ubz and smooth have two non-consensus AUGs contained in
their leader sequence and where Ubz has 47 stop codons in that region, smooth

has 38 stops.

Translation of genes like Antp, Ultrabithoraz and smooth would be very inefficient,

requiring several reinitiations of the ribosome complex. As has been mentioned
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earlier, long untranslated regions which include a number of start codons and stop
codons could act as a kind of translational regulatory mechanism. Recently, some
research has been carried out on trying to find out how efficiently translation could

be initiated in these transcripts containing long NCR.

Because the scanning process would be extremely inefficient in these genes, an
internal ribosome binding mechanism has been proposed (Oh et al. 1992), where
translation is initiated from inside a long 5’NCR. This mechanism was first dis-
covered in viruses (Pelletier and Sonenberg 1988; Jang et al. 1989) and has now
been shown, for the first time, also to function in the translation initiation of the
Antp gene in Drosophila. It has also been reported to be the case in the Ubz gene.
Oh et al. (1992) proposed that many regulatory genes with long 5’NCRs might
start translation by internal ribosome binding and identified a number of devel-
opmentally important Drosophila genes with long leader sequences and multiple

upstream AUGs.

Although little more is known about the regulation of translation of the smooth
gene, the parallels with such developmentally regulated genes are very interesting.
It should be mentioned that the selection of the smooth mutation was on the
basis of an adult phenotype and many Drosophila mutations with adult cuticular
phenotypes map to genes with more pervasive roles, e.g. hairy which has multiple

functions during development (see also below).

The smooth protein

Translation of the smooth gene sequence with the aid of a computer yielded an
amino acid sequence with significant homology to a human protein, which has been
described as a novel heterogeneous nuclear ribonucleoprotein L protein (hnRNP L).
Even though the precise function of the human protein has not been established,
its likely role is as an RNA-binding protein involved in some aspect of pre-mRNA

processing. The human homologue, the hnRNP L protein, was found to have a
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unique distribution on nascent transcript, as indicated by staining of giant loops

of the amphibian lampbrush chromosome (Pifiol-Roma et al. 1989).

Direct comparisons of the protein sequences encoded by smooth and the hnRNP
L led to the identification of three regions of striking homology with 71.7%, 52.7%
and 54.4% identity and 83.7%, 73.0% and 75.0% similarity, respectively (5’ to 3’).
This is a remarkable degree of conservation between the human and the fly protein
in those three regions. The percentage identity over the whole extent of the two
proteins amounts to 44%, with the similarity score of 64.4% when using the GAP
program (see chapter 4). These numbers obtained are similar to the percentage
identity found between the human A-B hnRNP group proteins and the Drosophila
homologues the Hrb98DE and Hrb87F. Haynes et al. (1990; 1991) calculated an
identity score of 54% and 59% between the A-B hnRNP proteins to the Hrb98DE
and Hrb87F proteins. In view of the degree of divergence between the human A-B
hnRNP proteins and the two homologous Drosophila proteins, it is likely that the
smooth protein is the Drosophila the homologue of the human hnRNP L protein.

The homology between the smooth protein and hnRNP L protein extends beyond
the three very homologous regions in as far as that both proteins possess a glycine-
rich amino-terminus. The main difference persisting between the smooth protein
and the hnRNP L protein is that the latter is 83 amino acids longer, corresponding

to approximately the length of one of those homologous regions.

Since there is a higher degree of homology in three particular regions, what sig-
nificance do these regions have and is this high degree of similarity reflecting a
functional similarity between the two proteins? At this stage, only speculations
can be made, emphasising that the similarities are purely based on sequence ho-

mology.

As mentioned earlier, the hnRNP L protein is part of the hnRNP complex and
is regarded as one of the major hnRNP proteins, but considered to be a rather
exceptional member of the group of hnRNPs. Many of the human hnRNP proteins
belong to a family of RNA recognition motif (RRM) containing proteins. This
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particular motif has been found in a large number of evolutionary divergent species
i.e. from vertebrate species to invertebrate species, including Drosophila, yeast
(Adam et al. 1986; Sachs et al. 1986), C. elegans (Iwasaki et al. 1992), brine
shrimp (Thomas et al. 1983) and grasshopper (Ball et al. 1991). A consensus
éequence has been established which contains many hydrophobic and aromatic
amino acid residues at strategic positions and the two RNP elements. This high

degree of amino acid conservation found in many of the domains, suggests an

_RNA-binding function.

When examining the putative RNA-binding domain (RBD) of the hnRNP L pro-
tein, it can be observed that it does not fit the consensus sequence very well; in
particular, the lack of the usually highly conserved RNP elements becomes ap-
parent. The hnRNP L protein has been described as being different with regard
to the RBDs, because it possesses unusual RNA recognition motifs, although it is

still recognisable as such.

Another example of an hnRNP protein containing unusual RRMs is the hnRNP
I/PTB (pyrimidine-tract binding) protein. Both the hnRNP L and the hnRNP
I/PTB proteins have been shown to be capable of binding single-stranded nucleic
acids. While the hnRNP I/PTB protein binds pyrimidine tracts, the hnRNP
L px;otein also seems to have a tendency to preferentially bind C-rich regions of
transcripts. Nevertheless, there is a distinct difference in the RNA-binding domain
between the hnRNP L/hnRNP I/PTB proteins compared to the consensus RBD
in the absence of the otherwise highly conserved RNP-1 and RNP-2 consensus
sequences, which predominantly consist of aromatic amino acid residues and are

thought to be actively involved in the RN A-binding.

How could RNA-binding be achieved by the hanRNP L and haRNP I/PTB pro-
teins? Evidence from the crystal structure (Nagai et al. 1990) and NMR (Jessen
et al. 1991; Hoffman et al. 1992) spectroscopy of RNA-binding domains has
shown that RBDs contain a number of critical hydrophobic and aromatic amino

acid residues at critical positions. In particular, the hydrophobic residues are of
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structural importance for the formation of the core of the domain, whereas the

aromatic residues play a role in the RNA-binding.

Alignments of the putative RNA-binding domains of hnRNP L/ hnRNP I/PTB
proteins and the smooth protein with the general RBD consensus has shown that
these hydrophobic amino acids are notably conserved (chapter 5). It has therefore
been suggested that the hnRNP L and hnRNP I/PTB proteins could be capable
of binding RNA with their lesser conserved RBDs. Their unusual RRMs might
confer different binding specificities compared to those of other RRMs. With
experimental evidence already presented for specific RNA-binding of the hnRNP
I/PTB and hnRNPL proteins, there is a strong argument for the smooth protein
also being capable of binding to RNA in a similar fashion, recognising a specific
RNA or class of RNA molecules. Hence the smooth protein should be included as
a member of the family of RNA-binding proteins.

There is still a possibility that RNA-binding might be mediated by other sequence
motifs present in the hnRNP L and hnRNP I/PTB proteins. It has been observed
that a large number of RRM containing proteins have unique sequences outside
their RRM, many of them abundant in a particular amino acid. Bandzilius et al.
(1989) suggested that these sequences flanking the RRM , the so-called auxiliary
domains, might assist the RNA-binding by affecting the specificity or affinity of
it. These domains could also be involved in protein/protein interactions, since the
latter are also required for the formation of the hnRNP complex. In a number
of proteins, this domain can be recognised by either a high concentration of one
amino acid, e.g. Gly in the carboxy terminus of the human hnRNP Al, a series of
prolines in the yeast PABP (Adam et al. 1986; Sachs et al. 1986) or glutamic and
aspartic acid residues which can be found in hnRNP C (Swanson et al. 1987).

Another group of RNA-binding proteins exist where binding takes place via a
series of alternating serine-arginine (S-R) dipeptide residues, predominantly found
at the carboxy-terminus of proteins. The so-called SR proteins are often found

to possess this SR domain in addition to a RNA-binding domain at the amino-
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terminus and belong to a conserved family of pre-mRNA splicing factors. But in

the hnRNP L and hnRNP I/PTB proteins, a SR dipeptide motif is not present.

Both the hnRNP L and hnRNP I/PTB proteins contain four sequence repeats i.e.
the putative RNA-binding domains (only three in the smooth protein). Whereas
in the hnRNP I /PTB protein there are no specific features found outside the four
RRMs, in both the smooth protein and the hnRNP L protein the amino-termini
are glycine-rich. In the smooth protein, the number of glutamines at the amino

terminus is also higher than throughout the rest of the protein.

It has been suggested that the amino acid glycine can be involved in protein-nucleic
acid or/and protein-protein interactions. In vitro experiments carried out with the
glycine-rich carboxy terminus of the human hnRNP A1l protein, have shown that
this carboxyl end is capable of binding either proteins or nucleic acids (Cobianchi

et al. 1988; Kumar et al. 1990; Nadler et al. 1991).

What implications this could have for the amino terminus of the hnRNP L and/or
the smooth protein, is a question that still needs to be examined and could be

subject to biochemical investigation.
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6.0.6 hnRNPs in Drosophila

Most of the initial work conducted on hnRNP proteins was carried on human
HeLa cells. Very little was known regarding hnRNPs in Drosophile and only in
recent years the analysis of hnRNP complexes and its individual components has

intensified.

A common feature to many hnRNPs is a glycine rich carboxy-terminus (as opposed
to the glycine-rich amino-terminus found in the hnRNP L protein and the smooth
protein). When Haynes et al. (1987) were searching for homologues to glycine-
rich Drosophila sequences, they isolated a protein, p9, which appeared to have an
interesting structure. They found three sequence repeats, each of them displaying
sequence similarities to the RNA recognition motifs of characteristic RNA-binding

proteins. The protein also contained a glycine-rich carboxy-terminal end.

Further analysis of the sequence indicated that p9 was a homologue of the rat
helix destabilising protein (Cobianchi et al. 1986) and also of the human hnRNP
Al protein. p9 was subsequently renamed to Hrb98DE (hnRNA binding protein)
according to its cytological location, i.e. 98DE. Four isoforms of the protein were
isolated (Haynes et al. 1990). Subsequent cross-hybridisation experiments using
parts of the Hrb98DE cDNA as a probe, led to the isolation of a further member of
the A-B hnRNP protein group, Hrb87F (where 87F again refers to the cytological
location on the Drosophila polytene chromosome). Hrb87F contains two RNA-
binding domains and a glycine-rich COOH-terminal region. Hrb98DE and Hrb87F

are 76% identical over 557 nucleotides in their RNA recognition motifs.

Further investigation into the group of hnRNP proteins in Drosophila was carried
out by studying the hnRNP complexes as a whole, attempting to compare the
hnRNP complexes of Drosophila to those of humans. This work was stimulated
by the fact, that among vertebrates, a very high degree of conservation was found
between different species (>90%), e.g. Xenopus and human hnRNP A1l (Haynes
et al. 1991). Is this degree of conservation maintained between vertebrates and

invertebrates?
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When the protein sequences of Drosophila hnRNP Hrb98DE and Hrb87F proteins
were compared to those of their human counterparts, the A-B hnRNP proteins,
an identity score of 54 and 59% was obtained for the Hrb98DE and Hrb87F,
respectively (Haynes et al. 1991). This degree of homology is less than had been

anticipated, taking into account their supposed similarity of function.

Two research groups, Beyer and colleagues and Dreyfuss and colleagues, have been
working on the isolation of the Drosophila hnRNP complexes and comparing them

to the human hnRNP complexes.

Raychaudhuri et al. (1992) prepared antibodies to the RBD domains of Hrb98DE
and reacted these to Western blots of nuclear extracts from Drosophila Schneider
cells. Subsequent 2-D analysis of these immunoblots revealed 10 to 15 distinct
polypeptides in the basic region of the gel. The antibodies recognised hnRNPs
that were similar in size, charge and number to the group of the human A-B
hnRNP proteins, but vertebrate monoclonal antibodies to A-B hnRNP proteins
did not react to any proteins of the Drosophila hnRNP complex. Hence, it was
concluded that there is a substantial degree of divergence between the mammalian

and the Drosophila hnRNP proteins.

Two alternative hypotheses were proposed by Raychaudhuri et al. (1992) regard-
ing these differences. Either invertebrate and vertebrate hnRNPs had evolved from
a common ancestor and only the functionally important sequences had remained,
while the others had diverged; or convergent evolution could have taken place,
resulting in the development of similar RNA-binding regions, but maybe involving

varying mechanisms of RNA-binding.

Matunis et al. (1992a; 1992b) also succeeded in the isolation of hnRNP complexes
from Drosophila. Taking advantage of the single-stranded nucleic acid binding
property of hnRNPs, proteins were purified from Drosophila embryos by single-
stranded DNA chromatography. Monoclonal antibodies to these purified proteins
were raised and some promising candidates underwent further analysis, using im-

munofluorescence microscopy to confirm the position of the proteins, expecting
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them to be located in the nucleus. Polytene chromosome immunofluorescence was
also carried out to investigate whether proteins were binding to actively transcrib-
ing (puffing) loci on the chromosomes. This led to the identification of a number
of authentic hnRNPs. Two of these proteins isolated, pHRP38.1 and pHRP40.1
(and two further isoforms of pHRP40.1: pHRP40.2 and 36.1) were identical to
Hrb98DE and Hrb87F, as previously described by Haynes et al. (1987; 1990;
1991). A protein called HRP34 was found which appeared to be homologous to
the human hnRNP C protein. |

Monoclonal antibodies were prepared to HRP40 (heterogeneous ribonucleoprotein)
and were used to immunopurify hnRNP complexes. The observations made were
similar to those described by Raychaudhuri et al. (1992): the hnRNPs in Drosophila,
as in humans, showed a similar, large and diverse complex of proteins with an
abundant number of isoforms. Due to different electrophoretic mobilities, a direct
comparison of Drosophila melanogaster hnRNP complexes and human hnRNP

complexes was not possible.

Matunis et al. (1992a; 1992b) managed to isolate Drosophila antibodies which
did cross-react to hnRNP proteins of HeLa cells and other vertebrate species, e.g.
Xenopus, chicken and Saccharomyces cerevisiae (so far no S. cerevisiae hnRNP

protein has been described at the molecular level).

On the whole, Drosophila hnRNPs were found to be abundant and their compo-
sition similar to human hnRNPs. Differences were established in their binding
activities according to binding studies. On the other hand, there is likely to be
a major requirement for hnRNPs, considering the large number of processes tak-
ing place in the cell as part of the RNA metabolism. Whether each isoform of
a protein indeed has its own specificity and/or affinity and works in a different
fashion to other isoforms, has not been investigated. There might be a high degree
of redundancy, considering the number of isoforms which have been shown to be

present.

With regard to the conservation of hnRNPs among different species, it is surprising
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that no hnRNP has been identified in yeast so far. There is a requirement for RNA
processing in yeast and splicing factors like the small nuclear RNAs (U1, U2, U4,
U5 and U6) have been well characterised. But it has been pointed out (Guthrie
and Patterson 1988) that compared to the mammalian snRNAs, the yeast snRNA
counterparts are not very well conserved. It has been proposed that this could
reflect the differences observed in the splicing apparatus in yeast and mammals,
i.e. most mammalian introns are not recognised by yeast (Beggs et al. 1980),
partly due to differences in the splicing signals. The requirement for other RNA

processing factors in yeast might therefore differ significantly, too.

hnRNP and other proteins without RINA recognition motifs

Although, in Drosophila, all of the hnRNP proteins described so far contain two
RNA;binding domains and a giycine-rich carboxy-domain, among the human hn-
RNP complex major proteins, a number have been identified which are only dis-
tantly related, or not related at all, to the RBD containing hnRNPs. These are the
hnRNP I, J, K, L, M and U proteins ((Patton et al. 1991; Gil et al. 1991; Ghetti
et al. 1992); K (Matunis et al. 1992c); L (Pifiol-Roma et al. 1989); U (Kiledjian
and Dreyfuss 1992)). The only two of these proteins which have a significant sim-
ilarity to each other are the hnRNP I/PTB and hnRNP L proteins. Both of these
exhibit some characteristic features of the RRM and have been shown to bind to

oligo(dC) in a highly salt resistant manner (Matunis et al. 1992c).

The hnRNP K and hnRNP U proteins were found to be substantially different
from the other hnRNPs, showing no evidence of an RRM and each having their
own unique features. HnRNP K (Matunis et al. 1992c) has been identified as
an abundant major poly(C) binding protein and a special feature in its primary
structure has been revealed. These are two sets of internal repeats, rich in glycine.

Suggestions have been made that these sequence repeats may be involved in RNA-

binding.
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In the hnRNP U protein (Kiledjian and Dreyfuss 1992), which represents the
largest of the hnRNP proteins (120 kD) and an abundant nucleoplasmic phos-
phoprotein, it has actually been demonstrated that a 26 amino acid region in the
glycine-rich carboxy-terminus is capable of binding RNA. This region contains a
number of RGG (ArgGlyGly) motif boxes, which have been found in other pro-
teins, e.g. the hnRNP A1l protein.

Since only a small number of proteins of the Drosophile hnRNP complex have
been characterised which so far have exhibited only similarity to the RBD con-
taining hnRNPs, there is still some scope to find (if they exist) some of the above

mentioned types of protein with either atypical RRMs or no RRMs.

Proteins purified by single-stranded DNA chromatography in Drosophila (Matu-
nis et al. 1992a; 1992b) were subsequently separated by 2-D electrophoresis and
re§eéle<i niost‘;.of_ thema.Jor .ﬁ;‘o-teins- of the hﬁRNP complex in. Matunis et al.
(1992a; 1992b) examined six of them in more detail. That still leaves a number of

those polypeptides uncharacterised.

The counterpart of the human hnRNP L proteins which could represent the
Drosophila smooth protein might be amongst them and a protein HRP54, i.e.
with a molecular mass of 54 kD, found in the basic region of the gel, might be a

good candidate for the gene. The calculated isoelectric point of the smooth protein

is 8.74.

Further observations and suggestions

When the human hnRNP L protein was first isolated (Pifiol-Roma et al. 1989),
a Western blot with samples of total cellular proteins of several different species
was reacted to anti-L-antibodies. This immunoblot did not detect any signal from
the Drosophila proteins, compared to the presence of the clear L-protein bands
in the tracks of vertebrates like mouse and newts. Xenopus was also reported to

produce a cross-reaction but no signal was obtained for Saccharomyces cerevisiae.
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The most probable reason for not detecting any cross-reactivity to any Drosophila

proteins using the anti-L-antibody was the lack of sensitivity in the test.

Another possible explanation for the absence of any cross-reactivity between smooth
and the anti-L-antibody would be that smooth is more closely related to the human
hnRNP M protein than to the L protein. The hnRNP M protein (Pifiol-Roma et
al. 1988) has approximately the same size as the human L protein, but is slightly
more basic, similar to the smooth protein. Unfortunately, this seems to be all the

published information available on the human hnRNP M protein at the moment.

The smooth protein could also represent a homologue of the human hnRNP I/PTB
protein, which is smaller in size and also more basic than the hnRNP L and hnRNP
M protein. But, has been mentioned before, it is not possible to compare the
mobilities of the human proteins to those of the Drosophila proteins. Additionally,
the overall similarity between the mammalian and Drosophila hnRNPs has shown
to be quite poor. Therefore it is probably not possible to carry out any direct

comparisons regarding the human and Drosophila hnRNP protein.

It is obvious that further experiments are needed to clarify the matter. It remains
to be confirmed that the smooth protein indeed belongs to the group of hnRNP
proteins. General methods of confirming the properties of an RNA-binding pro-
tein can be applied, like those suggested by Mortensen and Dreyfuss (1989) and
include the testing “by chroma.tbgra.phy on small-subunit DNA columns, riboho-

mopolymer columns, and by photochemical cross-linking to RNA”.

Immunopurification would be another option, since antibodies could easily be
raised to the protein which can be obtained by expressing it in E. coli. Immunoflu-
orescence could also be used for checking the localisation of the protein in the cell
and investigating polytene chromosomes for actively puffing loci and co-expression

of RNA polymerase II at those positions.
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Other proteins in Drosophile with RRMs

Approximately 25 Drosophila genes have been identified so far containing RRMs.
Three quarters of these have housekeeping functions e.g. the hnRNPs and snRNPs,
whereas the remainder play important developmental regulatory roles, being in-

volved in the splicing of transcripts in a sex-or tissue-specific manner.

The RRM containing proteins which are involved in the sex-determination pathway
in Drosophila, i.e. Sx] and tra-2, have been shown to carry out alternate splicing

processes and can therefore be described as splicing factors.

Another RRM containing protein, the elav (embryonic lethal, abnormal visual
system) protein has been characterised (Robinow et al. 1988). This protein is in-
volved in the RNA metabolism of the nervous system, probably in the control of
tissue, i.e. neuron-specific RNA splicing. A very recently isolated RRM contain-
ing Drosophila gene, rbp9, which is highly similar to elav, is also nervous-system
specific and probably involved in adult neurogenesis. rbp9 contains three RRMs
(Kim and Baker 1993b). There is also the suppressor-of-white-apricot (su(u?))
(Chou et al. 1987), which autoregulates its own splicing (Zachar et al. 1987).

An increasing number of proteins containing the characteristic RRM are now being
isolated in Drosophila and most of them are thought to have some sort of develop-
mental regulatory function, but their binding substrates or precise functions are
mostly unknown. Other examples of recently isolated RRM containing Drosophila
non-hnRNP proteins are suppressor-of-sable (su(s)) (Voelker et al. 1991), couch
potato (cpo) (Bellen et al. 1992) and 0018RNA-binding (orb) (Lantz et al. 1992).
All of these proteins contain at least one RRM, with a more or less conserved
RNA-binding domain and all of them exhibit at least a conserved arrangement of

hydrophobic residues.

In total, it has been estimated (Kim and Baker 1993a), that there could be ap-
proximately 300 RRM-containing proteins in Drosophila involved in one way or

other in RNA metabolism.
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6.0.7 Comparison of the gene structure and the develop-
mental expression of the Drosophile hnRNP proteins

Hrb98DE and Hrb87F to smooth

The Hrb98DE and the Hrb87F proteins are very similar to each other (79% identity
over their complete length according to a GAP comparison) and are thought to
be homologous to the human A-B type hnRNP proteins. Both of them show very

similar special features.

The Hrb98DE gene is about 6 kb long and consists of eight exons, where in any
one transcript there is an alternative first exon, either la or 1b and an alternative
last exon, either 6a or 6b. Eight different, alternatively spliced transcripts of
approximately 2.3 kb in size are present and four different protein isoforms have

been detected. The molecular mass of the protein varies between 30-35 kD.

The Hrb87F gene is smaller and only extends over a region of 3.2 kb. Four exons are
present, where there is a choice of two polyadenylation sites for the last exon and
therefore two different transcripts are produced, 1.7 and 2.2 kb in size, depending

on the position of the polyadenylation site.

It was observed for both genes that their splicing pattern is at many positions
similar to that of the hnRNP Al gene, with the same exon/intron splice sites
located at equivalent positions of the genes. Also, in all three (i.e. Hrb98DE,
Hrb87F and hnRNP A1) of them, the most 3’ exon is noncoding which is rather
unusual. The developmental pattern of transcription for the Hrb98DE and Hrb87F
genes is also very similar. The level of transcription in the early embryo is quite
high, but reduces towards the end of embryogenesis. This implies that the genes
are maternally transcribed. An increased level of transcription can be observed
over the larval period, reaching a maximum at the pupal stage. The behaviour
of the smaller Hrb87F transcript of 1.7 kb follows a slightly different pattern,
where the level remains the same throughout development and stays at the level

reached in the late embryonic stage. Apart from the adult mRNA, which had not
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been included in any of the Northern blots shown, expression can be found in all

developmental stages.

The smooth gene, on the other hand, differs from these two genes in several aspects.
As mentioned before, the gene is very long for Drosophila,, extending over more
than 90 kb and has ten exons irregularly distributed over this length. Only a
single transcript of 2.6 kb has been detected (which does not rule out that others,
differentially spliced transcripts of the same length might not be present) and the
translation product has a molecular mass of approximately 52kD. It is not possible
to compare the splicing pattern or the organisation of the smooth gene with its
putative human homologue, the hnRNP L protein, since only the cDNA clone has
been characterised for the latter. No further information seems to be available at

this point in time on the human hnRNP L protein.

-“The Northern-blot-of smooth reveals different levels of transcripts at different
developmental stages. The embryonic, larval and pupal time collection points had
not been subdivided as in the case of the Northerns blots for the transcripts of the
Hrbs (Haynes et al. 1990; Haynes et al. 1991), which makes a comparison more
difficult. The transcript level of smooth in the ovary and 0-12 h embryo has not
been determined. There is no detectable level of the 2.6 kb transcript present in
the 12-20 h embryo (although a smear can be seen in the embryo lane of figure
17), a low level of transcription in the second instar larvae, a maximum level in
the pupae and a probably slightly lower level again in the adult can be observed.
Comparing the transcripts of the three proteins (Hrb98DE; Hrb87F and smooth),
there is no detectable level of transcription during late embryogenesis in any of
them (apart from the smear in smooth). An increase at the larval stages can also
be observed in all of them. The highest level of transcription can generally be seen
in the pupal stage. The adult level of transcript showing a slight reduction from
the level observed in the pupae can only be observed in smooth, due to the fact

that there is no data available for the others.

It can be concluded that, apart from the lower 1.7 kb transcript of Hrb87F, the
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pattern of transcription seems to be similar in all three genes with regard to the

Northern blots available.

Haynes et al. (1990) suggested that the Hrb98DE proteins might possibly function
as basic housekeeping proteins, but observed that the level of transcription present
at each developmental stage was not uniform. If the level of protein expression
is correlated to the level of transcription, then varying amounts of proteins are
expressed in the cells. On the other hand, the amount of protein present does
not need to correspond to the level of transcription and hence it is not possible to
deduce from the level of transcription the actual amount of protein expression at

different stages during development.

Only the small Hrb87F transcript of 1.7 kb seems to be transcribed at the same
level throughout development. It has also be shown that the amount of protein
- produced by that particular transcript is sufficient for normal development (Haynes
et al. 1991). The smaller Hrb87F transcript therefore behaves as a classical

housekeeping protein.

If the pattern of transcription obtained for the other two Hrb transcripts represents
the amount of proteins in the cell, then clearly the level of protein varies immensely
between different stages, in particular during late embryogenesis. Alternatively, it
.could be the case, as suggested by Haynes et al. (1991), that enough protein is
produced by the mother to suffice for the garly development.

Zygotic transcription for the Hrb proteins (and also as suggested by the Northern
blot, for the smooth protein) is only switched on at the early larval stage and
gradually increases towards the pupal stage. During the larval period, the tran-
scription apparatus must be quite active, since larvae have to undergo a series
of moults during that part of development. When the overall level of transcrip-
tion generally increases, the proteins of the hnRNP complex are very likely to be

required in order to mediate the processing of the pre-mRNA.

What could be the cause of the apparent absence of the smooth transcript during

embryogenesis? It could be speculated that the smooth transcript has a more
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specific function and is only required from the onset of the larval stage. Considering
this in the context of abdominal bristle development, which only starts during the
pupal stage, the question arises as to why are there any transcripts present during
the larval stage. On the other hand, taking into consideration the pleiotropic
effect, some of the other bristles also affected by the expression of smooth are
produced slightly earlier in development than the abdominal bristles which only
are the last bristles to develop. But care has to be taken trying to equate the
presence of transcription with the presence of gene expression. Therefore, whether
the above is a satisfactory explanation for the different level of smooth transcripts
during development still needs to be confirmed. In particular, with regard to the
results obtained for Hrb98DE and Hrb87F (Haynes et al. 1990; Haynes et al.
1991), the level of transcription of smooth might well parallel that of the Hrbs.

~ There is one more important point, which needs to be considered in the context
of the question as to whether there are any transcripts present in the embryos or

not.

Due to the fact that the cDNA clone sequenced was derived from a 12-24 h library,

the question arises, why has no transcript (of approximately 2.6 kb in length) been

detected for the embryo on the Northern blot.

A simple answer could be, that the library is contaminated with larval cDNA. In
order to clarify this apparent discrepancy, cDNA libraries of embryos from different
early developmental stages need to be probed with the already obtained cDNA
clone, checking for the presence or absence of transcripts. Northern blots of egg

mRNA from different time points could also be analysed.

Another difference between the Hrb genes and the smooth gene is, of course, the
fact that mutants are available. The smooth mutant, sm3, can be described as
(semi)-lethal and, probably because it is not a null mutant, a small percentage of
embryos develop into viable adult flies. Since the hnRNPs seem to be of functional

importance during most stages of development, they are expected to be lethal. In
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a section below speculations are made, attempting to associate the genotype to

the phenotype observed.
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6.0.8 What is the relationship between the genotype and
the phenotype?

The smooth gene has been found to code for a protein (on the basis of sequence
identity) which resembles a human hnRNP protein and contains putative RNA-
binding domains. A major question, which has not been addressed so far is, how
could the protein be related to the observed phenotype, or what is the relationship
between the phenotype and the genotype? Further, if the gene isolated is definitely
causing the smooth mutation, what function can one deduce from the gene product

leading to such a mutation?

As described above, since the smooth gene is likely to be encoding an RNA-
binding protein, the assumption is that it will be involved in some aspect of pre-
mRNA /RNA processing which encompasses a large number of functions including
s‘plicil-lg,‘tré,nsfer, Stoﬁng, etc.. To narrow down those functional properties, I have
suggested, on the grounds of sequence identity, that the smooth gene could repre-
sent a homologue to the human hnRNP L protein, which has been shown to bind
to actively transcribing regions on the lampbrush chromosome. Unfortunately, the
precise function of the hnRNP L protein has not been determined yet, but other
hnRNP proteins have been shown to have binding specificities to, for example, the

3’ end of the intron.

In the case of the hnRNP I/PTB protein which is more closely related to hnRNP L
than any other known hnRNP proteins, binding to the polypyrimidine tract which
is closely located to the 3’ end of the intron has been observed, hence implying a

function in the splicing process.

Before attempting to relate the molecular observations directly to the phenotypic
observations, a summarised description of the different phenotypes is carried out

below, starting with the original smooth mutation (sm!).

smooth! was discovered by Bridges and Brehme (1944). The phenotype is fully
described in Lindsley and Grell (1968) (also see chapter 3), but several aspects
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of the description have to be emphasised and considered in further detail. One
important observation is that smooth! shows a 30% viability compared to wild-type
and the second is that both sexes are entirely sterile. The mutant strain Cy/sm
pz obtained from the stock centre, which was supposedly carrying the original
smooth mutation, did not prove to be homozygous viable, probably due to the
accumulation of lethals. Hence, with regard to the original mutation, the only

information available is that provided by Bridges and Brehme (1944).

The sm? mutant isolated by Frankham and Nurthen (1981) is completely viable
with both sexes being fertile. This smooth allele only shows a weak bristle pheno-
type (see chapter 3).

The smooth® allele has been isolated as part of a P element hybrid dysgenesis
experiment which required the presence of a large number of P elements on all
. chromosomes. The line which was initially isolated, Cy/TR20, had a number of P
element insertions on the chromosomes and therefore the lethal effect observed in
this line when homozygous might not exclusively be due to the P element insertion
into the smooth locus. After outcrossing most of the P elements (see chapter
4) A.E. Shrimpton obtained a line, Cy/LP2, Which only carried four P element
insertions in total, one of which was on the second chromosome i.e. the insertion
at the cytological position of 56E in the smooth locus. Cy/LP2 is therefore the
most informative line of those lines available containing a P element at 56E IIR,
with regard to viability of any of the smooth® mutant lines. Crosses between flies
of this line result in mostly lethal flies, i.e. hardly any homozygous LP2/LP2 adult
flies emerge. But, due to fact that Cy/LP2 is still not completely free of other
P elements, care has to be taken in concluding that the P element on the second
chromosome is entirely responsible for the phenotype observed. With regard to

the fertility of the few emerging LP2/LP2 adult flies, both sexes are sterile.

Comparing the three alleles available and assuming that the P element insertion
in smooth® is responsible for the observed lethals, the latter is most likely the

strongest of the three known smooth alleles. The question following this is what
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can be speculated about the null mutant? Is the smooth® allele the null mutant?

And if not, what phenotype could be associated with the null mutant.

It is assumed that the smooth null mutant would be lethal, due to the fact that
the already characterised alleles smooth! and smooth® are almost lethal. Since ap-
parently the smooth! mutant had a much higher percentage of viability compared
to smooth®, the latter might resemble most closely to the null mutant. But, due
to the fact that a small number of viable flies emerge and the abdomen is not
completely denuded of its bristles, there is evidence for the smooth® mutant being

a leaky, rather than a null mutant.

When trying to establish the time of lethality of smooth® mutants, taking into
account the results of the Northern blots, it can be assumed that sm3/sm® embryos
are still viable. Two different lines of evidence can support this assumption: firstly,
..there is no transcript detectable during embryogenesis (at least between 12-20 hrs
of embryogénesis on my Northern blot) and secondly, even if there was a transcript

present very early during development, it would most likely be maternally supplied.

The low levels of transcript present at the larval period indicate that there might
be a requirement for the smooth protein at the late larval stage or the early pupal
stage, since the transcript level increases drastically at the pupal stage (if the
transcript level parallels the level of protein expression). From these observations,
one can deduce that smooth could be a larval or a pupal lethal, hence surviving

embryogenesis.

Another point which has to be made is the fact that only the adult smooth phe-
notype is known. But apart from the obvious bristle phenotypes, the homozygous
smooth' and smooth® adult flies have also been shown to be sterile. There could
be several causes for male and female sterility, one of which could be associated
with defunct mating behaviour. Female sterility is normally due to mutations in
genes required for some aspect of oogenesis which, on the other hand, male steril-
ity would result from mutations in spermatogenesis. But, since both sexes are

affected, it can speculated that the formation of the pole plasm is somehow pre-
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vented, leading to sterility in both sexes. The above therefore indicates that there
might also be an early requirement for the smooth gene product which could be

maternally supplied and would be sufficient until the start of larval development.

This, on the other hand, would imply that smooth has more than one function, a
not uncommon phenomenon in Drosophila. A number of genes have been shown
to have multiple developmental functions. One prominent example is the hairy
gene (Ingham et al. 1985), which is required during two distinct developmental
stages. Apart from the requirement for bristle development at the adult stage
being expressed relatively late in the development, hairy is also a pair-rule gene

necessary for the segmentation of the embryo (Ingham et al. 1985).

Another well characterised gene with multiple functions is the engrailed gene,
which is zygotically transcribed with varying roles during development. engrailed
. -is involved in-segmentation and has been described as a selector gene specifically
required to maintain borders between cells (Morata and Lawrence 1975). The
original mutant found was a mutation in the adult fly showing a cleft along the

middle of the scutellum (hence engrailed) and irregular venation of the wings (Eker

1929).

Concluding from the above, due to the smooth phenotype and the molecular obser-
vation concerning the long 5’ end of the gene showing similarities in many respects
to a number of developmental genes, there might be an indication that smooth is

required early in development, as well as later on.

Possible function of the smooth protein

How can the lack of RNA processing in some way or other cause a mutation in
the abdominal bristles of the adult fly, which also reduces viability and causes
sterility, apart from other pleiotropic bristle effects? Are there any other examples
of genes with known abdominal bristle effects affecting housekeeping genes? Two
well-known bristle mutants have been studied for a long time and will be described

in more detail below. These two mutants are bobbed (bd) and Minute (M). The
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interesting connection between Minute and bobbed is that both of them are thought

to be structural genes involved in ribosome synthesis.

A mutation in bobbed leads to the shortening, thinning and reduction of bristles. It
delays the development and causes the etching of abdominal tergites. The bobbed
gene is present on the X and Y chromosome, and consists of a cluster of about
200 tandemly arranged TRNA genes. It was found to encode the 18S and 28S
ribosomal subunits. bobbed mutations are often caused by an unequal cross-over
event and hence reduce the total number of functional 285 repeats by a large jump.
Such an event was described in the course of a selection experiment by Frankham
et al. (1978). The severity of the phenotype has been shown to depend on the
number of functional rRNA genes. And although there are no differences in the
RNA contents of oocytes in the mutant compared to the wild-type, the overall
effect of the mutation is a slow down in development. One explanation for the
bristle effect was delivered by Kay and Jacobs-Lorena (1987), who suggested that
due to the delay in the development, during the pupal stage, the “components”
of the bristles might not be synthesised in sufficient quantity, hence the thinning,

shortening and even reduction in number of bristles.

The Minute mutation encompasses a group of haplo-insufficient mutants with more
than 50 mutations associated with similar phenotypes, but unlinked and non-
additive. The phenotypic characteristics include prolonged larval development,
reduced viability, short thin bristles and small cell size, being the cause of the
smaller body size compared to normal wild-type size. Minute mutants are recessive
lethal. An association between the numerous Minute mutants and the ribosomal
protein genes which are also present in large numbers has been suggested, because
they tend to map to the same cytological positions on the polytene chromosomes.
Whether this implies that all Minute loci code for ribosomal protein genes is not
known, but it was postulated to be the case a number of years ago (Kongsuwan et
al. 1985). As a matter of fact, only one Minute locus, at 99D, has been identified
so far as being associated with a ribosomal protein, i.e. rp49 (Kongsuwan et al.

1985).
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Speculations can be made regarding as to whether the smooth gene is required
to be fully active to allow the proper rapid expression of structural proteins in
the bristle cells or ,alternatively, is involved in the series of events leading to the
biosynthesis of ribosomal proteins. It could be suggested that smooth acts as
an RNA-binding protein, being somehow involved in the processing of ribosomal
protein transcripts. But the matter gets more and more complex, considering the

developmental expression of the ribosomal protein transcripts.

The ribosomal protein transcripts display a specific expression pattern, in par-
ticular during the early development. There is an abundance of the maternally
supplied ribosomal protein mRNA in early Drosophila embryogenesis and it has

been reported that 7% of all maternally supplied transcripts are ribosomal.

In spite of those large amounts of ribosomal protein transcripts, the embryo ac-
tively translates a number of other maternal transcripts which are present, but the
synthesis of ribosomal proteins seems to be discriminated against by some kind of
translational regulatory mechanism. During late embryogenesis, ribosomal protein

synthesis is activated again (Mager 1987).

What could the role of the smooth protein be?

One possible involvement of smooth could be in the storage of the untranslated
ribosomal protein mRNA. Mammalian hnRNP proteins are mainly located in the
nucleus, although some of them have been observed to be present in the cytoplasm
at low concentrations. One of these hnRNPs is the hnRNP L protein. There
is also evidence indicating that some hnRNP proteins are involved in transform-
ing/shuttling mRNA from the nucleus into the cytoplasm at a certain stage during
the cell cycle (Dreyfuss and Pifiol-Roma 1991; Pifiol-Roma and Dreyfuss 1992).
Ribosomal protein mRNA storage and translation takes place in the cytoplasm
and the ribosomal protein transcripts are stored as translationally inactive post-
polysomal messenger ribonucleoprotein complexes (mnRNP complexes). It is not

known whether the smooth protein in Drosophila is a nucleoprotein or whether it
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is actually located in the cytoplasm, but it is unlikely to have evolved a completely
different function. Experimental support would be necessary to resolve this mat-
ter, which could be obtained by immunofluorescence microscopy with antibody to

smooth, looking for either nucleoplasmic or cytoplasmic staining.

It would be expected, if the smooth protein acts on the ribosomal protein tran-
script, that the smooth transcripts should be present before those of the ribosomal
genes. This has not been observed, since no smooth transcript was detected in the
embryo (although there might be some transcript present) . It is therefore not
really feasible, according to the expression pattern of the smooth transcript, that
smooth could be involved in the storage of the ribosomal protein transcripts. Its
developmental expression does not precede or correspond to that of the ribosomal
protein mRNA. Although, if the protein was completely maternally contributed
(and so far I have neither shown evidence for or against it), the situation would

be different.

Alternatively, the smooth protein might be involved in another kind of process-
ing of ribosomal protein pre-mRNA, rather than storage, as was suggested above.
Moreover, the smooth protein might only interact with the ribosomal protein tran-
scripts at certain stages during development, i.e. at the time the smooth transcripts
are expressed. The smooth mutation might then in some way (e.g. in a similar way
as in bobbed) retard the rate of ribosome assembly, which in turn could reduce the

rate of protein synthesis, leading to the pleiotropic effects observed in the smooth

mutants.

But whether there is any specific molecular and biochemical interaction taking
place between the smooth gene product and the bobbed transcript, or the smooth
protein and the Minute transcript has still to be shown. Therefore the main com-
mon feature between the smooth, the bobbed and Minute mutants is the phenotypic
similarity, which might imply that they are all part of some early developmental
pathway.

As a matter of interest, a mutation has been described called ebnormal abdomen in
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Drosophila mercatorum (DeSalle and Templeton 1986). Flies carrying this muta-
tion have an abdomen with incomplete sternites and tergites, thin crinkled cuticle
and bristles and hairs eliminated on the abdomen. The cause of the mutation was
found to be insertions of R1 or R2 retrotransposons into the 185 or 28S rRNA,

inactivating those genes.

Considering once more the possibility of the smooth protein acting in a tissue-
specific fashion: there are several examples of particularly neuron-specific RRM

containing proteins, one of which is the already mentioned Drosophila elav protein.

The elav protein is likely to be involved in neuron-specific RNA processing. Its
human homologue has been discovered which is the neuronal antigen, HuD, and
was found to be uniquely expressed in the brain (Szabo et al. 1991). The HuD
protein is thought to be important in the control of the development of the human
‘nervous system. It also shows a large degree of homology to the recently discovered
Drosophila rbp9 gene (Kim and Baker 1993b) and the sex-specific splicing protein
Sxl.

Another RRM containing protein in Drosophila, which is thought to be essential
for the PNS development in the embryo and required for adult behaviour is the
couch potato protein (Bellen et al. 1992). This protein is thought to be involved
in the PNS differentiation via alternative RNA processing. It also shows homology
to Sxl, HuD and elav and is thought to regulate the RNA processing of probably
more than one gene of the PNS and might show some cell specific RNA processing

(Bellen et al. 1992).

Another indirect example of a protein which is also thought to be involved in
tissue-specific splicing, in the brain and the central neurons, is the SmN protein.
This small nuclear ribonucleoprotein associated polypeptide, SmN, has been sug-
gested to add some specificity to the snRNP splicing and is thought to have some
pleiotropic effects on development or functions of the nervous system. Although

this protein has no RRMs, it is thought to be a splicing factor. In the human, mu-
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tations in this gene have been associated with the Prader-Willi-Syndrome (6zcelik

et al. 1992).

Therefore a number of genes, in human and Drosophila, have been shown to be in
particular nervous-system specific regulators involved in RNA processing. There
must be a large requirement for proteins of this kind, considering the majority

of genes expressed in the nervous system are alternatively spliced (Bellen et al.

1992).

Maybe smooth is involved in the splicing of nervous system-specific genes, hence
the bristle effects. But smooth is also likely to affect other genes, since the mutant
shows reduced viability and sterility effects, which are not likely to be caused by

the reduction of abdominal bristles.

After all these speculations it would be interesting to find out the actual functions
of smooth, but all that is known is that the smooth protein contains putative
RRMs and might be involved in some way or other in the RNA processing of
some transcripts. The precise role of smooth, possibly in the RNA processing

mechanism, remains to be elucidated.
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.8.0.9 smooth as a quantitative trait gene

One further issue which still needs to be addressed is, what is the outcome of the
smooth gene as a quantitative trait gene? First of all, the smooth gene is being

considered in the context of quantitative trait genes, asking what is the nature of

the smooth gene.

It has been suggested that quantitative trait genes might fall into groups or cate-
gories of genes representing a particular kind or type. Thompson (1975) proposed
that genes affecting a quantitative character could either be control genes (e.g.
enhancers or suppressors), or genes affecting direct developmental processes. As
examples of the latter, the loci identified by Spickett (1966) were mentioned which
affected developmental processes directly. Examples of a small number of quan-
titative trait genes which were identified as either regulatory or structural genes,
were repvorted in Falconer (1989). The bobbed gene was mentioned as an example
of a quantitative trait gene where the observed effect was more difficult to explain.
In the case of bobbed, the bristle phenotype had been shown to be associated with
mutations in the ribosomal subunits. Suggestions made, trying to explain this as-
sociation, imply that bobbed might prevent protein biosynthesis, representing some
sort of secondary effect (Falconer 1989). When comparing the situation found in
bobbed to smooth, it has to be mentioned that smooth, like bobbed, does not seem to
act directly on bristles. But, whereas bobbed codes for a ribosomal protein, smooth

does not appear to encode such a protein.

Mackay (1992) also listed a number of suggestions on the kind of genes or about

the nature of genes causing quantitative variation (see introduction).

So far, there is no concrete evidence on what the nature of quantitative trait genes
could be and whether these genes can be placed into specific classes of genes.
Possibly, with the rapid expansion of the usage of RFLP markers, more and more
QTL will be discovered which will eventually lead to the identification of the
underlying genes and hence will provide some further insight into the nature of

quantitative trait loci.
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As already mentioned in the introduction, some earlier selection experiments for
the quantitative trait of abdominal bristles resulted in the discovery of a small

number of bristle mutants.

Two of the mutants, i.e. scute (Yoo 1980) and scabrous (Jones et al. 1968), have
been shown to be involved in the development of the nervous system, where scute
is part of the achaete-scute complex which is involved in the PNS and CNS devel-
opment see introduction). The scabrous gene, which produces a secreted protein,
is thought to be involved in cellular communication during neurogenesis (Mlodzik
et al. 1990). Both of these genes have other pleiotropic effects, apart from the
bristle effects.

The third mutant was the bobbed mutant which, in contrast to the bristle dupli-
cations caused by the scabrous mutants, reduces the number of bristles (as does
smooth) and whose phenotype was described above in greater detail. Frankham
et al. (1978) reported it to have arisen twice independently by unequal cross-over

in low selection lines.

The fact that these three mutations have been isolated as mutations in selection

experiments underlines the point that new mutations do arise in response to se-

lection, at least under laboratory conditions.

How does this compare with natural populations? Mackay and Langley (1990)
asked this question when they studied molecular and phenotypic variation in the
achaete-scute region of Drosophila melanogaster. In particular, they studied the
effect of DNA insertions in the achaete-scute region of isogenic X chromosomes
extracted from natural populations. Their results indicate a correlation between
DNA insertions into the achaete-scute region and an average reduction in bristle
numbers. Therefore, Mackay and Langley have shown that insertions into the
AS-Complex in natural populations can cause quantitative variation in bristle
number. They also argued that many of those loci affecting quantitative traits
might be those which have been shown to have major qualitative effects, where

the latter could be regarded as an extreme of a series of alleles. Considering these
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observations in the context of the isolation of the smooth gene, the P element
insertion in the smooth locus seems to mimic a naturally occurring event and, to
draw further parallels to Mackay and Langley’s conclusion, smooth might be a

gene of major qualitative effect with the mutation isolated showing an extreme

effect.

smooth as a gene of major effect

Early this century, Nilsson-Ehle (1909 in East 1910) and East (1910) were among
the first to realise that quantitative traits were governed by multiple factors of
small effect following the laws of Mendelian inheritance. The factors involved in
this multiple factor heredity, the genes of small effect (polygenes), were thought
to be numerous and contribute collectively to the quantitative trait, modified in
- their effect by environmental factors. Genetic variation for quantitative characters

was therefore assumed to be controlled by the segregation of multiple factors.

Due to the large number of genes all of small and indistinguishable effects, the
individual alleles causing variation in quantitative traits are normally difficult to
detect; and hence variation observed in quantitative characters needs to be de-
scribed by means of biometrical procedures such as means, variances, heritabilities

etc. (Falconer 1989).

When it came to the more detailed analysis of factors contributing to quantitative
traits, it was discovered that the number of factors affecting a trait differed and
that there was a range of different effects. Researchers started to dissect the factors
contributing to a quantitative character and noted that quantitative trait loci
differed considerably in their magnitudes of effect, hence the description “minor”

and “major” genes.

Gradually, more and more evidence started to amount, indicating that for every
quantitative trait there are at least a few genes of large effect among a greater num-

ber of genes of small effect. The actual number of genes influencing a quantitative
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trait is difficult to estimate, since a number of factors including gene frequencies,

type of gene action, size of effect, linkage relationships etc. have to be considered.

The initial assumption that polygenes cannot be mapped, has proven to be un-
true and an increasing number of QTLs are being mapped, showing a behaviour

identical to Mendelian qualitative genes.

The smooth gene has been detected as a gene influencing a quantitative trait.
Quantitative geneticists would regard the smooth gene as a gene with some mu-
tant alleles which have a large effect on a quantitative trait, hence a major gene.
smooth also appears to behave in a Mendelian fashion like a qualitative gene,
i.e. segregating like a single autosomal recessive allele. On the other hand, smooth
and the other four above mentioned abdominal bristle mutants, i.e. Minute, bobbed,
scute, and scabrous, only make up a very small proportion of the total number
-of genes affecting abdominal bristle development. There are at least 145 genes
affecting bristle development in some way or other (Mackay 1985), most of which

also show some pleiotropic effects.

Final remarks

The initial aim of the experiment designed by Mackay (1984; 1985) had been to
investigate whether P element mutagenesis could cause variation in quantitative
characters in Drosophila melanogaster. The outcome of the experiment had been
nothing less than the mapping and actual isolation of a quantitative trait gene. The
approach applied to study a particular quantitative trait locus in Drosophila has

been shown to be successful. How does this method compare to other approaches

available to map QTL?

As early as in 1923, Sax (1923) started mapping a quantitative trait by making
use of the genetic linkage of a different locus to the gene of interest, in this case
seed size in beans. It was then shown to be possible to map QTL by cosegregation

analysis, i.e. following the segregation and genetic linkage between a marker locus

and the QTL.
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For this purpose, a large number of genomic markers were required, preferably
evenly spread over the whole length of the chromosomes. These markers, mainly
morphological markers, were only available in well characterised species like maize
and Drosophila, where early this century genetic linkage maps had already been es-
tablished. A number of attempts have since been made to map QTL in Drosophila.
The most extensive study by far was carried out by Shrimpton and Robertson
(1988a; 1988b), using a recombinant approach where the chromosome under in-
vestigation was subdivided into five sections by visible marker loci and the number
of genes affecting the sternopleural bristles in each of those subsections was deter-
mined. At least 17 loci affecting sternopleural bristles on the third chromosome
were mapped and it was shown that an uneven distribution of these loci over
the length of the chromosome existed. Until recently, this kind of classical map-
ping study was only feasible in organisms where a large number of morphological

‘markers were available.

A new molecular approach to mapp QTL requires the presence of molecular link-
age markers, e.g. RFLPs (Botstein et al. 1980), covering the whole genome of
organisms. In the last few years, particular plants and animals of economic value
have been marked by RFLPs which have subsequently become instrumental in

establishing linkage between them and the QTL.

First associations between RFLP markers and qualitative and quantitative traits
were reported by Paterson et al. (1988). The expectations had been that eventu-
ally the molecular characterisation of the QTL would follow, which was thought
to be possible by simply walking along the chromosome, using the RFLP markers

as a starting point.

As far as the genetical mapping of quantitative and qualitative genes is concerned,
the RFLP markers have turned out to be very useful. But establishing the linkage
between the RFLP and the marker is not sufficient for the isolation of a gene and
it is important to have the RFLP very closely located, tightly linked, to the gene
of interest which is segregating with the RFLP. As a matter of fact, Tanksley et

185



al. (1992) reported recently that most RFLP maps show a spacing of more than 5
cM between each marker (which in terms of kilobase pairs equals approximately
550 kb per one cM in tomato). In order to make the molecular cloning of the genes
feasible, a much larger number of markers is necessary, covering the entire genome
and Tanksley et al. (1992) established high density linkage maps for potato and

tomato, reducing the distance between the markers to 1.2 cM.

This problem of actually locating the gene of interest has not only been encoun-
tered in crop plants, but also in the study of human diseases where, although
the gene of interest had been identified, it still turned out to be several thousand
or even hundred thousand of kilobase pairs away from the RFLP and required

extensive chromosome walking.

Therefore, the cloning of QTL by RFLP analysis has so far not led to the isolation
of many genes underlying quantitative inheritance or other qualitative Mendelian

genes.

For the purpose of cloning a quantitative trait gene in Drosophila, the approach
used by Mackay (1984; 1985), making use of transposon tagging, has been suc-
cessful. Due to the fact that P element mutagenesis had been used for causing
mutations in a quantitative character, the P elements turned out to be an added
bonus since their presence vastly facilitated not only the mapping, but also the

isolation and the actual cloning of the gene.

In Drosophila, this approach seems to be an ideal way to study quantitative trait
genes and Mackay (1992a; 1992b) has improved the experimental procedure since
the original experiment, so that it is now possible to study single insertions into

the Drosophila genome affecting any trait of interest.
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Chapter 7

Appendix
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7.1 Media and solutions

L-broth

10 g/l tryptone (Oxoid)

5 g/l yeast extract (Oxoid)
5 g/1 NaCl

L-agar
L-broth supplemented with 0.1% glucose and made 1% with agar.

| .L-'toll) agai or L-top 'a.g'arosé '
L-broth made 10 mM Mg2+ and 0.5% with agar or agarose.

2xTY medium
16 g/l tryptone
10 g/1 yeast extract

5 g/1 NaCl

1-broth

20 g/1 Bacto tryptone (Difco)

5 g/1 Bacto yeast extract (Difco)
10 mM Mg2+

P-agar
+p-broth containing 14 g/l Bacto agar (Difco).

SOC medium

20 g/l tryptone

5 g/1 yeast extract
10 mM NaCl

2.5 mM KCl

20 mM glucose
pH 7.0

T-broth
10 g/1 tryptone (Oxoid)
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5 g/1 NaCl

Tris buffer

Tris-HCl (Sigma) and Tris-Base (Sigma) mixed in appropriate proportions accord-
ing to the desired pH. ‘

e.g. 1 M Tris pH 8.5:

0.7 M Tris-HC1

0.3 M Tris-Base

TE :
10 mM Tris pH 8.0
-1 mM EDTA pH 8.0

TMN

10 mM Tris pH 7.5
100 mM NaCl

10 mM Mg2t

PSB
TMN made 0.05% with gelatine.

Chloroform/isoamyl alcohol
96% by volume trichloromethane (chloroform)
4% by volume 3-methylbutanol (isoamyl alcohol)

Buffered phenol

Phenol redistilled from solid and stored at -20°C in the dark before being melted
at 80°C, saturated with water and the solution made 0.1% quinolin-8-ol (8-
hydroxyquinoline), adjusted to pH 8.0 with 2 M Tris-Base and stored at 4°C.

Phenol-Chloroform

A 50:50 mixture of buffered phenol and trichloromethane/3-methylbutanol
each prepared as described above.

TBE

89 mM Tris-Base

89 mM boric acid H3BO3
3 mM EDTA

TAE
0.04 M Tris-acetate
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0.002 M EDTA

20.x SSC
3 M Na(Cl
0.3 M trisodium citrate

Tibl

30 mM potassium acetate

100 mM RbCl

10 mM CaCly

50 mM MnCly

15% by volume glycerol

Adjust to pH 5.8 with 0.2 M acetic acid and sterilised by filtration.

TfbII

10 mM PIPES

10 mM RbCl

75 mM CaCly

15% by volume glycerol

Adjust pH to 6.5 with KOH and sterilised by filtration.

STET

8% sucrose

0.5% by volume Triton X-100 (Sigma)
50 mM EDTA pH 8.0

50 mM Tris pH 8.0

Solution III
3MKTt
5M CH3002'

Glucose/Tris/EDTA (GTE)
50 mM glucose

25 mM Tris-Cl pH 8.0

10 mM EDTA

Sodium phosphate buffer

1 M sodium phosphate buffer pH 7.2:
0.72 M Na9HPOy

0.28 M NaH9POy
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10x Nick translation buffer (NTB)
0.5 M Tris-Cl pH 7.8

50 mM MgCl,

100 mM B-mercaptoethanol

6 x Ficoll Stop Buffer (FSB)
17.55% Ficoll

0.1 M Tris pH 7.5

0.1 M EDTA pH 7.5

0.1% bromophenol blue

Sequencing gel

8% Acrylamide (19:1 acrylamide:bis-acrylamide)
1.1 M Acrylamide

26 mM Bis-acrylamide

8 M urea

89 mM Tris

89 mM Boric Acid

3 mM EDTA

0.05% TEMED (v/v)

0.05% Ammonium persulfate
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7.2 Primers

General primers:

M13 primers:
Forward 17mer 5 GTTTTCCCAGTCACGAC 3’
Reverse 17mer 5 CAGGAAACAGCTATGAC 3’

pBluescript II KS +/- primers:
T3 17Tmer 5° ATTAACCCTCACTAAAG ¥
SK 17mer 5° TCTAGAACTAGTGGATC 3’

smooth gene specific primers:

575 397=>416 5 CCGAAAGACTGCGAATAAGC 3’
461 1204=>1185 5 GCAAGACATCAACTGTGATG 3’
646 1203=1222 5" GCACAAAATCTGTCATCCAC 3’
710 1647=>1665 5° CCTGGACCACGACACTTCC 3’
323 1677=1659 5 CTTATCCGTGTTGGAAGTG 3’
824 1725=1743 5’°CTTGAAGACCAAAGAGGGC 3’
933 2045=>2027 5’ CCAATCAGTTGGTCCTCTGG 3’
916 2031=>2049 5 GGACCAACTGATTGGAATC 3’
709 2240=>2257 5 CCAAGAGCATGAACGGCG 3’

N.B.: The underlined numbers represent primers for the non-coding strand.
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7.3 Sequences and sequence comparisons
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Figure 25: cDNA sequence and translation of the smooth gene

Opposite, the 2613 bp of the cDNA sequence of the smooth gene has been listed,
including the predicted translation product. The translational start site is at
position 907 bp of the cDNA sequence and the stop at 2334. The numbers along

either side of the sequence represent the number of basepairs.

Opposite page 194



61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461

2521
2581

CDINA sequence and transiation

gagtttcgaggtttcgaggttcgagctaaaactttgtgcacggagcaaattaaaaataat
aaaataagaaataaaataataacaggcataagaaaagaaaagcgacgacaacaacaaaag
Ctgatgaatacgtgcgttcgtgtgggtgccgtgcattctgcgtacatatttacaagcatt
cgtacgcttaaattaaatactttggcttaattaaatacttcecgeggegtegttgttgtag
ttgttgatattttgectettecacgegttgtctacggttategattgtegtegtectegete
cctcgtacgectacgcatcgagttgttgtttgtttgttgtttgtgtctgtectegegttt
tgtttgtgtactgacaaaataacaacaaaataaaacccgaaagactgcgaataagcataa
ataataaacaacgagacaagtgcaaaaagcgcagcgaaaaggccagctggtaaatccaaa
tcagaggaacatccagaggaacccggaaaatttatcactccaatcacaagtgcaataaaa
agttgaaagtgttttacgcagcgccaaagaaggaagttgaagcgaggcgaatagtaaata
aatgagaagagcccacaacagctacaccatcatataaacaacaacccaaacatcccacat
tcaacaccaattacaaagtaaacatttacaactcatttctcgecccaggagattcgagtgt
gatccacagaaaacaaaaaccgcgegegegtttttgaaategatcttecgegeggettegt
cgcacgtcacttgaatatatctttegegecaaccactgggctcaggectcaaaaatceccgee
aaaattctacaccaacaaactttaatcagcccecgagatttcecgectccagttcgecaacggeg
accacaatgccctacaacggcgctagtaatggcagtggecgecagtggegecggaggagga

M P Y NGO ASNGSGA ASG G AGGG
ggggcaaccatagtcgtcaccgaggggccgcaaaacaaaaagatccgcaccggagtcecag
G A TI VVTEGT?PIOQNI KI KTIURTGUVQ
cagcccggggagaacgatgtgcacatgcatgctaggteccacaccacaacagaaccagcag
Q P GE NDV HMHA ARSTUPOQOQONOQOOQ
caagcacttatgaacaagtcaaatgacgacctacggagaaagcgtcccgagactacacgg
Q AL MNK S NUDUDULU RIRIKRBRZPETTR
ccaaatcacattcttctcttcaccatcataaatcecttetatcccatcacagttgatgte
P NH I L L F TIINWUPVFYUPTITUVUDUV
ttgcacaaaatctgtcatccacatggccaagtgcttecgcattgtcatattcaaaaagaat
L H K I CHU©PUHGOQVLRTIUVTITFIZKI KN
ggggtccaggccatggtcgagttcgataatetggatgeggecactagggetecgegagaat
G V Q A MV E FDNILUDA AATIRAREN
ctgaatggagccgacatttatgecggatgctgcactctgaaaatcgattatgecaagecyg
L NG A DI Y AGCTCTULI KTIUDYATIKY?P?P
gagaaattgaacgtgtacaagaatgagcccgataccagctgggactatacgctgagcaca
E KL NV Y KNEUPUDTSWUDYTTTUL ST
gaaccaccgctattgggacccggagecgettteccaccattecggagectecccgaatatcac
E P PLLGUPGAA ATFU©PZPV FGA AZPTEYH
accaccacaccggagaactggaagggggccgccatccatcecactggectgatgaaggag
T T T P E NW K G AATIU HBUPTGTLMIKE
cccgetggtgttgtgecccggacgcaatgetecggtggecttcacaccgcaaggacagget
P A GV VPG RNA APV AFTUPOGQGOQA
cagggcgcecgtcatgatggtctacggectggaccacgacacttccaacacggataagcete
Q G A VMMV Y GLDHUDTSNTDIKL
ttcaatttggtttgecctgtacggcaacgtggcacggatcaagttcttgaagaccaaagag
F NL V CL Y GNUVARTIIKUPFPFULI KTIKE

ggcaccgccatggtgcaaatgggagacgctgtggccgttgagegttgegtgecagecacttg

G T A MV Q MGD AV AV EIRTZCV QHRUL
aacaacattccegtgggcactggtggcaagatacagatcgectttctccaaacagaactte
N NI PV GG T GG K I QI AVF S KOQNF
ctatccgaggtgatcaaccegttettgetgecegatcattegeccagettcaaggagtac
L S EVINUPUVFLULUPDU HSU?PSF KEYX
accggctccaagaacaatcgtttcoctatcgecggeccaggegagcaagaatcgecattcaa
T 6 S K NNRUVFUL S P AOQASI KNI RTIZQ
ccaccgagcaagattttgcactttttcaacacaccgeececggecttgaccgaggaccaactyg
P P S K ILHPFFNTUPUPGULTETUDOQL
attggaatctttaacatcaaggatgtgcccgecacatcggtgecgectgttececttgaag
I 6 I FNIIKDVUPATS SV RIULUPFUPULIK
accgagcgctcegtegtegggactgatcgaatttteccaatatctegecaggecagtgetgget
T ER S S S GL I EF S NI S Q AUV ULA
atcatgaagtgcaaccatctgectattgagggtaaaggcaccaagttcccattcatcatg
I M KCNUHULUPTIZESGI KGTI KU FUPVFTIM
aagctgtgcttttcecctcatccaagagcatgaacggecgectggaacaatgeggecagegag
K L C FP S S S K S M NG AWNNA AWM ASE
ggcatgatcgagaaggagaacgaggtggataccaaggtggacatctacaattgagatttg
G M I E K ENEVDTI KUV DTIYN *
attacgattgtgtaagcaagcaaacaacaaccggcttaactagaacacaatacagaacaa
cactggggatatgggtcgcaaacaacgtgcagaagacaacagcaacagcaaaatcagcaa
caaatgcgtcaccaactgcaccaattgctgaaagttcaactacagatccactacgatceca
ccaacttgatggcttacacattcgacaagaaaagcgtgaatttcaaacaaattgattget
aaatcaattaaacaaaccaacaaaaaaaaaaaa 2613

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2340
2400
2460

2520
2580



Figure 26: Frames

This figure was generated by the FRAMES program of the UWGCG package on
the VAX computer. It shows all the reading frames obtainable from the cDNA
sequence clone. The six horizontal lines represent the DNA sequence from 1 to
2613 bp, as indicated by the small vertical lines at the top, middle ~and bottom,
where the scale is labelled every 500 bp.

The top three horizontal lines indicate the 5’ to 3’ direction of the first strand of
the DNA, representing each different reading frame.

The lower three horizontal lines show the 3’ to 5’ direction with each possible
reading frame. The vertical ticks above each horizontal DNA line indicate START

codons, whereas the vertical lines below indicate STOP codons.

In this FRAMES output all START (ATG) and STOP (TAA, TGA and TAQG)
codons are marked.

The longest open reading frame can be seen on the first horizontal line with a
START codon at position 907 bp and the STOP codon at position 2334 bp. This

open reading frame corresponds to the putative smooth transcript.
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Figure 27: Translation of smooth cDNA clone from 907 bp to 2332 bp
Length: 475 amino acids



51
101
151
201
251
301
351
401

451

Amino acid sequence of smooth

MPYNGASNGS GASGAGGGGA TIVVTEGPQN
STPQQNQQQA LMNKSNDDLR RKRPETTRPN
KICHPHGQVL RIVIFKKNGV QAMVEFDNLD
LKIDYAKPEK LNVYKNEPDT SWDYTLSTEP

TPENWKGAAI HPTGLMKEPA GVVPGRNAPV

DTSNTDKLFN LVCLYGNVAR IKFLKTKEGT

IPVGTGGKIQ IAFSKQNFLS EVINPFLLPD
QASKNRIQPP SKILHFFNTP PGLTEDQLIG
RSSSGLIEFS NISQAVLAIM KCNHLPIEGK

AWNNAASEGM IEKENEVDTK VDIYN

196

KKIRTGVQQP GENDVHMHAR
HILLFTIINP FYPITVDVLH
AATRARENLN GADIYAGCCT
PLLGPGAAFP PFGAPEYHTT
AFTPQGQAQG AVMMVYGLDH
AMVQMGDAVA VERCVQHLNN
HSPSFKEYTG SKNNRFLSPA
IFNIKDVPAT SVRLFPLKTE

GTKFPFIMKL CFSSSKSMNG



Figure 28: The 558 amino acid sequence of the human heterogeneous

ribonucleoprotein L (Pifiol-Roma et al. 1989))



Amino acid sequence of human heterogeneous nuclear RNP L protein

1 MVKMAAAGGG GGGGRYYGGG SEGGRAPKRL KTDNAGDQHG GGGGGGGGAG
51 AAGGGGGGEN YDDPHKTPAS PVVHIRGLID GVVEADLVEA LQEFGPISYV
101 VVMPKKRQAL VEFEDVLGAC NAVNYAADNQ IYIAGHPAFV NYSTSQKISR
151 PGDSDDSRSV NSVLLFTILN PIYSITTDVL YTICNPCGPV QRIVIFRKNG
201 VQAMVEFDSV QSAQRAKASL NGADIYSGCC TLKIEYAKPT RLNVFKNDQD
251 TWDYTNPNLS GQGDPGSNPN KRQRQPPLLG DHPAEYGGPH GGYHSHYHDE
301 GYGPPPPHYE GRRMGPPVGG HRRGPSRYGP QYGHPPPPPP PPEYGPHADS
351 PVLMVYGLDQ SKMNGDRVFN VFCLYGNVEK VKFMKSKPGA AMVEMADGYA
401 VDRAITHLNN NFMFGQKLNV CVSKQPAIMP GQSYGLEDGS CSYKDFSESR
451 NNRFSTPEQA AKNRIQHPSN VLHFFNAPLE VTEENFFEIC DELGVKRPSS
501 VKVFSGKSER SSSGLLEWES KSDALETLGF LNHYQMKNPN GPYPYTLKLC

551 FSTAQHAS

197



Figure 29: Amino acid sequence GAP comparison over the entire length of the

smooth protein and the hnRNP L protein



Percent Similarity: 64.640

GAP of: hnRNP.pep from: 1 to: 558
to: smooth.pep from: 1 to: 475

Percent Identity: 43.919

1 MVKMAAAGGGGGGGRYYGGGSEGGRAPKRLKTDNAGDQHGGGGGGGGGAG 50

51

15

101

51

151

73

201

120

2561

170

298

202

NEEN B E
.................................... MPYNGASNGSGASG

AAGGGGGGENYDDPHKTPASPVVHIRGLIDGVVEADLVEALQEFGPISYV
1:11):. 3 [FIP U [ETR I IR
AGGGGATIVVTEGPQNKKIRTGVQQPGENDVHMHAR. . ............

VVMPKKRQALVEFEDVLGACNAVNYAADNQIYIAGHPAFVNYSTSQKISR
RS B O IR I I
....................... STPQQNQ...f.QQALMNKSNDDLRRK

PGDSDDSRSVNSVLLFTILNPIYSITTDVLYTICNPCGPVQRIVIFRKNG
N R LA RN DR E PR A S RS B S B AR RN ER RN
RPETTRP. . .NHILLFTIINPFYPITVDVLHKICHPHGQVLRIVIFKKNG

VQAMVEFDSVQSAQRAKASLNGADIYSGCCTLKIEYAKPTRLNVFKNDQD

NN R R N AR AR RN R R R RN N RN L N R N RS
VQAMVEFDNLDAATRARENLNGADIYAGCCTLKIDYAKPEKLNVYKNEPD

T.WDYTNPNLSGQGDPGSNPNKRQRQPPLLGDHPA . . EYGGPHGGYHSHY
NN RN NS BN E B |
TSWDYT...LST............. EPPLLGPGAAFPPFGAP. .EYHTTT

HDEGYGPPPPHYEGRRMGPPVGGHRRGPSRYGPQYGHPPPPPPPPEYGPH

ST TS S IR I B Y | .
PENWKGAAIHPTGLMKEPAGVVPGRNAPVAFTPQ.............. GQ

198

14

100

50

150

72

200

119

250

169

297

201

347

237



348

238

398

288

446

338

496

388

546

437

ADSPVLMVYGLDQSKMNGDRVFNVFCLYGNVEKVKFMKSKPGAAMVEMAD 397
EEE S E RN RN EPOR DY EES N ERS N RR R N PEEY DS I PR PR RN Y
AQGAVMMVYGLDHDTSNTDKLFNLVCLYGNVARIKFLKTKEGTAMVQMGD 287

GYAVDRAITHLNN . NFMFGQKLNVCVSKQPAIMPG.QSYGLEDGSCSYKD 445

AR E RN P O I 1 RO S [ I I N I
AVAVERCVQHLNNIPVGTGGKIQIAFSKQNFLSEVINPFLLPDHSPSFKE 337

FSESRNNRFSTPEQAAKNRIQHPSNVLHFFNAPLEVTEENFFEICDELGV 495
AR N N R RN R R PR R N Y N Y T |
YTGSKNNRFLSPAQASKNRIQPPSKILHFFNTPPGLTEDQLIGIFNIKDV 387

KRPSSVKVFSGKSERSSSGLLEHESKSDALETLGFLNHYQMKNPNGPYPY 545
S EE2 P U R R R R R BN O ) ERPE I | IR
PATSVRLFPLKTERSSSGLIEFSNISQAVLAIMKCNHLPIEGKGTKFPF 436

TLKLCFSTAQHAS. .. ... ittt i it 568

SRR
IMKLCFSSSKSMNGAWNNAASEGMIEKENEVDTKVDIYN 475
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Figure 30:

This figure (2 pages) shows six sequence comparisons. Those regions of the hnRNP
L protein which show a limited homologies to the RNA-binding domains of other
proteins (see Chapter 4) are depicted. The putative RNA-binding domains have
here been named ’repeat domains’.

The percentage similarity and percentage identity was calculated by the GAP
program of the UWGCG package.

The percentage similarity and percentage identity between these 'repeat domains’
is less than the numbers obtained in a comparison between the smooth peptide

and the hnRNP L peptide sequences (see figure 24).



1) hnRNP repeat domain 1 x hnRNP repeat domain 2
Percent Similarity: 44.156 Percent Identity: 23.377

‘63 DPHKTPASPVVHIRGLIDGVVEADLVEALQEFGPISYVVVMPKK.RQALV 111
U IR IR R I ST IFA N PO B S
164 ........ LLFTILNPIYSITTDVLYTICNPCGPVQRIVIFRKNGVQAMV 205

112 EFEDVLGACNAVNYAADNQIYIAGHPAFVNYSTSQK.............. 147
S EE I AU IS I I UMD
206 EFDSVQSAQRAKASLNGADIYSGCCTLKIEYAKPTRLNVFKNDQDTHDYT 2556

2) hnRNP repeat domain 1 x hnRNP repeat domain 3
Percent Similarity: 51.389 Percent Identity: 23.611

63 DPHKTPASPVVHIRGLIDGVVEADLV.EALQEFGPISYVVVMPKKRQ.AL 110
EEES | R I T I I IO I I
352 ......0... VLMVYGLDQSKMNGDRVFNVFCLYGNVEKVKFMKSKPGAAM 392

111 VEFEDVLGACNAVNYAADNQIYTIAGHPAFVNYSTSQK 147
1 IS IR E S I 2 R
393 VEMADGYAVDRAITHLNNNFMFGQK. ...LNVCVSKQ 425

3) hnRNP repeat domain 1 x hnRNP repeat domain 4
Percent Similarity: 45.283 Percent Identity: 22.642

B3 ..t e DPHKTPASPVVHIRGLIDGVVEADLVEALQEFG...P 96
2 I N E sholosell o0ed |
449 SRNNRFSTPEQAAKNRIQHPSNVLHFFNAPLEVTEENFFEICDELGVKRP 498

97 ISYVVVMPKKRQALVEFEDVLGACNAVNYAADNQIYIAGHPAFVNYSTSQ 146

[ R [ S S
499 SSVKVFSGKSERSSSGLLE. . . .. vttt ittt etoenssnssanssnsns 517
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4)

5)

6)

hnRNP repeat domain 2 x hnRNP repeat domain 3
Percent Similarity: 50.000 Percent Identity: 20.833

164 ..LLFTILNPIYSITTDVLYTICNPCGPVQRIVIFRKNGVQAMVEFDSVQ 211
T RES I 3 B EE R R R R HERE
352 VLMVYGLDQS KMNGDRVFNVFCLYGNVEKVKFMKSKPGAAMVEMADGY 399

212 SAQRAKASLNGADIYSGCCTLKIEYAKPTRLNVFKNDQDTWDYT 255

Y | P PR S N I
400 AVDRAITHLNNNFMFGQ............ KLNVCVSKQ...... 425

hnRNP repeat domain 2x hnRNP repeat domain 4
Percent Similarity: 52.083 Percent Identity: 18.750

164 ...t i et eeas LLFTILNPIYSITTDVLYTICNPCGPVQR 192
SEEE el PRI R B
449 SRNNRFSTPEQAAKNRIQHPSNVLHFFNAPLEVTEENFFEICDE...... 492

193 IVIFRKNGVQAMVEFDSVQSAQRAKASLNGADIYSGCCTLKIEYAKPTRL 242

TN [T I RN I I
493 LGVKRPSSVKVF....SGKSERSSSGLLE. ... ..ccevverevrenns .. 517

hnRNP repeat domain 3 x hnRNP repeat domain 4
Percent Similarity: 43.750 Percent Identity: 17.188

352 ...VLMVYGLDQSKMNGDRVFNVFCLYGNVEKVKFMKSKPGAAMVEMADG 398
: A I I IE NI O
449 SRNNRFSTPEQAAKNRIQHPSNVLHFFNAPLEV ...... TEENFFEICDE 492

399 YAVDRAITHLNNNFMFGQKLNVCVSKQ.. 425

Y N 3 BN A
493 LGVKRPSSVK....VFSGKSERSSSGLLE 517
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Figure 31:

This figure shows three sequence comparisons. Those regions of the smooth protein
which show a limited homologies to the RNA-binding domains of other proteins
(see Chapter 4) are depicted. The putative RNA-binding domains have here been
named ’repeat domains’.

The percentage similarity and percentage identity was calculated by the GAP
program of the UWGCG package.

The percentage similarity and percentage identity between these 'repeat domains’
is less than the numbers obtained in a comparison between the smooth peptide

and the hnRNP L peptide sequences (see figure 24).



1) smooth repeat domain 1 x smooth repeat domain 2
Percent Similarity: 47.945 Percent Identity: 21.918

83 LLFTIINPFYPITVDVLHKICHPHGQVLRIVIFKKNGVQAMVEFDNLD 130

ST I R I I N BRI I N I I
242 VMMVYGLDHD..TSNTDKLFNLVCLYGNVARIKFLKTKEGTAMVQMGDAV 289

131 AATRARENLNGADIYAGCCTLKIDYAKPEKLNVYKNEPDTSWDYT 175
[ IR B P TS I I I
290 AVERCVQHLNNIPV GTGGKIQIAFSKQ ................. 316

2) smooth repeat domain 1 x smooth repeat domain 3
Percent Similarity: 38.235 Percent Identity: 22.059

83 LLFTIINPFYPITVDVLHKICHPHGQVLRIVIFKKNGVQAMVEFDNLDAA 132
I P I I P R |
341 ...SKNNRFLSPAQASKNRI.QPPSKILHFF....NTPPGLTE....... 375

133 TRARENLNGADIYAGCCTLKIDYAKPEKLNVYKNEPDTSWDYT 175

([ IO I P I Y
376 .......... DQLIGIFNIKDVPATSVRLFPLKTERSSSGLIE 408

3) smooth repeat domain 2 x smooth repeat domain 3
Percent Similarity: 32.203 Percent Identity: 15.254

242 ......... VMMVYGLDHDTSNTDKLFNLVCLYGNVARIKFLKTKEGTAM 282

N AU [ R S B S IEI |
341 SKNNRFLSPAQASKNRIQPPSKILHFFNTPPGLTEDQLIGIFNIKDVPAT 390

283 VQMGDAVAVERCVQHLNNIPVGTGGKIQIAFSKQ 316

. 1 |
391 SVRLFPLKTERSSSGLIE................ 408
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