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Chapter 1
Introduction

I - R Hybrid Dysgenesis
It was first noticed some 18 years ago that crosses between strains of

Drosophila melanogaster recently isolated from wild populations and strains which
had been cultured for some time in laboratories gave rise to sterile progeny.
Further investigation showed that two independent systems existed, called I-R
and P-M, and that all strains of Drosophila melanogaster could be characterised
as being one or other of two types (within each system) with regard to
production of this sterility. If male flies of a particular strain gave sterile
progeny in a cross, the strain was called inducer (I), or paternal (P), and if
female flies of a strain gave sterile progeny when crossed, the strain was called
reactive (R), or maternal (M).
In the I-R system only crosses between reactive females and inducer
males gave sterile progeny. The reciprocal cross, between inducer females and
reactive males gave normally fertile progeny as did crosses between inducer
strains or between reactive strains [Picard et al. 1972]. The same was true for
P and M strains in the P-M system (Fig 1.1). This phenomenon became known
as hybrid dysgenesis [Kidwell et al. 1977].

SF sterility
The sterility produced in the progeny of an I-R dysgenic cross (known as
SF sterility) has several characteristics which distinguish it from other forms of
sterility in Drosophila melánogaster.

It occurs only in the female progeny

(termed SF females; the females from the reciprocal cross are termed RSF), and
results from a failure of a proportion of the eggs laid to develop beyond early
divisions [Picard et al. 1977; Lavige 1986]. The proportion of embryos which
arrest development can vary and the percentage that survives is known as the
hatchability. Hatchability ranges between 0% and nearly 100% and gives a
measure of the degree of sterility.
1

FIGURE 1.1
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A summary of the crosses possible with regard to I-R
hybrid dysgenesis, and the resulting effects in the
progeny.

Measuring the sterility of females by hatchability of their embryos has
been the basis for most of the early studies on I-R hybrid dysgenesis. Analysis
of the relative sterilities of females from different genetic backgrounds has
yielded a lot of information on the inducer/reactive interaction. (see Reactivity)

Other dysgenic traits

Sterility is not the only consequence of dysgenesis. The surviving progeny
of SF females show increased rates of mutation, chromosomal abnormalities and
chromosome non-disjunction. These arise as part of the same phenomenon that
causes sterility.

Picard et al. [1978] showed that the frequency of X-chromosome nondisjunction was closely correlated with sterility. A higher frequency of nondisjunction was observed in crosses showing higher sterility. Also the frequency
of non-disjunction in the progeny of the SF females decreased with increasing
age of the SF mother (this is characteristic of I-R dysgenesis, see later).
Proust and Prudhommeau [1982] showed similar correlations for the
incidence of sex-linked lethal mutations and the intensity of dysgenesis. These
were found in the progeny of SF females, not RSF females, and their frequency
decreased as the SF females grew older. The frequency of lethals was higher
at some loci than others as there were hot-spots for their occurrence around the

cut (Cr) and yellow (y) regions.
I factors
This mutability has been shown to be due to the action of one
component of the dysgenic interaction, the I factor. The I factor is a
transposable genetic element present in inducer strains and is responsible for the
IN

dysgenic interaction with reactive strains.

The first indications that I factors were transposable came from observing
chromosomal contamination. I factors are present on the chromosomes of
inducer strains and are inherited in a Mendelian fashion in males. However, in
females heterozygous for inducer and reactive chromosomes, ie, SF and RSF
females, the reactive chromosomes gained I factors with a high efficiency [Picard
1976].

This appears to be a random process where chromosomes may or may
not gain I factors and it is not confined to homologous chromosomes [Picard
1978a]. This random distribution results in chromosomes of inducer strains
lacking I factors; these are called JO• These, are stable in 1 f/10 heterozygous
inducer females and have been used to map I factors by recombination to a few
loci on inducer chromosomes [Pélisson and Picard 1979].
Like other dysgenic traits, chromosomal contamination is affected by the
strength of the dysgenic interaction. The level of contamination occurring in an
SF female depends on the level of reactivity of her mother [Picard 1978a; see
Reactivity section later]. Stronger reactive females give higher rates of
contamination which can reach 100% per generation. The contaminating
chromosome appears to be unaffected by the process. Contaminated reactive
chromosomes, however, are irreversibly converted to inducer [Picard 1979]. The
strength of the inducer chromosomes action in the dysgenic interaction is not
additive. One I factor bearing chromosome is capable of producing dysgenesis
as efficiently as two [Pélisson 1979].

Identification and cloning of the I factor
The I factor transposes in reactive cytoplasm and the acquisition of an
I factor converts reactive strains to inducer.
3

This suggests an obvious mechanism for the generation of mutations in
dysgenesis by insertion of an I factor. This was tested and shown by Pélisson
[1981] who isolated a mutation of the white gene which he called This
mutation defines a red-brown eye colour in males, but more importantly, the w
locus appears to have gained an I factor as measured by the ability of
chromosomes carrying the WIR1 mutation to induce dysgenesis. In fact, Pélisson
was unable to separate the w1R1 mutation and I factor activity by recombination,
placing them within 0.02 map units of each other.

Analysis of the w locus of w 1 and several other dysgenesis induced
mutations, w 1

'

2

to w 6, showed that all were associated with insertion of 5.4kb

elements [Sang et al. 1984; Bucheton et al. 1984]. The elements from the w
and w1R3 mutations have been cloned [Bucheton et al. 1984] and the
element has been sequenced completely as have the ends of several others
[Fawcett et al. 1986].

It has been proved that this 5.4kb element is indeed an I factor, and
responsible for hybrid dysgenesis [Pritchard et al. 1988]. The w 3 element was
introduced into the genome of a reactive strain (Charolles) by P element
mediated transformation with the vector pUChsneo. This I factor-carrying P
element inserted at a single site on the chromosome as shown by Southern
blotting, in situ hybridisation and genetic mapping. The I factor then transposed
to several sites on the chromosome arms. This was shown by the increased
copy number of I factor hybridising restriction fragments on Southern blots, and
the appearance of several sites of I factor hybridisation on polytene
chromosomes in situ. Some of these new I factors were cloned and the ends of
one were sequenced to show that the I factor had transposed as a complete
5.4kb element.
It was shown that the I factor alone is sufficient to cause hybrid

ru

dysgenesis when the transformed Charolles lines were crossed to their parent
strain. When males of the transformed lines were crossed with Charolles
females, the female progeny showed SF sterility and their reactive X
chromosomes were contaminated. The only difference between the Charolles
strain flies and those of the transformed lines is the presence of the introduced
I factor [Pritchard et al. 1988].

I elements
The cloning of the I factor allowed identification of a class of I factor
sequences, known as I elements, which are found in all strains of Drosophila

melanogaster, both inducer and reactive [Bucheton et al. 1984]. Bucheton et al.
showed by Southern blotting and in situ hybridisation that reactive and inducer
strains have common I factor sequences which are located in centromeric
heterochromatin. These have very conserved patterns of hybridisation between
the various strains and therefore must be a very old constituent of the

Drosophila genome.
In addition to these, inducer strains have sites of in situ hybridisation on
their chromosome arms and on Southern blots they have various high copy
number fragments, corresponding to internal I factor restriction fragments,
superimposed on the pattern of I element hybridisation. These sequences on
the chromosome arms are thought to represent active I factors which are not
present in reactive strains.

Several I elements have been cloned from inducer and reactive strains
[Crozatier et al. 19881. Restriction mapping and sequencing show that at least
some elements are common to both. They appear to have been derived from
I factors by several rearrangements including deletions, insertions and point
mutations [Vaury et al. 1989]. (see Evolutionary Considerations later)

Molecular characterisation
The complete sequence of an I factor tells us much about its function.
It has conserved ends. In the various recent I factor insertions analysed in

white, bithorax and yellow [Fawcett et al. 1986; Busseau et al. 1989] the I factors'
ends are the same. The only differences are that at the left-hand, or 5', end
(according to Fawcett et al. 1986) the third nucleotide is either a G or a T,
while at the right-hand, or 3', end the number of repeats of the trinucleotide
sequence TAA varies between 4 and 7. There are no repeats, either inverted
or direct, at the ends of the I factor except for the short duplication of target
site sequence associated with integration. This varies in length between 10 and
14 nucleotides.
The I factor sequence contains two large open reading frames (ORFs)
on one strand read from left to right by convention (Fig 1.2). ORF1 is 1,287bp
long while ORF2 is 3,738bp long and the two ORFs are separated by 53bp.
Both have methionine codons near their 5' ends.

Functions/similarities
The amino acid sequences of these ORFs show several interesting
similarities with previously recognised motifs associated with different protein
functions (Fig 1.2). ORF1 contains the amino acid sequence motif
CX2CX4HX4C which is found in retroviral gag proteins and cauliflower mosaic
virus coat protein [Covey et al. 1986]. This suggests that the ORF1 product may
be involved in binding nucleic acids.
The second ORF has several interesting sequences. Like ORF1 it has
a sequence which implies association with nucleic acids. At the 3' end of the
ORF is a region which is rich in cysteine and histidine containing the motif
CX2CX7HX4 C which is similar to the zinc ion associated DNA binding "fingers"

FIGURE 1.2
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Diagram of the I factor. Shaded boxes represent the ORF's read from left to
right. Black boxes indicate the positions of sequence motifs associated with
various sequences: 1. a sequence found in retroviral gag proteins associated with
nucleic acid binding, 2. a sequence found in the transmembrane domain of
membrane bound proteins, 3. a region that is highly conserved between LINElike elements, 4. reverse transcriptase, 5. RNaseH, 6. zinc-binding finger.
The sequences at the 3' and 5'ends is indicated. The third nucleotide is G or
T, and the number of TAA repeats varies.
Restriction enzyme sites indicated: A=AvaI, H=HindIII, P=PstI, K=KpnI.

of TFIIIA [Miller et al. 1985].

It also has a region around the centre of the ORF containing several
amino acids characteristic of reverse transcriptases [Toh et al. 1983; Fawcett et

al. 1986; Finnegan 1988]. In addition to a RNA dependent DNA polymerase
activity [Temin 1970] retroviral poi genes have an integrase [Golomb and
Grandgenett 1979] and a RNaseH activity [Verma 1975]. ORF2 has no obvious
similarity to the integrase region of retroviral poi genes [Johnson et al. 1986],
although it does have sequences similar to E.coli RNaseH and the similar region
of the RSV p0! gene [Finnegan 1988]. Another region at the 5' end of ORF2
has similarity to a motif found in several different transmembrane proteins and
an ATPase binding domain [S.Lake personal communication].
Transposition

These various similarities all strongly suggest that the I factor transposes
via an RNA intermediate [Fawcett et aL 1986]. A model based on this has
been proposed [Pritchard et al. 1988](Fig 1.3).

Since the ends of the I factor are conserved during transposition, this
implies that a full length, 5.4kb, RNA is used. Such an RNA has been
identified [J.Prosser and M.C.Chaboissier personal communication]. This could
only be generated by read-through from an upstream promoter, or an internal
promoter. Since transposition has been observed from a site without an
• adjacent promoter [Pritchard et al. 1988] this implies an internal promoter exists.
There are no sequences similar to RNA polymerase III recognised promoters
[Bogenhagen et al. 1980; Sakonju et al. 1980] within the I factor which also
contains several polyT sequences. The sequence 'FIT! in a G-C rich
environment acts as the terminator for polymerase III transcription [Bogenhagen
and Brown 1981; Gottlieb and Steitz 1989].
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FIGURE 1.3
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Possible mechanism for I factor transposition: a. transcription of an I factor, b.
I factor encoded protein(s) bind the 3' end of the RNA and a site on the
chromosome, c. reverse transcriptase synthesises a cDNA strand from the
staggered break, Cl. the cDNA strand is ligated to the other side of the staggered
chromosomal break. If this occurred before completion of the first strand, a
truncated element insertion would result, e. RNaseH and reverse transcriptase
activities synthesise the second cDNA strand, f. synthesis is completed, nicks
ligated, and an I factor is inserted flanked by a direct repeat sequence from
repair of the chromosomal break overhang sequences.
Figure taken from Pritchard et a! 1988.

Taken together, these observations suggest that transcription is initiated
from an internal polymerase II promoter. This has been observed for the
related element jockey [Mizrokhi et al. 19881.

The jockey element directs

transcription of a full length 5.2 kb RNA. The untranslated sequences at the

5' end of the jockey 'element fused to the bacterial chloramphenicol transferase
(CAT) gene can direct transcription and allow expression of CAT activity in
transfected Drosophila tissue culture cells. This is abolished by deletion of the
first 13 nucleotides of this sequence, indicating that these internal sequences are
necessary and sufficient to promote transcription from the start of the Jockey
element [Mizrokhi et al. 1988]. Analogous experiments have been performed
with the I factor's 5' untranslated sequences with similar results [M.Pritchard
and C.McLean personal communication].

Thus, a full length RNA transcript is generated which could be reverse
transcribed to a cDNA by the product of ORF2 with or without ORF1.
Premature termination of reverse transcription of this RNA would result in 5'
truncation of the transposing element. Insertions of such truncated elements
have been isolated [Busseau et al. 1989; Crozatier et al. 1988].

There is no evidence of an integration function in the I factor, so it has
been suggested that the I factor integrates at pre-existing nicked sites. The
variably sized target site duplications may be a reflection of this.
The related element Cin4 of Zea mays [Schwarz-Sommer et al. 1987]
integrates at chromosomal sites related to parts of the Cin4 element sequence
and results in elements truncated at these points (Fig 1.4). This led SchwarzSommer et al. to propose that the related sequences were involved in
integration.

This is not the case for I, although the fact that the majority of the target
sites identified so far [Fawcett et al. 1986; Busseau et al. 1989] include the

FIGURE 1.4
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Possible mechanism of Cin4 insertion. Step 1 indicates RNA hybridisation based
on homology of Cin4 truncated sequences with their chromosomal insertion sites.
Inserted RNA is reverse transcribed to produce a truncated element insertion.
Figure from Schwarz-Sommer et a! 1987.

sequence TAA is suggestive of a possible involvement of the 3' end TAA
triplets in integration. In the one case where an I factor could be compared
before and after transposition, the number of TAA triplets increased from 5 to
6 [Pritchard et al. 1988].

There is no direct evidence that the enzymatic functions ascribed to the
I factor are involved in transposition. Experiments to define these, and their
roles, are under way.

Reactivity

The second component of hybrid dysgenesis is known as reactivity.
Reactivity can be considered a cytoplasmic state of a reactive oocyte which is
maternally inherited, can undergo quantitative variation over several generations,
but which is ultimately determined by genotype.

Bucheton et al. [1976] found by crossing various reactive strains with
standard inducer strains that the strength of the dysgenesis produced (as
measured by the fertility of SF females) varied from strain to strain. This was
interpreted as variation in the strength of reactivity of the individual strains.
This varied from strong reactive strains, which could produce almost totally
sterile SF females, to neutral, or very weakly reactive, strains which produced
almost totally fertile SF females.

They also showed that variation could exist between individual females
within a strain, and that both strongly (giving very sterile SF females) and
weakly (giving less sterile SF females) reactive stocks could be produced over
several generations by selective breeding from a heterogeneous starting strain.

Maternal inheritance of reactivity

Bucheton and Picard [1978] showed that this quantitative genetic
component was maternally inherited. They took females of a strong reactive
strain (seF8) and introduced the genotype of a neutral strain (Paris) by
backcrossing to males. This line showed strong reactivity initially, which
gradually weakened over the course of 10. generations to a neutral level. Thus,
the level of reactivity is determined by the maternal cytoplasm, but is ultimately
determined by the genotype. The surprising aspect of this is the number of
generations that is necessary for change to be effected. This implies the
persistence of a cytoplasmic "state" through several generations, after the
genotype which specified it has been replaced.

Although mostly maternally inherited, reactivity is affected by the paternal
chromosomes. The fertility of an SF female is unaffected by the inducer or
reactive state of its mate, only its parents. However, the fertility of her surviving
daughters is affected. This is also true for RSF females. If an SF or RSF
female is crossed to males from the original reactive strain, the daughters are
less fertile than if they had inducer fathers [Picard 1978b]. These females show
more sterility depending on the number of reactive chromosomes they have
inherited from their father. Therefore, paternal chromosomes can transmit
reactivity. (This can be viewed as a dilution of the inducer state.)[Pélisson 1979]

There is no extrachromosomal element involved in transmitting reactivity
as the reactive chromosomes can be derived from inducer or reactive origin.
By using a painstaking construction of reactive chromosomes in inducer
cytoplasm, reactive character was established and maintained. Again it took
several generations for the inducer cytoplasm to convert to the reactive state
specified by the reactive chromosomes [Bucheton and Bregliano 1982].
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Effects of age and temperature
SF sterility decreases as females grow older. This can be viewed as a
decrease in reactivity. (As reactivity is measured by the sterility it produces in
a dysgenic cross, it is difficult to separate the two.) This effect is both heritable
and cumulative, as ageing the mothers or even grandmothers of SF females
leads to an increase in their fertility compared to genetically identical SF females
descended from unaged ancestors [Bucheton 1978]. Therefore, one can decrease
the reactivity of a line by selectively breeding from old females.

This is reversible, as reactivity returns to its original level once selection
is removed [Bucheton 1979]. This is viewed as a decrease in the reactivity of
the SF females ancestors which is inherited through the cytoplasm.
Similar cumulative, heritable, but reversible effects on reactivity can be
induced by temperature. Flies are normally cultured between 18 and 25°C. The
fertility of SF females increases if they are cultured at 29°C after being raised
at 18°C. Fertility decreases sharply about 3 days after they are returned to
18°C. This is interpreted as showing higher temperatures to have curative
effects on sterility late in oogenesis, but opposite effects early in oogenesis
[Bucheton 1978].
Raising the grandmothers of SF females at 29°C decreases the reactivity
of their mothers, and consequently, their own sterility. Similarly, cumulative
effects on reducing reactivity can be seen by culturing flies at 29°C over several
generations. This is again reversible as reactivity returns to its original strong
level after flies are returned to culture at lower temperatures. Several
generations are required for the change to occur.
Reactivity is a complex component of hybrid dysgenesis when viewed this
way, that is, as the determinant of a level of sterility. However, this may be the
11

result of a complex interaction of cellular factors unrelated to actual hybrid
dysgenesis. It may be much simpler to view reactivity as the permissive state
for interaction with inducer strains (the absence of I factor). The major enigma
about reactivity still remains, however, the inertia shown in the cytoplasm's
reaction to the genotype. A genotype can be altered in two generations, while
the cytoplasm may take ten or more to attain the level of reactivity specified by
it.

Regulation of I-R interaction
From studies of dysgenesis we can ascribe at least two functions to the
I factor:- transposition and regulation. We know that the I factor transposes,
we also know that it transposes in a reactive germ-line, and that this is
subsequently converted to inducer. That the I factor is sufficient for this
conversion has been shown by Pritchard et al. [1988] where the introduced I
factor results in strains that do not show sterility in crosses with inducer strains
(see earlier). Preliminary evidence indicates that this may not require a function
of the second ORF since I factors mutant in ORF2 cannot transpose, but can
regulate incoming I factors on inducer chromosomes [M.Pritchard personal
communication]. We can therefore tentatively ascribe a regulatory function to
the first ORF.
At first sight, this regulation resembles that involved in zygotic induction
of phage A [Wollman and Jacob 1954]. In this phenomenon, a lysogenic
prophage is repressed in its host cell, but, on transfer to a cell free of repressor
by conjugation is derepressed and undergoes excision and the lytic cycle.

Unfortunately, a reactive cytoplasm cannot be simply constituted by a lack
of I factor-produced repressor. Reactive chromosomes have different efficiencies
of interaction with I factors. Their influence is inherited maternally, and may
persist for several generations. Other, as yet unidentified, or at least unproven,
12

cytoplasmic factors must be involved.
Taking this into consideration, the simple model of I factor produced
repression may still be valid. In an experiment designed to study the kinetics
of this process Pélisson and Bregliano [1987] performed a dysgenic cross and
selected for the least fertile females at each generation for several generations.
They then assayed the number of I factors in these populations by in situ
hybridisation. Thus, they artificially maintained dysgenesis and monitored the
behaviour of the I factors.
They found that the number of I elements present reached a plateau of
about 6 after about 2 generations, with only a slight, gradual increase over
successive generations to around 8. When selection was removed, the number
increased to about 10 although this did not appear statistically significant.

The main problem with this experiment is that the methods used did not
differentiate between functional I factors, and non-functional I elements. By
looking at all elements, they could be increasing the amount of variation, and
obscuring significant trends as the number of active I factors involved is very
probably much lower than the numbers measured. Maintaining dysgenesis, with
transposition, but without the acquisition of I factor, will increase the probability
of acquiring I elements in the sample studied.

This experiment can be interpreted as showing that a threshold number
of I factors exists, below which dysgenesis occurs, and above which, it does not,
and that I factor transposition behaves similarly. By selecting the least fertile
flies, Pélisson and Bregliano may be isolating the individuals which have not
gained enough I factors to become inducer, and fully fertile (as a consequence
of the random process of transposition). This implies a model in which I factors
repress their actions in dysgenesis, including transposition and fertility, only when
sufficient numbers of I factors are produced by transposition.
13

Evolutionary considerations

Bucheton et aL [1986] have looked at the distribution of I factors and
related sequences in several species of the genus Drosophila, mostly in the

subgenus Sophophora to which Drosophila melanogaster belongs. They have
found that sequences homologous to I factors are widespread in species of the

melanogaster group, with the exception of D.takahashii, and that their distribution
between species correlates with the phylogenetic relationships between them.
The most closely related species D.simulans, D.mauritiana and D.seychellia have
sequences strikingly similar to the I factor of Drosophila melanogaster. This
implies that I factors are ancient components of the Drosophila genome, and
were present before the divergence of the various species from a common
ancestor.

-

Simonelig et al. [1988] looked in more detail at the I factors of

D.simulans and D.teissieri.

Of the two, D.teissieri is more distantly related to

D.melanogaster and its I factor sequence, at the level of restriction site analysis,
reflects this. D.sjmulans contains I factors with the same restriction pattern as
those of D.melanogaster, as well as others that differ from it. (One of these
differences is caused by a conservative base substitution to create a Hindill site
[C.McLean personal communication].)
Analysis of different strains of D.simulans and D.teissieri by Southern
blotting and in situ hybridisation indicates that all the strains studied are
equivalent to inducer strains of D.rnelanogaster.

They contain sites of

hybridisation in centromeric regions which are conserved between strains and
sites on the chromosome arms which vary between strains. This indicates that
there are some functional, transposable elements in all the different isolates
studied. -

14

We may tentatively conclude that the only strains studied so far which do
not have functional I factors are the reactive strains of D.melanogaster. Kidwell
[1982] proposed the "recent invasion" mechanism for the acquisition of I factors
by D.melanogaster in recent times, based on the observation that strains caught
in the wild from the 1930's on have shown increasing inducer quality, such that
now all wild strains appear to be inducer. Simonelig et al. [1988] suggested that

D.melanogaster lost functional I factors at some point in its evolution, after the
divergence of D.melanogaster and D.teissieri, and that it only reacquired them in
the wild (since the 1930's) by horizontal transfer from D.simulans. Although
they suggested D.simulans as a possible source of these I factors, because it
contains I factors like those in D.melanogaster, there is no evidence that it could
not have been an unstudied species.
This hypothesis has been refined by Vaury [PhD thesis, Université Blaise
Pascal 19891 based on sequence analysis of heterochromatic I elements [Vaury

et al. 1989] and that of the I factor from D.teissieri, denoted

'tel

[Abad et al.

19891. The 'tel factor has been shown to be functional in D.melanogaster
although its sequence has diverged from that of the I factor of D.melanogaster
('mei)

[Abad et al. 1989].
Comparing these various sequences showed that they all had a similar

level of sequence identity (about 94%) with each other. There were 31
positions in the region of the I elements sequenced where the sequence of the
'mel.

factor differed from that of at least 2 of the I elements sequenced. (The

three elements sequenced had deletions at different points.) Of these 31
differences, 21 do not alter the amino acid coded, implying that there is some
selective pressure for function.
Comparison of these 31 positions with the sequence of the functional I,
factor shows that of the 31 positions, 12 are identical between the reactive
elements and 'tel' while 15 are shared by 'te, and 'mel' and only 4 of the
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positions are different in 1'tei from both 'met and the R elements.
Vaury [1989] proposed that the I factors of D.melanogaster and D.teissieri
have evolved from the same ancestral I factors as were immobilised in the
heterochromatin of the common ancestral Drosophila.

They have evolved

together until D.teissieri diverged from D.melanogaster and D.simulans.

D.melanogaster and D.simulans then separated and D.melanogaster lost active I
factors only reacquiring them in recent history by horizontal transfer from

D.simulans (Fig 1.5).
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FIGURE 1.5
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Proposed scheme of evolution of the I factor from Vauly 1989. An ancestral I
factor is immobilised in heterochromatin. The active I factor diverges from this
until D.teissieri is separated from D.melanogaster and D.simulans. The I factors
in each species continue to diverge and D.melanogaster loses its active I factors
and regains them by horizontal transfer from D.simulans in recent history.

LINEs a family of elements related to I factors
Mammalian LINEs
The general sequence organisation of the I factor outlined previously has
been found to be common to a series of transposable elements from a variety
of species. The common features are that these elements do not have terminal
repeats, but have an A-rich sequence at one end. They are flanked by target
site duplications of varying length. They have two ORFs on one strand, the
second, and larger of which, encodes a protein with similarity to retroviral
reverse transcriptases. These elements have collectively been called' retroposons
[Rogers 1986] or non-viral retroposons [Weiner et al. 1986].

The best characterised of these elements are mammalian LINEs (Long
Interspersed Nucleotide Elements) [Singer 1982]. Most LINE elements isolated
are truncated to varying degrees at their 5' end (consistent with premature
termination of reverse transcription of an RNA intermediate during
transposition, see Transposition earlier) and many carry internal mutations and
rearrangements. However a typical, full-length sequence can be deduced by
comparing the sequences of several different elements. This has been done for
the Li elements of mice and humans [Hattori et al. 1985 and 1986]. Li
elements of other species have been characterised, but not as extensively. These
species include primates, rat, dog, cat and rabbit.

All the Li elements have the structural features noted above, although
the LiMd (Mus domesticus) elements are peculiar for possessing a tandemly
repeated sequence at their 5' ends. This can be one of two types denoted Aand F- of 208 and 206bp respectively [Shehee et al. 87; Padgett et al. 1988].
The repeat has been found in 42/3, 22/3 and 1 2/3 copies, with the most 5' repeat
deleted by about 70bp. This has led to speculation that the 70bp's contain a
promoter directing transcription of the remaining 2/3 of the repeat, and the rest
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of the element, and that this RNA is the intermediate which is reverse
transcribed during transposition [Loeb et al. 1986].

Successive transpositions of an L1Md element would result in loss of
copies of its repeat and the proposed promoter, which would eventually leave
the element quiescent. However, it has also been suggested that a number of
repeats could be maintained by unequal recombination between repeats of
different elements or the same element on sister chromatids. Experimental
evidence to support this is lacking. It is worth noting that L1Md is the only
element to possess these repeats, and that it may be an evolutionarily recent
addition to the element, and not absolutely essential.

As already mentioned for the I factor, transposition of the other LINEs
may require transcription initiated at the extreme 5' end, and implies an
internal promoter. However, it is possible that transcription of Li elements is
initiated from neighbouring promoters directing transcription from the 5' end
of the element, or that some processing event removes the element transcript
from a larger RNA produced by insertion of an element in a transcribed region.
Full-length transcripts of human Li (L1Hs, Homo sapiens) elements have been
detected in a human teratocarcinoma cell line [Skowronski et al. 1988].
Sequencing of cDNA's, however, has not revealed a functional transcript
[Skowronski and Singer 1986]. This is not surprising as the number of active,
transposing elements may be small compared to the 80,000 elements in the
genome, and their transcripts may be even less abundant amongst all the
hybridising RNAS.
Hutchison et al. [1989] have proposed that all L1Md element insertions
have arisen from a small number of active transposing elements (at the extreme,
one single element). These elements may have (neighbouring) promoters, and
have simply not been identified in the handful of elements cloned from the total
population.

Evidence for active elements exists since transpositions of Li elements
have been observed as polymorphisms at various loci in different species.
Casavant et al. [1988] compared the p-globin loci of Mus caroli and Mu
domesticus and showed that polymorphisms due to Li elements were rarely
present in both species. This does not show transposition directly.

More directly, though, Li elements have been shown to cause mutation
of the myc loci in tumours of dogs [Katzir et al. 1985] and humans [Pear et al.
1988; Morse et al. 1988]. The LiHs insertion at the myc locus of the human
breast carcinoma [Morse et al. 1988] gives direct evidence for somatic
transposition, as the rearranged myc locus is not found in other tissues of the
patient.

Germ-line transposition of LiHs elements has been. shown to occur as
well. Screening of haemophilia A patients showed at least four had insertions
of Li sequences in the gene coding for factor VIII [Kazazian et al. 1988 and
personal communication]. These insertions were not present in the parents.
This implies a significant rate of transposition and mutagenesis by LiHs.

LINE-like elements in Drosophila
There are several elements related to the I factor in D.melanogaster.
These include F, G, Doc and jockey [Di Nocera et al. 1983; Di Nocera and
Dawid 1983; Bender et al. 1983; Mizrokhi et al. 19851.

While they all share

similar sequence arrangements and amino acid motifs, they vary in size and copy
number [Table i and Fig 1.6]. As described earlier, jockey has been shown to
be transcribed by RNA polymerase II from an internal promoter; this may be
another common feature [Mizrokhi et al. 1988].

19

FIGURE 1.6
Schematic representation of various transposable elements, separated into classes
I and II by their proposed mechanism of transposition by an RNA intermediate
(class I), or by a DNA-DNA mechanism (class II).
Retrotransposons. These resemble retroviruses, they have LTR's, a
primer binding site and a purine rich sequence. They have gag and
reverse transcriptase-like ORF's which are fused in some elements. Some
have a third ORF in a similar position to retroviral env genes.
Non-viral retroposons. These have no terminal repeats, but have an Arich sequence at one end. The other end is often truncated. They
usually have two ORF's, one like a gag gene, the other encoding a
protein with similarity to reverse transcriptase..
Elements with short inverted terminal repeats. Some are known to
encode their own transposase, P element transposase is encoded by 4
exons.
Elements with long inverted terminal repeats. These elements vary in
size and sometimes contain ORF's.
Whether they function in
transposition is unknown.
Figure taken from Finnegan 1989b.
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LINE-like elements in other species
Other elements of this type have been found in the silkworm Bombyx

mori, (R1Bm and R2Bm) [Xiong and Eickbush 1988a; Burke et al. 1987], the
plant Zea mays (Cin4) [Schwarz-sommer et al. 1987] and the protozoan

Tiypanosoma brucei (Ingi) [Kimmel et al. 1987].
The Bombyx mot

elements are not randomly dispersed throughout the

genome, but are mostly found integrated in a fraction of the repeated ribosomal
28S genes. It has been shown by expressing the R2Bm ORF in E.coli that it
encodes an endonuclease which makes a specific double-stranded cut with a 4
base 5' overhang at its insertion site in the 28S gene [Xiong and Eickbush
1988b]. The high sequence specificity of this endonuclease activity is probably
responsible for the element's limited distribution. This may be a modification
of their behaviour to ensure transcription of the elements [Xiong and Eickbush
1988c].

The maize element Cin4 also has its peculiarities. Like the other
elements, it is found deleted at its 5' end, presumably as a result of premature
termination of reverse transcription. It has been noted, however, that the
sequence immediately adjacent to the point of deletion is similar to the site of
insertion. This led Schwarz-Sommer et al. [1987] to propose a model for
transposition involving base-pairing between the inserting RNA/cDNA hybrid and
the insertion site (see earlier, Fig 1.4).

Despite individual variation, it is clear from their structures that these
elements are all related. It has been noted that, besides the reverse
transcriptase homologies shared with retroviruses, these LINE-like elements have
regions of similarity in the second ORF peculiar to themselves [Finnegan 1988].
This may reflect an aspect of their transposition/reverse transcription which is
not shared by retroviruses.
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Doolittle

et al.. [1989] and Xiong and Eickbush [1988c] have taken this

comparison and grouping further, looking at various reverse transcriptase like
sequences, and have constructed phylogenetic trees which clearly group LINElike elements, retrotransposons and retroviruses quite separately. In fact, Xiong
and Eickbush group LINEs with fungal mitochondrial intron and plasmid
element sequences rather than with retrotransposons found in Drosophila.
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Retrotransposons
There are several other transposable elements in Drosophila melanogaster
which might be classed with the I factor and LINE-like elements by virtue of
their transposition via an RNA intermediate and their possession of reverse
transcriptase coding ORFs. These elements, however, are classed quite
separately due to their structural similarity to retroviruses. They have been
referred to variously as retrotransposons, viral-like retroposons and, for historical
reasons,

copia-like

elements. There are several different types of

retrotransposon in Drosophila [Table 1.3] and retrotransposons have been found
in a variety of different organisms [Table 1.4]. The best studied outside

Drosophila are the Ty elements of Saccharomyces cerevisiae [Boeke 1989].
Much of what is known about these elements comes from sequence
analysis and is inferred from their similarity to retroviral proviruses. Elements
sequenced so far are 176 [Saigo et al. 1984], copia [Mount and Rubin 1985],

gypsy [Manor et al. 1986], 412 [Will et al. 1981; Yuki et al. 1986], 297 [Inouye
et al. 1986] and 1731 [Fourcade-Peronnet et al.. 1988]. The structural similarities
are quite striking and include several features which are vital to retroviral
replication.
These elements are generally between 5 and 9kb long and contain direct
terminal repeats (LTRs) of between 200 and SOObp which contain sequences like
those involved in controlling transcription in retroviral LTRs, and short inverted
terminal repeats [Will et al. 1981]. Just 3' to the 5' LTR is a sequence
complementary to the 3' end of a tRNA. The particular tRNA molecule varies
between elements and, by analogy with retroviruses, is thought to bind to the
RNA and prime synthesis of complementary DNA molecules by reverse
transcriptase. There is also a purine rich stretch just 5' to the 3' LTR, which
is thought to be involved in priming second strand cDNA synthesis.
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Additional evidence that these elements transpose via a mechanism
analogous to retroviral replication is that molecules of transposable element
DNA akin to retroviral replication intermediates have been found in Drosophila
tissue culture cells and embryos. Extrachromosomal circular DNA copies of
several elements have been recovered [Mossie et al. 1985]. copia circles have
been found which contain one and two LTRs [F1aell and Ish-Horowicz 1981],
while 412 circles have only been recovered with a single LTR [Shepherd and
Finnegan 19841. Extrachromosomal linear molecules of copia have also been
found [Flavell 1984; Flavell and Brierley 1986] as have other expected
intermediates of reverse transcription [Arkhipova et aL 1984 and 1986].
Furthermore, full-length RNAs of both copia of Drosophila and Ty of

Saccharomyces cerevisiae have been found associated with intracellular virus-like
particles containing reverse transcriptase activity [Shiba and Saigo

1983;

Garfinkel et al. 1985; Mellor et al. 1985].

Reverse transcriptase is only one of the encoded functions that are shared
by retroviruses and retrotransposons. Retroviruses have gag proteins involved
in nucleic acid binding and core particle formation. Retrotransposons do not
have extensive homology to these, but copia and 1731 do share protein sequence
motifs characteristic of nucleic acid binding proteins. They also show similarity
to other regions of the retroviral poi genes including an integrase activity, an
RNaseH activity and a protease function. (Although the relative positioning of
these is altered in Ty and copia.)

Ty is the best characterised retrotransposon with respect to protease
function and translational frameshifting. The gag and p0! ORFs of many
retroviruses and retrotransposons (although not copia) overlap, and yet large
fusion polypeptides of both ORFs are produced. For retroviruses and Ty this
has been shown to be caused by a "stalling" of the ribosome at a particular
sequence on the RNA just upstream of a potential hairpin loop. This
occasionally allows a tRNA to bind a codon overlapping one already occupied,

23

ie, to shift frame, and allows translation to continue through the poi gene.
The resulting large polypeptides are then cleaved by a self-encoded protease
into various structural and enzymatic components, including the matrix and
capsid proteins and the protease and reverse transcriptase enzymes.

In summary, retrotransposons share extensive similarity to retroviruses.
The question of common evolutionary origin is taken for granted [Xiong and
Eickbush 1988c; Doolittle

1989], but the question of whether

et al..

retrotransposons are degenerate viruses, having lost the capacity for extracellular
transmission, or whether retroviruses are retrotransposons which have gained this
ability is open to debate [Temin 1980].
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Other hybrid dysgenesis systems
I-R hybrid dysgenesis is not the only system of hybrid dysgenesis in

Drosophila melanogaster. Two others have been studied, and others are probably
waiting to be discovered. By far the most extensively characterised is the P-M
system [Kidwell et al. 1977; review by Engels 1989].

P-M hybrid dysgenesis

Genetically, I-R and P-M dysgenesis have some striking similarities, but
they are quite distinct at the molecular level. P-M dysgenesis occurs in the
progeny produced when males of strains classed as P are crossed with females
of strains classed as M. It does not occur in the reciprocal cross or in intrastrain crosses. This asymmetry results from the interaction of two components,
the P elements of P strains and the maternal cytotype of M strains. P-M
dysgenesis produces high frequencies of mutation, chromosomal rearrangements
and male recombination in the germ-line of the progeny of a cross, and results
in high frequencies of sterility in these progeny. This sterility, unlike SF sterility,
results from a failure of the gonads of both sexes to develop and is termed
"gonadal dysgenesis". Its frequency is increased by raising the progeny at 29°C
[Kidwell et al. 1977].

P elements are the transposable elements responsible for causing
dysgenesis. They were first identified as sequences inserted in dysgenesisinduced mutant alleles of the white locus [Rubin et al. 1982] and were found to
be present in P strains, but not M strains [Bingham et al. 1982]. Two classes
of element were found, complete, autonomous 2.9kb elements, and deletion
derivatives which can be mobilised in trans [O'Hare and Rubin 1983; Spradling
and Rubin 1982]. This behaviour of P elements, even if injected into oocytes
as plasmid DNA, has been used to introduce foreign and genetically
manipulated genes into the Drosophila genome by P element-mediated
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transformation [Rubin and Spradling 1982].

The 2.9 kb P element has short (3 lbp) inverted repeats and causes an
8bp duplication at the site of insertion [O'Hare and Rubin 1983]. It encodes
4 ORFs, all of which are needed to produce transposase [Karess and Rubin
1984]. Transposase is produced only in the germ-line and is confined to these
tissues by a mRNA splicing event which joins ORF2 and ORF3 and which only
occurs in germ-line cells [Laski et al. 1986]. Removal of the intron results in
synthesis of an 87kD protein while a 66kD protein is synthesised in the absence
of the ORF2-ORF3 splice.

Transposition does not appear to involve an RNA intermediate, but is
probably a replicative DNA-DNA event. It requires sequences in addition to
the 3 lbp repeats, and the ends are not functionally equivalent, ie, a 5' end in
inverted orientation cannot function as a 3' end [Mullins et al. 1989]..

Cytotype, like reactivity, is an ill understood property of the cytoplasm of
the oocyte and can be P or M depending on its ability to cause dysgenesis.
Many researchers have tried to identify a P element repressor which could
determine P cytotype. Transposase can stimulate excision of P elements and
often deletion of internal regions of the P element. Some of these deleted
elements (eg, KP elements) have been proposed to be producers of a repressor
which regulates P elements [Black et al. 1987]. While deleted elements can
repress P element activity, their ability to produce P cytotype is still open to
debate.

Engels [1989] has also looked at the ability of some deleted elements to
mimic the effects of P cytotype. Some P element-induced mutations have more
or less extreme phenotypes depending on the cytotype of the flies carrying them.
Engels [1989] has looked at the ability of certain deleted P elements to affect
some of these mutations. He has found that they do have similar influence on
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these mutations, but they do not produce true P cytotype as their influence is
not maternally inherited. These elements have ORF3 deleted and presumably
produce truncated proteins. An intriguing aspect of this phenomenon is that
these elements only exert their influence if they are present at particular
positions in the genome.

Like I-R dysgenesis,

P-M, dysgenesis can produce large scale

rearrangements of the genome. One study of several P-M dysgenesis induced
inversions proposed that they result from random reassortment and ligation of
transposase produced nicks at the ends of P elements [Engels and Preston 19841.
The behaviour of P elements has been well studied, but the basis of many
characteristics of hybrid dysgenesis (eg, sterility) remain to be elucidated.

hobo elements
There is another transposable element in Drosophila, with similarities to
P elements, which is thought to be involved in producing dysgenesis. The hobo
element also has short (12bp) inverted repeats and is about 3.0kb long.
Deletion derivatives of the element exist, and these can be mobilised by the
autonomous 3.0kb element [Streck et al. 1986; Blackman et al. 1987].

Drosophila strains can be characterised as H (hobo containing) or E
(empty) [Streck et al. 1986] and crosses between H and E strains result in
instability of mutations associated with hobo insertion [Blackman et al. 19871.
However, the non-reciprocal effect characteristic of hybrid dysgenesis is not
apparent, as both H x E and E x H crosses behave similarly. This implies that
a component like cytotype or reactivity does not exist for hobo. Indeed, some
H x H crosses with particular strains also result in instability [Yannopoulos et
al. 1987; Johnson-Schlitz and Lim 1987].

Crosses between certain H and E strains do produce gonadal atrophy
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similar to gonadal dysgenesis [Blackman et al. 1987; Yannopoulos et al. 19871,
however, there may be some P elements present which could contribute to this
effect and therefore the involvement of hobo in this is not clear and needs
further evaluation.

hobo elements have also been used to perform germ-line transformation
of Drosophila melanogaster [Blackman et al. 1989]. A defective hobo element
carrying the rosy gene transposed into the chromosome from plasmid DNA when
injected into oocytes from an H male x E female cross, and when injected into
an E strain together with a plasmid carrying an autonomous 3.0kb element.

Mutation by transposable elements
Insertions of transposable elements, in Drosophila at least, are often
identified by the mutated phenotype that results. The mutated phenotype is not
always simply due to an interruption of coding sequence, resulting in a null
phenotype, but is often more subtly produced, and subject to other genetic
interactions. A large proportion of transposable element insertions are not in
exons, but rather in introns, untranslated regions, or untranscribed regions of
genes. They exert their influence, not on the coding capacity of the gene, but
on its expression.

This influence may be revealed by the effects of second-site mutations
and other genetic conditions on mutant phenotypes. Examples exist in yeast and

Drosophila.

In Saccharomyces cerevisiae, alleles of several genes have been

identified that are over expressed in haploid cells (lOX, compared to diploid).
These are due to the insertion of Ty elements in the 5' regulatory regions of
the genes. These have been called ROAM mutations for regulated
overproducing alleles responding to mating-type. Enhancer-like elements in the
Ty LTR increase transcription of both the Ty element and the neighbouring
gene if they are transcribed divergently. The enhancer sequences responsible
have been identified [Company and Errede 1987]. A host cell factor binds to
this enhancer in a complex, the formation of which is regulated by the STE7
and STE12 loci in a similar way to expression of the inserted gene [Company

et al. 1988]. This indicates how the recruitment of host factors by a
transposable element can affect normal gene expression.
A similar situation exists for the gypsy element in Drosophila. Several
different mutations caused by gypsy insertions are suppressed by mutations at

the suppressor of Haiiy-wing, su(Hw), locus. The su(Hw) protein is a "zincfinger"-containing DNA binding protein which binds a repeated enhancer-like
sequence in gypsy. This implies a role for su(Hw) in regulating gypsy expression,
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and hence, production of the mutant phenotype [Spana et aL 1988; Parkhurst

et al. 1988]. Partial revertants of gypsy induced mutations of y and Hw have
been studied. The revertant phenotypes appear to be caused by insertions of
transposable elements (jockey, hobo and BS) into the enhancer-like sequences
of gypsy [Geyer et al. 1988].

There are several other examples where partial reversion of an insertional
mutation is caused by a second transposable element insertion. Another
insertion of jockey into gypsy causes a less extreme phenotype of the cut allele
ct
[Mizrokhi et al. 1985]. Several revertants of the white alleles Wa (copia
insertion) and w1 (F insertion) are due to insertions of transposable elements,
including I elements, within the initially inserted element [Mount et al. 1988;
Sang et al. 1984; O'Hare, cited in Finnegan and Fawcett 1986].

Mutations that either enhance or suppress transposable element induced
mutant phenotypes have been identified at several loci in Drosophila. These act
at the level of transcriptional activation [eg, su(Hw), Parkhurst and Corces 1986],
termination [eg, doa, Rabinow and Birchler 1989, or mw, Birchler et al. 1989]
and RNA processing [eg, Su(Wa), Levis et al. 1984; Zachar et al. 1987]. This
reflects the co-operation of "normal' host functions in transposable element
expression and indicates that a mutant phenotype is often created by an
element's interaction with these host factors.

Once inserted at a locus, transposable elements can further affect the
host genome by promoting large-scale rearrangements. Recombination between
elements at different sites (ectopic) can create deletions and inversions if the
elements are on the same chromosome, or duplications and deletions if
recombination occurs between sister chromatids (Fig 1.7). Several examples
have been documented for various elements and species. Between Doc elements
at the Antp locus [Schneuwly et al. 1987], roo at white [Davis et al. 1987; Zachar

et al. 1987], Ty in yeast [Kupiec and Petes 1988] and Mu in humans [Lehrman
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et al. 1987].
These processes can have major effects on genome evolution by
duplicating genes, or segments of genes. Once duplicated, a copy of a gene is
removed from selective pressure and can mutate to become a pseudogene, or
produce a new gene function [Barsh et al. 1983; Kudo and Fukuda 1989].

Pseudogenes are also thought to be produced by reverse transcription of
mRNAs [Rogers 1986]. The major sources of reverse transcriptase for this
process are thought to be retroviruses or LINEs. In experiments studying cDNA
gene production by retroviruses Dornburg and Temin [1989] concluded that
retroviruses were probably not the major influence in this process. It is likely
that LINE-like elements, with their poly A tailed structure, are involved in this
aspect of genome rearrangement as well.

Several other examples of transposable element induced rearrangements
have been cited for elements with inverted repeats, but often it is unclear
whether this is a result of recombination, or DNA-DNA interaction associated
with transposition causing random rearrangements. For this mechanism,
transposition or excision is not absolutely necessary, only an association of
transposase with the site and the cutting of DNA, [eg, P elements, Engels and
Preston 1984, and Tam3, Robbins et al. 1988; Martin et al. 1988].

Although P elements probably do not cause large rearrangements
primarily through homologous recombination, hobo elements probably do. A
series of rearrangements of the unstable .X chromosome, Uc, associated with the

Notch locus indicates that homologous recombination could account for the
multiple inversions, reinversions, and deletions observed [Johnson-Schlitz and
Lim 19871. The presence of hobo elements at all the breakpoints, and in the
expected orientations, gives further support [Lim 1988].

hobo elements are

sometimes lost from sites of rearrangement. Whether this is associated with the
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process of rearrangement, or takes place during the same short time period (a
single generation), is not clear.

It is, however, similar to the situation observed with P elements, where
elements can be lost or gained with a significant frequency (25%) during
rearrangements. This is not consistent with homologous recombination. A
molecular analysis of some rearrangements isolated by Engels and Preston
[1984] indicated that, although some may involve recombination, others clearly
do not, and result in the deletion of P element sequence [Roiha et al. 1988;
O'Hare, cited in Engels 1989].

One study analysed dysgenesis-induced derivatives of a P element
insertion at the vestigial, vg, locus. The alterations produced at the vg locus
included internal deletions of the P element, deletions of P element and/or
adjacent vg sequences, and even secondary insertions of P elements into the
existing P element [Williams et al. 1988].

It is clear that P element-induced

rearrangements are varied and chaotic. There may be more than one
mechanism involved which is stimulated by P transposase, including homologous
recombination and DNA replication aberrations. DNA replication slippage has
been proposed because many of the internal P element deletions occurred at
short (3-7bp) direct repeats [O'Hare and Rubin 1963; Rio et al. 1986].
Similar genome rearrangements are promoted by bacterial transposable
elements including phage Mu, Tn5, TnlO and various insertion sequences.
Although they can cause deletions/inversions by homologous recombination, they
can also do. it independently of homology in recA hosts. For Tn 10, this appears
to be due to the same process as transposition, with interaction of the target
site with internal IS inverted repeats responsible for the deletion/inversion [Ross

et al. 1979; Shen et al. 1987]. Individual IS10 repeats can also cause deletion
of adjacent DNA in an apparently aberrant transposition.

I

Excision events, including precise excisions, which are not due to
transposase, also occur with TnlO. This appears to involve DNA repair/slippage
between inverted repeat sequences which may associate when single-stranded.
This is indicated by the involvement of host functions such as RecB, RecC and
null mutations of ssb and mutD [Lundblad et al. 1984; Lundblad and Kleckner

1985].
Thus, both replicatively, and conservatively, transposing bacterial
transposons can produce the same type of DNA rearrangements as eukaryotic
elements as a result of, and independently of, transposition. Also, mechanisms
of recombination, aberrant transposition, and DNA replication/repair may be
involved in all the systems studied.

The nature of the I factor's ability to create mutation and rearrangement
during dysgenesis has been investigated in this thesis (see Chapter 3). We have
determined the structure of mutant alleles of white which were derived from the
allele during a dysgenic cross. We studied these alleles to obtain possible
insight into how the I factor transposes, or other mechanisms by which it
produces mutations during dysgenesis. We have evidence that both transposition
and ectopic recombination were involved in the production of these mutations.

The other aim of this thesis was to determine the involvement of the I
factor's encoded functions in transposition and hybrid dysgenesis by trying to
identify I factor proteins in vivo and enzymatic functions in vitro. To this end
we have expressed segments of the ORFs in E.coli and raised antibodies to the
products.
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Chapter 2
Materials and Methods
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2.1 Media
L-Broth
lOg, Difco Bacto tryptone ; 5g Difco Bacto yeast extract ; 5g NaC1 per litre at
pH 7.2.

L-agar
As L-broth plus 15g Difco agar per litre (1.5% wlv).
BBL-agar
lOg Baltimore Biological Laboratories trypticase ; 5g NaCl ; lOg Difco agar
(1%) per litre.

BBL top layer
As BBL-agar but with only 6.5g (0.65%) Difco agar per litre.
Minimal agar
6g Difco Bacto agar ; 80mls 5x Spizizen salts ; 4mls of 20% glucose ; 0.1ml of
5mg/ml vitamin Bi (thiamine) in 400mls total volume.

M9+ CA broth
25m1s of 4x M9 salts ; lOmls of lOx casamino acids (5g/100mls) ; 0.1ml of 1M
MgSO4 ; 10 pis of 1M CaCl 2

;

lml of 20% glucose; 0.lml of 10 mg/ml thiamine

(Bi) ; 0.2mls of 10 mg/ml tryptophan (when included) made up to lOOmis.

Drosophila food
250g cornflour ; 500g sugar; 175g yeast pellets; bOg agar in 10 litres of water.

Drosophila eQQ collecting medium
lOOg glucose; bOg yeast ; 30g agar; 26m1s of 10% Nipagen per litre of water
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and charcoal until black.

2.2 Materials
5x Spizizen salts
lOg (NIH4 SO4 ; 70g K2HPO4 ; 30g KH2 PO 4 ; 5g tn-Na citrate; ig MgSO 4 per
)2

litre.

Phage Buffer
3g KH2 PO 4 ; 7g Na2HPO4 (anhydrous) ; 5g NaCl ; lOmis of O.1M MgSO 4
lOmis of 10mM CaC12

;

imI of 1% gelatin per litre.

4x M9salts
28g Na2HPO4 ; 12g KH2PO4 ; 2g NaCl ; 4g NH 4C1 per litre.

T.E.
10mM Tris-HC1 pH8.0; 1mM EDTA.
T.M.
100mM Tnis-HC1 pH8.5 ; 50mM MgC12

.

LTB
20mM Tris-HC1 pH7.5; 10mM MgC12 .; 20mM NaC1.

lOx TBE
108g Tris base ; 55g Boric acid ; 9.3g EDTA per litre, makes pH8.3.

2OxTAE
96.8g Tris base ; 54.4g sodium acetate; 7.44g EDTA per litre.Adjusted to pH8.2
with glacial acetic acid.
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20x SSC
3M NaCl ; 0.3M sodium citrate.

lOx SSCP
70.13g NaC1; 44.18g sodium citrate; 31.2g NaH 2PO4 per litre adjusted to pH7.4
with NaOH.

20x Denhardt's
0.4% bovine serum albumen ; 0.4% ficoll (m.w.400,000) ; 0.4% polyvinyl
pyrrolidine (m.w.40,000).

1OxPBS
2g KC1 ; 2g KH 2PO4 ; 80g NaCl ; 14.4g Na 2HPO4(2.H2 0) per litre.

Isotopes
32 P..d'P

(3,000 Ci/mMole) and a- 35 S-dATP (400 Ci/mMole) purchased from

Amersham International.

Oligonucleotides
Oligonucleotides used as sequencing primers were:
M13 universal sequencing primer from New England Biolabs,
5' GTAAAACGACGGCCAGT 3', and
DF3 internal I factor primer corresponding to nucleotides 5291 to 5305 of the
I factor from Biosearch Incorporated,
5' GCTGTAAGCCCCGTA 3'.
Also, BamHI linker from Amersham International,
5' CCCGGATCCGGG 3'.
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2.3 Bacterial strains, bacteriophages and plasmids
Bacteria
ED8654 (supE, supF, hsdR, trpR, metF, WY) for growth of lambda phage
[Borck et al. 1976].
NM514 (hsdR, iyc7) for growth of recombinant ANM1149 [Murray 1983].
NM522 (lac-pro, hsdMS, F iacZ M15, iaJ, sup E) host for M13 phages and
pUR vector plasmids [Gough and Murray 1983].

RR1 (lacZY, hsdS, ara714, proA, galK, rpsL, supE) for cloning plasmids [Bolivar
et al. 1977].
NB79 (lac, ion, tetR) for expression of fusion protein [gift from J. Scaife].
SG934 (lac, t7p, p1w, supC, tpsL, mal, htpR) for expression of fusion proteins
[gift from J.Beggs].

SG935 (lac, tip, pito, supC, rpsL, ma!, htpR, ion) for expression of fusion proteins
[gift from K.Murray].
pop2136 (endA, thi, hsdR, malT, PRI c1857, maiPQ) for cloning and expression
of pEX vectors [gift from K.K.Stanley].
Phages
NM1149 lambda insertion vector for cloning Hindill or EcoRI fragments
[Murray 1983].
M13 mp18 and mp19 vectors for sequencing [Norrander et al. 1983].

Plasmids
pUC8 and 9 cloning vector derivatives of pBR322 containing lac, oriC and
ampicillin resistance [Vieira and Messing 1982].
pc1857 plasmid carrying temperature sensitive 857 allele of AcT gene and
kanamycin resistance for repression of pEX expression vectors [gift from
E.Remaut].
pDM1 carries laclq gene and kanamycin resistance [gift from D.Simmons].

2.4 Drosophila strains
All Drosophila strains used were obtained from the Laboratoire de Genetique,
Clermont-Ferrand. Specific crosses are described as necessary.

Derivative alleles and w were described by Pélisson [1981].
They are all white mutations on X chromosomes kept against attached-X, y, f
females.
Luminy is a strong inducer strain which carries no morphological markers.

seF8 is a strongly reactive strain selected in Clermont-Ferrand which carries the

se gene.
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2.5 Methods
DNA restriction
Restriction enzyme digestion was carried out in low (0mM NaCl), medium
(50mM NaCl) or high (100mM NaCI) salt buffers, or if incompatible, as directed
by the manufacturers.

Agarose gel electrophoresis
Enzyme digested DNA was run at 0.8 volts/cm overnight or 4.0 volts/cm for
several hours on 0.5-2.0% gel in 1xTAE. DNA was visualised by staining with
ethidium bromide and illumination by UV.

Recovery of DNA from agarose gels
Restriction fragments were purified from gels by cutting out the appropriate
slice of agarose from a separating gel. The DNA was recovered by
electroelution in dialysis tubing at 100 volts for 30 minutes in TAE. The current
was reversed for 30 seconds to remove the DNA from the tubing wall before
the contents of the tubing were removed. The sample was then extracted with
TE saturated butan-2-ol and phenol and the DNA precipitated with ethanol.
Ethanol precipitation of DNA
DNA was precipitated from solution by addition of 0.1 volume of 3M sodium
acetate pH5.0 and 2.5 volumes of cold absolute ethanol. This mixture was left
at -70°C for 30 minutes and the DNA collected by centrifugation. The pellet
was washed with 70% (v/v) ethanol and dried under vacuum. The DNA was
usually redissolved in TE.

Extraction of protein by phenol/chloroform
DNA and protein were separated by extraction with phenol or a mixture of
phenol and chloroform. Distilled phenol (analytical grade, Fisons) alone was
saturated with Tris-HC1 pH7.5 and then equilibrated against TE.
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Phenol/chloroform was made from this by adding chloroform and iso-amyl
alcohol in the proportions 25:24:1.
The sample to be extracted was mixed with an equal volume of phenol and
agitated. The suspension was left to separate for 5 minutes, then agitated again.
The phases were separated by centrifugation leaving the denatured protein at
the interphase. As phenol/chloroform gives a tighter band of protein, making
the removal of the aqueous phase easier, it was routinely used. Sometimes,
repeated extractions were performed using straight phenol followed by
phenol/chloroform then by straight chloroform to remove phenol from the
aqueous phase. Ether was also used on occasion for this.

Large-scale plasmid DNA preparation (Will et al. 1981)
A 500m1 culture of plasmid containing bacteria was shaken at 37°C overnight in
L-broth and ampicillin (100 pgImi). The cells were pelleted by centrifugation
and resuspended in 6mls of cold 25% sucrose ; 50mM Tris-HCI pH8.0; 40mM
EDTA. lml of 10 mg/mI lysozyme was added with 0.5m1 of 0.5M EDTA pH8.0
and left in ice for 5 minutes. Cells were lysed by addition of 12mls cold 0.1%
Triton X-100; 50mM Tris-HCI pH8.0; 60mM EDTA pH8.0 and gentle mixing
on ice for 10 minutes. The lysate was centrifuged at 15,000 rpm for 25 minutes
to remove cell debris. The supernatant was decanted, phenol extracted and the
nucleic acid precipitated with ethanol. The pellet was dissolved in 12.5m1 TE
and incubated with 0.1ml of 1mg/mi RNase for 30 minutes at 37°C. The DNA
was centrifuged on a CsCI buoyant density gradient (1.55g/ml) with ethidium
bromide (0.5m1 of 5mg/mI) and the supercoiled plasmid band collected by
drawing off, from the side, with a syringe. The ethidium bromide was removed
by extraction with butan-2-ol and the DNA ethanol precipitated and dissolved
in 0.5ml of TE.

Small scale plasmid DNA preparation
A colony was picked and grown overnight in ampicillin (100mg/mi) containing
L-broth. 1.5mls of this culture were centrifuged to pellet the cells, which were
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resuspended in lOOpJ of cold 25mM tris-HC1 pH8.0 ; 10mM EDTA ; 15%
sucrose; 5mg/mi lysozyme.The cells were incubated in this mixture on ice for 20
minutes after which 200pl of 0.2N NaOH ; 1% SDS was added. This mixture
was incubated on ice for a further 10 minutes to lyse the cells and then 150/hi
of cold 3M sodium acetate pH5.0 was added to precipitate chromosomal DNA
and proteins. These were removed by a 10 minute centrifugation and the
supernatant was phenol/chloroform extracted and the nucleic acid precipitated
with ethanol. The nucleic acid was redissolved in 401i1 of TE and RNA was
removed during restriction enzyme digestion by addition of 0.5/hi 5mg/mi RNase.

Large-scale Drosophila genomic DNA preparation
(Bucheton et al. 1984)
Flies were frozen in liquid N2 and stored at -70°C. When used, they were
transferred back to liquid N 2 before being put in a homogeniser on ice. Cold
TE (0.025M Tris-HC1 pH7.0 ; 0.05M EDTA) was added and the flies
homogenised on ice for 2-3 minutes until only cuticular debris was visible. The
homogenate was added to Smis phenol; 0.5m1 N-lauroylsarcosine (10%) and the
homogeniser washed with a further imi of TE which was added to the phenol
to give equal volumes of TB/homogenate and phenoi/N-lauroylsarcosine. This
was rotated on a rotary disc for 30 minutes and then centrifuged at 8,000rpm
for 15 minutes at room temperature to separate the phases. The aqueous phase
was rotated with 5mls of phenol for a further 30 minutes and centrifuged again.
The aqueous phase was ether extracted to remove residual phenol, and the
ether removed by blowing N 2 through the sample. The sample was then
centrifuged on a CsCI gradient (density 1.7g/ml) at 38,000rpm for 60 hours, and
the DNA removed with a syringe. The DNA was dialysed with TB overnight
and precipitated with ethanol to decrease the volume if necessary.

Small-scale genomic DNA preparation
Flies (5-20) were frozen in liquid N2 . They were then homogenised in 25042

500pd lysis buffer containing 8M urea ; 0.35M NaCl ; 10mM Tris-HCI pH8.0
10mM EDTA. Sarkosyl was added to 1% and mixed gently. Debris was
extracted with phenol/chloroform twice, and chloroform once. Nucleic acids
were precipitated with ethanol, dissolved in TE/0.5M NaCl and precipitated
again. Finally the pellet was dissolved in TE. RNase was added to 50pg/ml
during enzyme digestion.

A plate lysates (Arber

et al.

1983)

A A plaque was picked into 0.5m1 phage buffer. 0. imI of this was plated with
0.2m1 of a fresh culture of NM514 on L-agar; 10mM MgCl 2 and incubated at
37°C for 6-7 hours. Then 5mls of L-broth was added and the plate was left
overnight at 4°C. Phage were collected by aspirating the L-broth and
centrifugation to remove any debris. The supernatant was stored at 4°C with
one or two drops of chloroform. This usually yielded titres of 10' 0-10"
phage/mi.

A Liquid lysates (Arber

et al.

1983)

A fresh overnight culture of cells was diluted 1:50 and grown in L-broth ; 5mM
MgSO4 to 0.4 0D650 at 37°C. Phage was added to give a multiplicity of
infection of 0.1-1.0. The culture was incubated shaking at 37°C until the 0D 650
had risen and fallen and reached a constant minimum. 2mls/l chloroform was
added and then cell debris was removed by centrifugation at 8,000rpm for 10
minutes. 40g/1 NaC1 was added to the supernatant with DNase (1mg/mi) and
RNase (1mg/mi) to remove bacterial nucleic acids. The phage were precipitated
overnight at 4°C by addition of PEG 6,000 to 10% and were harvested by
centrifugation at 8,000rpm for 10 minutes. The phage were resuspended in
phage buffer and concentrated on a CsCl step gradient. The phage were loaded
on CsC1 layers of 1.3g/ml, 1.5g/ml and 1,7g/ml and centrifuged at 33,000rpm for
2 hours. The band of phage was collected using a syringe, and dialysed against
TE to remove the CsCl.
Phage DNA was prepared by phenol extraction followed by dialysis

against TE.

Plague hybridisation (Benton and Davis 1977)
Plates to be blotted were left at 4°C for about 30 minutes to ensure that the top
layer did not adhere to the filter. Plaques were blotted by laying a nitrocellulose
filter on the plate for 1 minute. The DNA was denatured by placing the filter
on blotting paper saturated with 1.5M NaCl ; 0.5M NaOH for 2 minutes. This
was neutralised by placing the filter on 3M NaCl ; 0.5M TrisHCl pH7.4 until
neutral pH was reached. Filters were washed in 2x SSC, dried and baked under
vacuum at 80°C for 2 hours.
Filters were prehybridised in 50% formamide ; 4x SSCP ; lx Denhardt's for at
least 30 minutes. Hybridisation was in the same solution plus probe and
25.tg1ml denatured sonicated calf thymus DNA, at 37°C overnight.
Filters were washed in 2xSSC; 0.1%SDS in 3 changes of 330m1s for at least 1.5
hours at room temperature, then in 3 changes of 330m1s 1xSSC ; 0.1%SDS for
at least 1.5 hours at 37°C. Filters were air dried and autoradiographed at
-70°C.

Random primer labelling (Feinberg and Vogeistein 1984)
Restriction enzyme digested DNA was run on a low melting point agarose
(Seakem) gel and the appropriate fragment excised. H 20 was added to give a
concentration of between 20 and SOng in 33pJ. After boiling, aliquots were
frozen and stored at -20°C. To label the DNA, it was boiled for 3 minutes
and then briefly kept at 37°C before being added to 20.g of BSA (1t1 of
20mg/ml), 5j.tl of 32P-dCTP (lOpCi/j.il), lpJ of DNA polymerase I Kienow
fragment (5uIpd) and 10 Al of OLB (oligo-labelling buffer) consisting of
0.25MTris-HC1 pH8.0 ; 25mM MgCl2 ; 0. 1mM each of dATP, dGTP, dTTP
1M Hepes pH6.0 ; hexadeoxynucleotides, d(N) 6, 27 OD units/ml ; 50mM 2mercaptoethanol. This was incubated at room temperature for 5 hours or
overnight. This routinely gave 70 to 90% incorporation of labelled nucleotide
triphosphate into acid precipitable material. Separation of unincorporated label

was usually not necessary.
The reaction was stopped by addition of 200pl of a solution containing 20mM
NaC1; 20mM Tris-HC1 pH7.5 ; 2mM EDTA; 0.25% SDS; 1pM dCTP.

Transformation of competent cells
Cells were made competent for transformation by diluting a fresh overnight
culture 1:100 and growing to 0D 650 0.5. The cells were pelleted by
centrifugation and resuspended in 1/2 volume of 0.1M CaCl2 and incubated on
ice for 20 minutes. They were then pelleted and resuspended in 0.1 volume of
0.1M CaC12 and left on ice until needed (up to 24 hours). Transformation was
performed by incubation of plasmid DNA (about 30ng) with 0. lml of cells on
ice for 10 minutes followed by a heat-shock at 42°C for 90 seconds. The cells
were then incubated in imI of L-broth at 37°C for 40 minutes before plating on
selective medium.
For higher efficiency of transformation the method of Chung et al. (1989) was
used. Cells were grown and pelleted as above, then resuspended in 0.1 volume
of L-broth ; 10% PEG 3,000; 5% DMSO ; 10mM MgCl2 ; 10mM MgSO 4 and
incubated on ice for 10 minutes. 0. lml of cells was transformed with about
lOOpg of DNA by incubation on ice for 30 minutes followed by addition of 0.9m1
of the above solution plus 20mM glucose and incubation at 37°C shaking for 60
minutes. Cells were then plated on selective medium.

Preparation of single-stranded M13 DNA (template)
(Sanger et al. 1980)
An overnight culture of NM522 was diluted 1:100 in L-broth and grown to
0D6500.3. One freshly plated plaque was tooth-picked into lml of these cells
and grown shaking at 37°C for 4Y2 hours. The cells were removed by
centrifugation and the supernatant added to 200pJ of 20% PEG in 2.5M NaCl,
mixed, and left to stand for 30 minutes at room temperature. Phage were
precipitated by a 10 minute centrifugation and the supernatant aspirated. The
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phage were resuspended in lOOpJ of TE and phenol extracted to remove the
protein coat. The phage DNA was ethanol precipitated, dissolved in 40pl of TE
and stored frozen at -20°C.

M13 double stranded DNA preparation (Replicative Form)
A lml lysate of M13 phage was made as above. This lysate was used to infect
a lOOmI culture of NM522, grown in L-broth to 0D 6500.2, to a final titre of 10 9
phage/ml. These cells were shaken at 37°C overnight and removed by
centrifugation at 8,000rpm for 10 minutes. The supernatant was titred and used
to infect a 500m1 culture of NM522, grown to 0D 650 1.0, at a final titre of 10 10
phage/ml. These cells were grown shaking at 37°C for a further 2 hours and
then harvested by centrifugation at 8,000rpm for 10 minutes. The DNA was
prepared from these by the same method used for plasmid DNA.

Sequencing
(Sanger et al. 1980)
To anneal the primer to the template DNA, 8/LI of template was added to 1/LI
of primer (0.2pm, 17-mer) and 1tl of TM (100mM Tris-HC1 pH 8.5 ; 50mM
MgCl2) and incubated at 65°C for 1 hour; After annealing, 2/Ll was added to
4 tubes. Each of the four tubes then. had added 2/.kJ of the appropriate
termination mix, and 2j.tl of Kienow mix containing 0.5j.tCi 35S-dATP; 0.2units/j.tl

E.coli DNA polymerasel Klenow fragment ; 10mM Tris-HC1 pH8.5 ; 10mM
DT!'. these were incubated at room temperature for 20 minutes, then 2p1 of
chase (0.25mM each of dGTP, dATP, dTTP, dCTP) was added and incubated
for a further 20 minutes. 2/Ll of deionised formamide containing xylene cyanol
bromophenol blue ; 10mM EDTA was added as dye, and the samples were
boiled for 5 minutes to denature the DNA. The DNA was electrophoresed on
a denaturing 6% polyaciylamide gel with a 0.5-2.5x TBE buffer gradient and
7.7M urea at a constant power output of 25W. After electophoresis, the gel was
fixed in 10% acetic acid ; 10% methanol for 15 minutes and dried on blotting
paper under vacuum at 80°C before autoradiography.
46

The termination mixes were made from stock dideoxy- and deoxy-nucleotide
solutions in the following proportions in p1:0.5mM dTT'P
0.5mM dCTP
0.5mM dGTP
10mM ddUP
10mM ddCTP
10mM ddGTP
10mM ddATP
TE(pH8.5)

T
6.25
125
125

C
125
6.25
125

G
125
125
6.25

A
125
125
125

50
-

12.5
-

25
-

1

250

250 250

125

Insertion of unphosphorvlated linkers
(Lathe et aV 1984)
Plasmid DNA was digested with the appropriate enzyme and any single-stranded
overhang was made flush ended with E.coli DNA polymerase I Klenow fragment
and 0.1mM dNTP's. To 5i.tl of this DNA was added 1p1 (0.5tg) of linkers, 4tl
of 5x ligation buffer 150mM NaCl; 150mM Tris-HC1 pH7.5 ; 38mM MgCl 2, 2p1
of lOx ligation mix 2.5mM ATP; 20mM DTT; 2mM EDTA pH8.0; 10mM
spermidine; 1mg/mI BSA, 1jJ T4 DNA ligase (10u/,u1) and water to 201.l. This
was incubated overnight at 10°C. Excess linkers were removed by spermine
precipitation. The 201.d ligation mixture was added to 360.d TE, 40111 DMSO
and 10al of 100mM spermine-HC1 pH6.8. This mixture was frozen in a dryice/ethanol bath and allowed to thaw gradually on ice. It then was centrifuged
for 30 minutes at 4°C in a microcentrifuge. The supernatant was aspirated and
the pellet washed once in 75% ethanol ;.300mM sodium acetate pH5.0; 100mM
MgCl2 and twice in ethanol:TE (3:1) before drying.
The redissolved pellet was diluted into 1501.d of hybridisation buffer 100mM
NaC1; lOmMTris-HCI pH7.5 ; 5mM EDTA, heated to 65°C and allowed to cool
slowly to 4°C to cause denaturation of unligated linkers, and allow renaturation
of ligated linker "tails". This was then used directly for transformation.
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Induction of fusion proteins

pUR vectors

(Ruther and Muller-Hill 1983)

An overnight culture was diluted 1:100 in L-broth with ampicillin (100pg/ml)
and, when necessary, kanamycin (50/.kg/ml) and grown at 37°C to 0D 6500.5.
Expression of the lacZ gene was induced by addition of IPTG to 0.5mM, and
expression continued for 1 hour until the cells were harvested by centrifugation.

pEX vectors

(Stanley and Luzio 1984)

An overnight culture was diluted 1:50 in L-broth with ampicillin and, when
necessary, kanamycin and grown at 30°C to 0D 6500.5. Expression was induced
by shifting the culture to 42°C for 30 minutes and expression continued for a
further 30 minutes at 30°C until the cells were harvested by centrifugation.

pATH vectors (Dieckmann and Tzagaloff 1985)
An overnight culture in M9+CA broth with tryptophan (20pg/ml) and ampicillin
was diluted 1:10 in M9+CA with ampicillin and grown at 30°C for 1 hour to derepress up expression. Induction and expression were continued for 2 hours at
30°C by the addition of indole-acrylic acid to 5tg1ml until the cells were
harvested by centrifugation.

Polyacrylamide gels for protein electrophoresis (Laemmli 1970)
Protein samples prepared in 60mM Tris-HCI pH6.8 ; 10% glycerol; 20% SDS
60mM Dli ; bromophenol blue were run on polyacrylamide gels based on
Laemmli[]. Protein samples were loaded and stacked on 5% acrylamide (from
a stock of 30%acrylamide/0.8% bis acrylamide) ; 60mM Tris-HC1 pH6.8 ; 0.1%
SDS. They were separated in acrylamide of 7.5-15% ; 0.375M Tris-HC1 pH8.8
0.1% SDS. Gels were run at a constant current of 12mamps overnight or
60mamps for 4 hours in 25mM Tris; 192mM glycine; 0.1%SDS running buffer.
Gels were fixed and stained in 40% methanol ; 10% acetic acid ; 0.2%
coomassie blue and destained in 40% methanol ; 10% acetic acid and 10%

methanol ; 10%acetic acid.
Silver staining was performed using a Bio-Rad silver staining kit as instructed by
the manufacturers.

Western blots
Proteins were transferred from polyacrylamide gels to nitrocellulose filters by
electrophoresis in 20mM Tris ; 143mM glycine (using a Bio-Rad trans-blot
apparatus) at 30V overnight, or at 90V for 4 hours in the same solution with
20% methanol. The filter was air dried and the proteins stained with ponceau
S in 3% TCA. This could be removed in water or the blocking solution.
Unoccupied sites on the filter were blocked by incubating with 5% ovalbumin,
BSA or dried skimmed milk in lx TBS, or with 0.2% Tween 20 in lx TBS
(10mM Tris-HC1 pH8.1 ; 0.15m NaCI) for at least 30 minutes at room
temperature. The filter was incubated overnight at room temperature with antiserum diluted to the required concentration (typically between 1:250 and 1:500)
in blocking solution plus 2.5mM NaN 3 as a preservative. The filter was washed
for at least 5 minutes in 5 changes of lx TBS and then incubated for 2 hours
at room temperature with the second antibody (goat anti-rabbit IgG conjugated
to alkaline phosphatase [Promega proto-blot system, 1:7,500 dilution], or horse
radish peroxidase). Occasionally 1125 labelled protein A was used. The filter
was washed in 6 changes of lx TBS for at least 5 minutes each wash and
developed or autoradiographed.
The filter was developed by addition of 33j.tl of NBT and 16.5pA of BCIP
(Promega Proto-blot system) in 5 mls of 0.1M Tris-HC1 pH9.5 ; 0.1M NaCl
50mM MgCl2. The reaction was stopped by putting the filter in water.

Purification of fusion protein
Electroelution from polyacrylamide gels
Whole cell lysate or urea fractionated protein was run in all wells of a
polyacrylamide gel. Using reference strips the relevant band of gel was cut out.
The protein was electroeluted in dialysis tubing and lx Tris/glycine running
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buffer at 150 volts for 4 hours. Current was reversed for 30 seconds to remove
protein from the tubing wall. The liquid was removed from the tubing and
concentrated in a Centricon-30 microconcentrator centrifuged at 1,500rpm for
10 minutes.

Urea fractionation
lOOmls of cell culture was induced aiid harvested by centrifugation. The pellet
was resuspended in 2mis of 15% sucrose ; 50mM Tris-HC1 pH8.0 ; 50mM
EDTA pH8.0 and 200p.i of 10mg/mi lysozyme added and left on ice for 40
minutes. The cells were lysed by addition of 2.8mls of 0.2% Triton X-100 and
then incubated on ice for 5 minutes. The lysate was centrifuged at 15,000rpm
for 10 minutes and the supernatant discarded. Most of the soluble proteins are
removed at this point and in the subsequent step. 5mls of 2M urea was added
to the pellet and sonicated for three 15 second bursts. The fusion protein
should still be mostly in insoluble material at this point. This was centrifuged
as before and the supernatant discarded. The insoluble pellet was dissolved in
5mls of 6M urea with sonication for three 15 second bursts. This should
solubilise the previously insoluble proteins which should include most of the
fusion protein. A further centrifugation step was performed as above and the
supernatant was dialysed against lx PBS and concentrated in a
microconcentrator.

Insoluble preparation
A cell culture was harvested by centrifugation and the cells resuspended in
2.5mis of 50mM Tris-HC1 pH7.5 ; 0.3M NaCI; 0.5mM EDTA pH8.0 (TEN).
To lyse the cells 4.5mls of 1.5M NaCl ; 12mM MgC1 2 was added and the cells
were sonicated for 5 10 second bursts.The lysate was centrifuged at 6,000rpm
for 10 minutes and the pellet washed (resuspended and centrifuged) twice in
TEN. After washing, the pellet was resuspended in 10mM MgCl 2 ; 10mM TrisHC1 and incubated with 20pg/ml DNase on ice for an hour.
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Peptide conjugation
Peptides were conjugated to ovalbumin by mixing 1mg of peptide in 100tl of
0.25M sodium phosphate buffer pH7.5 with 0.5mg of ovalbumin in 20tl of
0.25M sodium phosphate buffer pH7.5 and adding 4il of 2.5% gluteraldehyde.
This was incubated at room temperature for 15-30 minutes and then diluted to
0.5m1 with 0.25M sodium phosphate buffer ph7.5.

Conjugated peptide was

stored in aliquots at -20°C.

Enzyme linked immunosorbent assay
The wells of a micro-titre plate were coated with peptide or peptide/ovalbumin
conjugate by incubating 0.1-1pg in 501d of 0.25M sodium phosphate pH7.5 in the
well at room temperature for 4 hours. The wells were then blocked with 3%
BSA in lx PBS overnight at 4°C. The serum of interest was diluted in lx PBS;
1% BSA; 10% foetal calf serum and incubated with peptide in the wells for at
least 2 hours at room temperature. The wells were then washed with 2 changes
of lx PBS containing 0.1% Nonidet-P40, and a further 2 changes of 1xPBS.
Second antibody (goat anti-rabbit IgG conjugated to horse radish peroxidase)
diluted as above was then incubated for 2 hours at room temperature. The
wells were then washed again as above. The wells were developed with 0.05%
hydrogen peroxide ; 1.67% o-dianisidine hydrochloride in 0.1M citric acid
sodium phosphate buffer pH5.0 for 15 minutes. The reaction was stopped by
addition of 50mM sodium metabisulphite ; 4N HC1. The absorbance at 570nm
was read on a Dynatech minireader II spectrophotometer.

Production of antibodies
Fusion protein was purified as described above. Between 60 and 100kg of
protein was mixed in the first instance 1:1 with Freund's complete adjuvant and
subsequently 2:1 with Freund's incomplete adjuvant and sonicated to make an
emulsion. This was injected sub-cutaneously at 6-8 sites into female New
Zealand white rabbits. After 10-12 days blood was collected from a nick in the
animals ear. This was left overnight at 4°C to allow coagulation and the serum
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was aspirated from the tube.

Affinity purification of antibodies (Robinson et al. 1988)
Antibodies were purified on a nitrocellulose matrix linked either to fusion
protein or conjugated peptide.
Whole cell lysates of bacteria expressing fusion protein were run on SDS
polyacrylamide gels and electro-blotted onto nitrocellulose as previously
described. Protein bands were stained with ponceau S and a strip of
nitrocellulose containing the fusion protein was cut out.
Conjugated peptide in 0.25M sodium phosphate buffer pH7.5 was applied
directly to the nitrocellulose filter.
The filter was blocked by incubation with 1% ovalbumin in lx TBS for at least
2 hours at room temperature. The filter was then incubated with the anti-serum
of interest overnight at room temperature, and washed in 6 changes of lx TBS
for at least 5 minutes each wash. Antibodies bound to the filter were eluted
by addition of 2 changes of 0.1M glycine/1-IC1 buffer pH2.3 containing 0.1%
ovalbumin as carrier for 5 and 10 minutes. The eluate was collected and
neutralised by addition of 1/4 volume of 1M Tris-HCI pH7.5. It was then
dialysed against 3 changes of 100 volumes of lx TBS over 24 hours and stored
at 4°C with 0.1% ovalbumin and 2.5mM sodium azide as a preservative.

Drosophila developmental stage collection
Flies kept at 25°C were allowed to lay eggs overnight on petri dishes of
collecting medium, and during the day, on ordinary food. Eggs were collected
by washing off and were frozen in liquid N 2 . For measuring hatchability, the
plates were incubated 36-48 hours and the hatched vs unhatched eggs scored.
Larval stages were collected from the food by floating in saturated sucrose,
washed and frozen in N2

.
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Chapter 3
Alleles derived from an I factor insertion
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An introduction to

w111 derivatives

As described earlier, the I factor was first identified as an insertion in the

white locus in allele w.

Pélisson wished to determine if this allele would

revert to a wild type phenotype under conditions of dysgenesis in a manner
analogous to that of P elements [Pélisson 1981].
It had been shown that mutant alleles produced by insertion of a P
element were unstable during P-M dysgenesis and could revert to wild type by
precise, or nearly precise, excision of the P element [O'Hare and Rubin 19831.
Other mutated phenotypes could also be produced. One particularly mutable
allele was called SnW [Engels '79] which can give a more extreme, or an
apparently wild type phenotype at high frequencies during dysgenesis. This
allele has two P elements inserted head to head and the other alleles are
derived from it by excision of one or other of these [Roiha et aL 1988].

Pélisson wished to test

WIRI

for a specific, I-R dysgenesis produced,

mutability of the I factor insertion. He wished to put the

WIR1

allele through a

dysgenic cross and screen for any alteration to the phenotype. He took males
carrying the w IM allele as the inducer parents and crossed these to reactive
females. The males and females had X chromosomes carrying different
mutations to allow identification of the parental male chromosomes. The
resulting SF female progeny of this cross were mated with inducer males, also
with a marked X chromosome carrying w 1 .

The surviving progeny were

screened for altered eye colour due to events on the original w

IR1

parental male

X chromosome. The w 1 mutation on the mates of the SF females determines
a bleached white eye colour allowing identification of the phenotype specified
by the WIR1 allele in the female progeny (Fig 3.1).

The original

WIR1

allele specifies a red-brown phenotype. No revertants

to a wild-type red were found, however, three different classes of allele were
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FIGURE 3.1

ec cv
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SFX wlctfçj

screen progeny

Mating scheme for the production of derivatives.
Male flies carrying the w' allele on their X chromosome were crossed with
reactive females carrying the Binscy X balancer chromosome, In(1) SCsSC8R
In(1)dl-49, c4 Sc8 SC sIB. The resulting SF female progeny were crossed with
inducer males whose X chromosome carried the w1 mutation. The marked X
carrying chromosomes.
chromosomes allowed identification of the parental w
The w ' allele in the mates of the SF females allowed the phenotypes of the w
derived alleles to be screened in the female progeny.

found to have been derived from

W IR1

during this dysgenic cross.

The first class of derivatives consisted of alleles of white which determined
a colourless, null, phenotype and were lethal in males. These were also mutant
in the neighbouring zw9 and rst loci.

The second class of derivative alleles

specified colourless eyes, but were viable in males. The third class specified eye
phenotypes less coloured than w, and were also male viable. Two of the
second class of white alleles were still associated with inducer activity, so loss of

white gene activity did not necessarily result in loss of the I factor.
These alleles arose during dysgenesis at a rate which was eight times
higher than the rate of mutation in the homologous w chromosome from the
reactive female parent which was subjected to the same dysgenic interaction (Fig
3.1). There is therefore a specific, though low, mutability of the WIR1 allele
which does not involve reversion to a more coloured phenotype. We undertook
an analysis of some of these

W IR1

derivatives to investigate their structure and

determine the mechanism by which they were formed.
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Analysis of derivatives
This analysis was initially conducted by Southern blotting of DNA from
flies carrying the derivative alleles. The alleles were kept in stocks as male X
chromosomes against attached-X females, so all DNA was made from male
flies.

Southern blots were initially performed to identify any alteration in the
W

locus of w1R1 around the I factor insertion. Hindill and HindIII/BamHI

digests were made which would cut within the I factor (Fig 3.2). These were
probed with restriction fragments which would hybridise to DNA on either side
of the I factor. Any alterations were identified as being to the right or left of
the I factor as we refer to it by convention.
The Hindlil/Sall fragment from p1768 hybridised to the right hand side,
while the Hindlil/Sall or HindIIIIKpnI fragments from p1769 hybridised to the
left hand side (Fig 3.2). In w IR1 these probes would hybridise to Hindlil
fragments of 6.2kb on the left hand, and 7.4kb on the right hand side of the I
factor.

This analysis was performed for all the derivatives and further restriction
mapping by Southern blotting was performed as required. If further analysis
was undertaken, the genomic Hindill fragments would be sub-cloned in
ANM1149 and sometimes further sub-cloned into plasmids, or into M13 for
sequencing.
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FIGURE 3.2
A map of the w 1 white locus. The solid line represents the white locus, the
open box represents the I factor, solid boxes represent the white gene exons.
Relevant restriction sites shown: B=BamHI, Xh=XhoI, R=EcoRI, SSalI,
H=HindIII, X=XbaI, d represents Dral sites mentioned in the text.
Underneath the locus, the positions of the probes used, pI768, p1769 and
pCS 155 are indicated. Below these are the relevant restriction fragments
produced which hybridise to these probes in this study.
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Flies carrying the derivative allele A30 have bleached white eyes which
initial analysis indicated was due to a deletion of white locus sequence.
Genomic DNA digested with Hindill run on an agarose gel and Southern
blotted showed a 6.2kb band which hybridised to p1769 (Fig 3.3A). This is
equivalent to the band in w (Fig 3.3A) and indicates no change at the left
hand side at this level of detection.

The fragment which hybridised to p1768 is about 5.0kb (Fig 3.3A and B)
compared to a band of 7.4kb seen in wtRl (Fig 3.3A and B). This shows a
deletion of some 2.4kb of white locus sequence has occurred in this region. The

white sequences immediately adjacent to the I factor appeared to have been
removed as no hybridisation was observed with pCS155 which spans the site
where the I factor inserted in (Fig 3.3D). No hybridisation was seen to
the left hand side because there is only 90bp of homology to the probe which
is not enough to give a signal (Fig 3.2).

A library of genomic Hindlil fragments was made in ANM1149 and
probed with 32P labelled p1768. One of the phages hybridising to the probe,
A1385, contained a 5.0kb HindIll fragment which was subcloned into pUC8 and
named p1797. This was done by J.Sved. Southern blotting of genomic DNA
and A DNA showed that the cloned HindIll fragment corresponded to the
genomic band (Fig 3.3C).

Restriction mapping of plasmid p1797 showed that the deletion lay
between the PstI site 0.5kb from the right hand end of the I factor and the
BamHI site about 2.8kb from the point of insertion in white. This PstIIBarnHI
fragment was reduced to 1.0kb. This fragment was subcloned into mp18 and
about 300 bases sequenced from the PstI site. The sequence of the I factor,
including the XbaI site was intact.

57

FIGURE 3.3
Southern blot of various derivative genomic DNA's digested with Hindlil
run on a 1% agarose gel. Probed with p1768 and p1769.
Southern blot of A30 and WIR1 genomic DNA's digested with Hindlil and
run on a 0.7% agarose gel. Probed with p1768.
Southern blot of derivative and phage lambda cloned genomic DNA's run
on a 0.7% agarose gel and probed with p1768.
Southern blot of various derivative genomic DNA's digested with Sail and
run on a 0.5% agarose gel. Probed with pCS155.
Diagram of the structure of derivative A30 and the sequence of the
deletion breakpoints. The shaded box represents the I factor, the line
represents white locus sequence, the brackets indicate the deletion. The
positions of the hybridising fragments are shown below.

A30

H

S S

HH

B
)

6.2kb

1 R1

•

A30

I
Hindill

5.0kb

10284
•

(taa)4TAATATGCAAAT........GTTTTATTAAATATAAAACTTT.
2.4kb

. . . . (taa)4TAATAATAATTAAATATAAAACTTT.

FIGURE 3,3
A

B

P.4 P.4

-

- — -62
-SO

:

Hindifi digest

HindM

768+ '69

&j,

rI'•

LI

768

(fl

0

> Lw U.J

-12

5•0-. a"--

____
Mill

--

n d 0!

768

-6-2

Sat,

CS 155

The 0.26kb PstI/XbaI fragment was removed from the mp18 subclone and
the remaining XbaIfBamHI fragment was sequenced from the XbaI site for over
300 bases. The sequence of the I factor was intact, but 2.4kb of the white locus
immediately adjacent to it had been deleted. The number of TAA repeats at
the end of the I factor had increased from 5 to 7 (Fig 3.3E).

As the junction did not appear to be a simple ligation of sequences, the
sequence at the deletion end-point of the undeleted white locus in WIR1 was
determined to make sure that it was the same as the published sequence. The
1.0kb BamHI/XbaI fragment of the w locus was purified from p1766 and cut
with Dral (Fig 3.2). The Dral fragment was cloned into Smal cut mp19 and
sequenced from the Smal site for about 300 bases. The sequence agreed with
the published version [O'Hare et al. 1984] indicating that the extra bases in the
TAA repeats were not present in

W IR1

arisen de novo.
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at either deletion end point and had

ElO
Flies carrying derivative ElO have a bleached white eye colour. This also
appears to be due to a deletion of white locus DNA.

Southern blots of Hindill digested DNA showed a 6.2kb band which
hybridised to p1769 indicating no gross change at the left hand side (Fig 3.3A).
The band which hybridised to p1768 was 4.6kb which indicated a deletion of
about 2.8kb had occurred (Fig 3.3A). The same band lit up in HindIIIIBamHI
digested DNA when probed with p1768. In WIR1 the BamHI site 2.8kb to the
right of the insertion site cuts the 7.4kb band into two of 1.8kb and 5.6kb.
This indicated that the BamHI site in white was deleted. This was confirmed
by digesting with BamHI alone. Two bands of 17kb and 14kb hybridise to p1768
in wRl DNA (Fig 3.2 and 3.4B) while only one band of over 25kb lit up in
DNA from ElO flies (Fig 3.4B).

Digestion with XhoI mapped the deletion further. There is an XhoI site
0.5kb to the right of the BamHI site in white.

Digestion of

W IR1

DNA with

XhoI yielded two bands of 15.5kb which hybridised to p1768 as it spans the site
(Fig 3.2 and 3.4A). Probing with p1769 lit up only one of these bands, the left
hand one which contains the I factor (see Fig 3.4C).

With ElO digested DNA, p1768 hybridised to a 15.5kb band, and faintly
to one of 12.5kb (Fig 3.4A). This same 12.5kb band hybridised strongly to
p1769 (Fig 3.4C). As the XhoI site is . obviously present, the deletion is to the
left of it. The deletion would account for the different strengths of hybridisation
as it would have removed most of the sequences homologous to p1768 while
producing the 12.5kb fragment from the 15.5kb. This maps one endpoint of the
deletion between the BamHI and XhoI sites in white.
A library of genomic HindIll fragments was made in phage A NM1149

FIGURE 3.4
Southern blot of various derivative genomic DNA's digested with XhoI
and run on a 0.5% agarose gel. Probed with p1768.
Southern blot of various derivative genomic DNA's digested with BamHI
and run on a 0.5% agarose gel. Probed with p1768.
Same filter as A, re-probed with p1769.
Same filter as B, re-probed with p1769.
Diagram of the structure of the ElO white locus and the hybridising
restriction fragments discussed in the text. The sequences of the deletion
and rearrangement end-points are shown underneath. The bold
sequences are in inverted orientation in ElO. The underlined sequence
is repeated in opposite orientations. Uppercase letters are white locus
sequence, I factor sequence is in lower case. Dotted lines indicate that
this section is not drawn in proportion.
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and phage hybridising to p1768 picked by J.Sved. The Hindill insert fragment
of one phage, A1399, was subcloned into pUC8 and named p1808. Southern
blotting of HindilI digested genomic and A DNA confirmed that the cloned
fragment corresponds to that in the genomic DNA (Fig 33C).

Restriction mapping of this plasmid DNA showed that the deletion end
points lay within a 2.0kb XbaI/HindIII fragment. This was subcloned into mp19
XbaIIHindIII sites and about 450 bases were sequenced from the XbaI site using
M13 universal and oligonucleotide DF3 primers.

The sequence of this deletion can not be accounted for by a simple
removal and ligation of sequences (Fig 3.4E). The sequence of the I factor is
intact with 6 copies of the triplet TAA at its end. This is adjacent to an
inverted segment of 123bp of white locus DNA, the first 9bp of which are then
present in direct orientation with the rest of the unaffected white locus sequence
continuing from there on. This has the effect of creating a 114bp segment in
inverted orientation, flanked by a 9bp inverted repeat. The inverted segment
is 60bp to the right of the BamHI site, and 400bp to the left of the XhoI site
in the white locus DNA.

M
.

Z34

Flies carrying the Z34 derivative allele have red-brown eyes, slightly
lighter than those of wIRl. Southern blotting experiments indicated that the
HmdIII fragment which hybridised to p1769 (left hand) was 7.2kb, 1.0kb larger
than the equivalent band in w.

The HindIll fragment which hybridised to

p1768 (right hand) appeared to be 7.1kb, slightly (0.3kb) smaller than that in
W

(Fig 33A and 3.5A and B).
A A library of genomic Hindill fragments was made in NM1149. Two

phages which hybridised to p1768, A1383 and A1392, were isolated by J.Sved.

The HindlIl insert of A1392 was subcloned into pUC8 and called p1451.
Restriction mapping of this plasmid indicated that there was no deletion when
compared to p1766 (the equivalent fragment of wIR1). Instead, there was a
small (0.35kb) insertion between the PstI site in the I factor and the Sail site
0.8kb to the right of the I factor. When XbaI was used to digest p1451 and
pI766, the equivalent bands could be seen with an extra band present in p1451.
This suggested a duplication of I factor sequence.

XbaI fragments of p1451 were cloned into mp18 and partially sequenced.
Two types of clone were found to have I factor sequence from the right hand
XbaI site, running to the right. One type was like that of w1R1 with 5 TAA
repeats followed by white sequence, while the other had 7 TAA repeats and
then I factor sequence again, starting just to the left of the XbaI site. One
partially cut molecule was isolated which was a combination of these two types.
It had I factor sequence with 7 TAA triplets followed by further I factor
sequence like the WIR1 type fragment (Fig 3.5F). This indicated that there was
a duplication of the right hand end of the I factor sequence, including the XbaI
site, and that the right hand copy looked like that of w.
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FIGURE 3.5
Southern blot of w 1 and Z34 genomic DNA's digested with Hindill, run
on a 0.7% agarose gel and probed with p1768.
Southern blot of w` 1 and derivative Z34 genomic DNA's and plasmid
and phage cloned DNA's. All digested with Hindill, probed with p1768.
Southern blot of w 1 and Z34 genomic DNA's, and Z34 plasmid and
phage cloned DNA's. Digested with Hindlil, probed with p 1769.
Southern blot of yb, A40 and w genomic DNA's, digested with
Hindill and probed with p1768.
Same filter as D, probed with p1769.
Diagram showing the structure of Z34, the hybridising restriction
fragments mentioned in the text, and the sequences of the rearrangement
junctions.
Restriction sites indicated are: H=HindIII, X=XbaI, HpHpaII. The
line represents white locus, the shaded box the complete I factor, and the
black boxes the duplicated ends. These are shown underneath the
sequences to indicate their positions.
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In order to try and resolve the apparent contradiction between the size
of the cloned DNA and the fragment detected by Southern blotting we rescreened the library for more clones, and at the same time, screened for phage
containing the left hand end fragment. Phage hybridising to both p1768 and
p1769 were isolated. Phage A1575 proved to carry the same Hindlil fragment
as that in A1383 and A1392. Phage A1574 contained the left hand Hindlil
fragment. Since there was only one derivative (Z34) with any alteration of the
left hand end, this ruled Out any mix-up of libraries, or even contamination of
the starting DNA. Southern blots comparing cloned and genomic DNA's also
failed to resolve this contradIction (Fig 3.5A and B).
Southern blotting of Hindlil digested A1574 and genomic DNA's together
confirmed that the phage contained DNA corresponding to the genomic
fragment (Fig 15C). The Hindlil insert was subcloned into pUC8 and named
p1452. Restriction mapping of this showed a 0.95kb insert somewhere between
the Hindlil site in the I factor, and the neighbouring SalT site of white. If an
enzyme which cut at the left end of the I factor such as Aval or HpaII was
used, then the same fragments could be seen in p1452 and p1767 (the 6.2kb
HindlIl fragment of w1R1) together with an additional 0.95kb fragment visible in
p1452. Digestion with Aval, HpaII or Alul all gave extra bands of the same
size. This suggested a tandem dupliqaiion of sequences.

The 0.95kb and 0.35kb HpaII fragments were made blunt-ended and
ligated into mp18 cut with Smal. Plaques were hybridised with labelled insert
fragment, and positively hybridising plaques picked. These were partially
sequenced (about 300 bases) which revealed that the 0.35kb fragment had the
expected sequence of the left hand end of the I factor of

WIR

1

flanked by white

sequence. The other I factor left hand end in the 0.95kb fragment had a G for
its third nucleotide as opposed to a T which is found in w

(see introduction).

This is flanked by I factor sequence starting at nucleotide 966 (Fig 3.5F).
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Thus, the left hand end of the I factor is duplicated in an analogous
manner to the right hand end. The I factor end sequences and junctions with
white locus sequence are conserved.

The presence of a 6.2kb, or WIR1 sized, band, faintly visible beneath the
7.2kb band (Fig 3.5C) in phage DNA preparations was consistent with a
duplication. This is probably caused by recombination to delete one copy of the
duplicated region, as DNA preparations of different phage isolated from a plate
lysate of A1574 show different amounts of the second band.
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yb

Flies which carry the V10 allele have orange coloured eyes. Southern
blots of genomic DNA indicated that there was no alteration of white sequence
to the left hand side of the I factor inserted in wM (Fig 3.5E). The right side
of the I factor has undergone some alteration, as a Hindill digest probed with
p1768 showed two bands of about 6.0kb and 4.4kb (Fig 3.51)). The presence
of two hybridising fragments implied that the homologous sequence has been
duplicated, partly inverted or translocated, or that a HindIll site had been
created within the sequence which the probe spans.

There is a clear discrepancy between the size of the Hindill fragment in
w 1 (7.4kb) and the two fragments in V10. This could be explained if the
creation of a new Hindlil site was accomplished by insertion of DNA containing
it. The increase in the total amount of DNA is about 3.0kb. If a 3.0kb
fragment of DNA containing a Hind III site had inserted within the HindlIl/SaII
fragment of homologous to that

in

p1768, it would explain the observed

bands.

Further restriction mapping of the V10 white locus confirmed this.
Digestion with BamHI yielded a doublet of bands of about 17kb (Fig 3.4B) as
opposed to two bands of 14kb and 17kb in

WIR1

when probed with p1768. This

suggests an insert of 3.0kb in the right hand, 14kb, band. Digestion with XhoI
gave bands of 15.5kb and 18.5kb in V10 (Fig 3.4A) while a doublet of 15.5kb
was seen in

WIR1

when probed with p1768. The 18.5kb band also hybridised to

p1769 indicating that the inserted DNA is within the left hand fragment (Fig
3.4C). This places the inserted DNA between the BamHI and XhoI sites.

A library of Hindlil genomic fragments was made by E.Kellett. Phages
hybridising to p1768 were isolated and the 4.4kb HindilI fragment in phage
A1551 was sub-cloned into pUC8 and named p1803. The HindIII/XbaI fragment
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of this was cloned into mp19 and about 300 bases sequenced from the XbaI site.
This was done by S.Walsh. The sequence of this looked similar to that found
in A40 and ElO with I factor sequence complete with 7 TAA triplets followed
by white sequence from between the BamHI and XhoI sites (Fig 3.5G). This
is in fact at the same point as ElO without the additional rearrangement.

The structure is clearly not analogous to those of A30 and ElO as there
is no deletion, but rather, an insertion. We can conclude, therefore, that the
inserted sequence is an I element, and that the I factor sequence identified is
not from the I factor already present in w. Experiments to identify the other
end of this inserted element are under way.
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FIGURE 3.5G
Diagram of the structure of the V10 white locus. Shaded boxes represent I
factor sequences. Hybridising fragments are indicated underneath as is the
sequence from the 4.4kb HindIll fragment.
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Flies carrying allele A40 have light orange coloured eyes. Southern blots
of genomic DNA digested with Hindill and probed with p1769 (LH) show no
alteration in the size of the hybridising fragment (Fig 3.5E). When probedwith
p1768, two bands can be seen of about 7.6kb and 4.4kb (Fig 3.5D). This is
analogous to the pattern seen above for V10 with slight variation in the sizes.

Further restriction mapping by Southern blots gave bands of about 17kb
and 19.5kb when cut with BamHI and probed with p1768 (Fig 3.4B). This
indicated that the right hand 14kb BamHI fragment of has increased in size
by about 5.5kb. Digestion with XhoI gives two bands of about 15.5kb and
21.5kb (Fig 3.4A). The 21.5kb band also hybridised to p1769 (Fig 3.4C)
indicating that the left hand 15.5kb band has increased in size by about 5.5kb.
Taken together these suggest that 5.5kb of DNA has inserted between the
BamHI and XhoI sites.

This is not totally consistent with the sizes of the HindIll fragments which
imply only 4.6kb of DNA has inserted. This discrepancy can be explained if the
insertion is of a complete I factor since it would contain two Hindill sites 1.0kb
apart (Fig 3.5H).

FIGURE 3.51-1
Diagram of the white locus in A40. Shaded boxes represent I factor sequences.
Restriction fragments mentioned in the text are shown underneath.
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T6
Flies carrying derivative allele T6 have dark orange coloured eyes.
Genomic Hindlil digests and probing with p1769 showed no alteration to the left
hand side of the I factor in w1Rl (Fig 3.6B). When probed with p1768 two
bands of 6.9kb and 5.0kb hybridise (Fig 3.6A). This appears analogous to V10
and A40.

R.James and D.J.Finnegan have analysed this allele further. Southern
blots of BamHI digested DNA indicated an insertion of 5.4kb of DNA had
occurred. R.James cloned the 6.9kb HindlIl fragment in ANM1149 and showed
that it had two Hindlil/Sall fragments of 3.6kb and 3.3kb. The larger of these
was as expected equivalent to w IR1 and hybridised to the right hand end of the
I factor. The 3.3kb fragment hybridises to both white and the left hand end of
the I factor. This is consistent with a similar structure to that in V10 and
proposed for A40, with a second 5.4kb I factor inserted to the left of the
BamHI site (Fig 16C).

FIGURE 3.6
Southern blot of w 11' and derivative genomic DNA's digested with
Hindill, run on a 0.7% agarose gel and probed with p1768.

Same filter as A, probed with p1769.

Diagram of the structure of the T6 white locus.
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Flies carrying allele Z25 have white eyes. Restriction mapping by
Southern blotting has revealed no obvious large alteration in the white locus of
these flies (Fig 33A and 3.4). Early southern blotting experiments indicated
there may be a small deletion of sequence to the right of the I factor in
but the exact location of this and its nature are unknown. It presumably results
in an absence of white gene product to account for the null phenotype.

Conclusions and Discussion
Of the 6 w derivative alleles which have been analysed in detail and
described above, 2 have white sequence deleted, 3 have a new I factor, or
element, inserted, and one is a more complex rearrangement.

Derived phenotypes

The effect of the deletions on the observed phenotype is obvious. Both
A30 and ElO remove the white coding sequence between the site of insertion
of w1R' in the fourth intron and the middle of the first intron. This would be
expected to result in no white gene product and a null phenotype.

The effects of the other mutations must be more subtle. They are
coloured, so some functional product .must be produced, although less than in

w 1 . The sites of insertion of the second I factors are mostly in the middle of
the first intron. As the WIR1 I factor presumably affects processing or stability
of the white pre-mRNA, or causes premature termination of transcription, it is
possible that the second insertions further affect it to produce less mature
message. It is worth noting that allele Z34 which has an only slightly altered
structure compared to defines a coloured phenotype very similar to that of

w'. Northern blotting experiments would test this hypothesis and distinguish
between effects on splicing and termination.

It is possible that the colourless alleles which showed no large alteration
at the level of Southern blotting have small deletions or point mutations which
result in frame shifts or premature stop codons.
All the derivative alleles could be the result of I element transposition
The derivatives V10, A40 and T6 appear to differ from w1R1 simply by

insertion of additional I elements in the white locus. This suggests a mechanism
by which the deletion derivatives A30 and ElO could have arisen. A second I
element could have inserted in the white locus in the same orientation as the
w IR1 element. Recombination between these two elements would remove the
intervening white sequence (see Fig 1.7). The point at which recombination
occurred would create a "composite" I factor made up of part of each element.
The left hand end would be that of the I factor already in wRl, while the right
hand end would be that of the newly inserted sequence.

This would explain the apparent increase in the number of TAA repeats
in MO which cannot be accounted for by a simple ligation of sequences. If the
newly inserted I element had a greater number of TAA repeats (6 or 7),
recombination would leave these at the end of the I element sequenced (Fig
3.7).

The obvious similarity between the sequences of A30 and V10 suggests
that they represent similar insertional events, with and without, subsequent
recombination respectively. This leads us to propose that the w

1 derivatives

have all arisen as a result of transposition of I elements into the white locus
during hybrid dysgenesis, and that in some cases recombination between them
has resulted in more complex rearrangements.
The structure of Z34 can be explained in a similar way. The intact I
factor in Z34 is clearly different from the I factor originally present in the white
locus. The

W IR1

I factor has T as its third nucleotide and 4 TAA repeats, while

the newly inserted I factor has G and 7 TAA repeats. The

W IR1

I factor

sequence is present in the apparently duplicated end sequences.

It appears likely that a second I factor inserted within the I factor already
present in w 11 . Circumstantial support for this is seen in the sequence
immediately adjacent to the inserted I factor, the proposed target site, which has
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FIGURE 3.7
A.

Diagram showing how recombination between two I factors with differing
numbers of TAA repeats in the same orientation could produce the
structure seen in A30.

....... .......

-

1
(TAA)

Diagram of one I factor inserted within another. Recombination between
the directly repeated sequences would delete one copy.

,

Diagram of two I factors (shaded boxes) inserted within one I factor
(black box). Recombination between the two shaded I factors could
produce the structure seen in Z34 (Fig 3.5F).

some similarity to the target site in

IRI

(Fig 3.5F). As the 3 I factors

associated with the w IR1, w 3 and w 4 mutations inserted at this same site [Sang

et al. 1984], it may represent a favoured target sequence for insertion.
Insertion of an I factor at this site would produce a "compound" element
which could be resolved by recombination to produce an I factor with its left
hand end "duplicated" (Fig 3.7B). In order to produce the observed structure
of Z34 it is necessary to invoke a second insertion and recombination between
these two newly inserted I factors (Fig 33C).

It is possible that a sequence like the intermediate structure described
above was isolated in allele V40. This allele defined a coloured phenotype and
was extremely unstable, "reverting" to a w 11 red-brown phenotype (allele lal)
at a frequency of 50%. Initial analysis indicated no alteration to the Hindill
fragments present in V40 (Fig 3.6). This could be consistent with a second I
factor inserted between the Hindill sites of the I factor, as the tandem
duplication might explain its unstable nature.

Another allele which may be similar in organisation is E13, although its
structure has not been fully determined. E13 has a coloured phenotype and on
Hindlil digests appears normal with perhaps a small insertion (Fig 3.3A)
Digestion with BamHI or XhoI indicates a large (5kb) insertion, similar to A40
and V10 (Fig 3.4). Digestion with Sail indicates that this insertion is within the
6.2kb fragment normally present in w. (Fig 3.31)). This is probably a new I
factor within the

W IR1

I factor, or very close to it.

The rearrangement of white sequence which has accompanied the deletion
in ElO is more difficult to explain by simple insertion and recombination. If
there were some recombination between short (<lObp) homologous sequences,
at the same time as recombination between two I factors, it may be possible to
produce the structure present in ElO. The similarity between the end-points of
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the rearrangements (Fig 3.4E) may lend some support to this.

The alleles described above ate all members of the second and third
classes of derivative mentioned in the introduction. Alleles of the first class are
associated with a bleached white eye colour, male lethality, and mutation in the
neighbouring loci. These are probably due to large deletions. It is not known
whether I factor sequences are associated with these mutations, although
examples of large deletions isolated during screens of dysgenesis induced
mutations have been documented. Two of the mutations of the

white locus,

wIR7

and wIR8 [Sang et al. 1984; Fawcett et al. 1986], and one of the yellow locus,

yIR7

[Busseau et al. 1989] are due to deletions of the locus concerned. There

are no I factor sequences present at the site of any of these deletions and the
involvement of dysgenesis in creating them is unclear. They may be due to a
direct effect of dysgenesis, or they may be random events which were isolated
in the screening procedure.

The simple model of insertion with, or without, recombination raises some
questions concerning the I factor's role in this mutability.

If insertion of I elements stimulates recombination (at a high frequency
in this small sample), then why are alleles ViO, A40 and T6 relatively stable
afterwards?

.•

Since the alleles generated with two I factors are stable, we can conclude
that the high frequency of recombination/rearrangement is not due to the I
factor having inserted, but due to it inserting. That is, the recombination occurs
at the time of insertion or immediately afterwards.

Other dysgenesis induced rearrangements support this. Two of the
mutated yellow alleles, y115 and y6 are due to inversions of chromosomal
sequence. y6 is a simple inversion between an I element and an I factor, one
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of which is in the yellow locus. y

is a more complex rearrangement involving

two inversions between three different I sequences, one of which is a complete
I factor, and the other two, I elements. One of these is in the yellow locus.
This is a large disruption of the chromosome as it is visible on polytene
chromosomes. In both these cases, all the I factor sequences

(5 in total)

involved were newly inserted, and the inversions can be accounted for by
recombination between them.

The instability may be caused by some feature of the I factor insertion,
for example, double stranded breaks in the chromosome may increase ectopic
recombination, or perhaps there are regions of single stranded DNA present
which allow strand invasion. Alternatively, dysgenesis may have a general effect
on the frequency of recombination which is not specific to I factor sequences.
There are no data which allow us to do more than speculate about the actual
process. A study of the recombination frequency across a defined interval with
and without dysgenesis would be necessary to distinguish between a sequence
specific and a general effect on recombination.

What is the nature of the "small, but specific" mutability attributed to the
I factor in

WIR1

. as observed by the increased frequency of mutation at that locus

compared to a wild type white locus?

Pélisson [1981] compared the frequency of mutations at the w 1 locus
with that of the homologous w allele under the same conditions of dysgenesis.
He observed that the frequency of mutation was eight times higher for w IR1. ]f,
as proposed above, mutation is due to new insertions of I factors then one
might expect that the rate would be equivalent for both loci.
As it is not, then one must propose some allele specific effect on
insertion of I factors. Proust and Prudhommeau [1982] compared the frequency
of dysgenesis induced mutations in reactive and inducer chromosomes. They
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concluded that reactive chromosomes were more frequently mutated. This is the
opposite effect to that seen here where it is the inducer (w'' 1 carrying) locus
that is more frequently mutated.

In both cases the chromosomes compared were quite different. In both
cases the "homologous" chromosome which showed the lower frequency of
mutation was a balancer X chromosome (Basc or Binscy) and carried large
inversions. It may be a feature of the chromosome which does not allow a high
rate of mutations to be recovered.

Alternatively, the nature of the chromosomes may be irrelevant and there
may be a real effect of having an I factor at a locus. This effect could be to
increase insertions of I elements at a locus, or it may simply increase the
likelihood of a mutant phenotype being produced and recovered during
screening. Perhaps a double insertion is more likely to show a mutant
phenotype than a single insertion event.
The insertions are mostly in the large first intron of the white gene, these
may be silent if they occurred in a normal white gene, or produce too small an
effect to be easily detected. The presence of an I element in the white gene
before insertion in this intron may produce a more extreme phenotype which is
readily identified. Also, recombination and deletion resulting from a double
insertion will be a mechanism of producing mutations with strongly mutant
phenotypes which is not possible from a single insertion in a normal white gene.
These factors alone may be enough to account for the different frequency of
mutation observed for the w1R1 allele and its wild-type homologue in this
experiment. The second insertions are mostly in the same region of the white
locus, which implies that the process was not entirely random. Other examples
are needed before any significant conclusions can be drawn.

74

Chapter 4
I Factor Encoded Polypept ides
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Introduction
The biology of hybrid dysgenesis and the I factor's sequence raised many
questions about the I factor's behaviour, expression and function which we
wished to investigate. The major questions are how is expression regulated, and
how does expression confine hybrid dysgenesis to the germ-line? The two
obvious levels of control are transcription and translation. Transcripts may only
be produced sex and cell-type specifically, or alternatively, they may be produced
constitutively, and translated specifically.

There are other levels at which regulation can take place. For example,
P elements are regulated by a tissue-specific splicing event. Although the
complete I factor sequence does not suggest that splicing of I factor messages
takes place, this cannot be ruled out. Also, as mentioned earlier, retroviruses
and retroviral-like transposable elements use translational frame-shifting and
proteolytic cleavage to produce a variety of proteins from their one or two
ORFs. The I factor could use analogous processes that could be regulated.

We felt that the production of antisera to the I factor encoded
polypeptide sequences would provide a powerful tool to answer the following
questions. What is the relationship between the DNA sequence and the final
polypeptides and enzymatic functions it encodes? Where and when are the
polypeptides produced within the many different tissues, and developmental
stages, of a fly, from oocyte to adult?. In what quantities, and in what form?
Do they associate with I factor RNA or DNA? If so, do they regulate
expression? Do they form functional particles that are intermediates in
transposition?

Antibodies raised against different segments of the I factor sequence
would identify the I factor polypeptides expressed in vivo and relate regions of
the DNA sequence to particular proteins. By using these sera in Western blots
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of extracts from various tissues and developmental stages of Drosophila, the
temporal and tissue-specific pattern of expression could be determined. Indirect
immunofluorescence of antibodies bound to embryos or tissue sections could also
be useful for this purpose. Differences in expression between Inducer and
Reactive strains and the progeny of dysgenic crosses would be of major interest.
Antibodies could be used in immunoprecipitations to identify proteins or nucleic
acids associated with I factor polypeptides.

As outlined earlier, some transposable elements are associated with viruslike particles. In experiments to isolate intracellular particles, antibodies could
also be used to identify fractions containing I factor proteins in density gradients.

In addition, production of I factor polypeptides and investigation of their
biochemical properties in various assays (eg, DNA/RNA binding, gel retardation,
reverse transcriptase) can be made more specific and better controlled by using
antibodies to deplete extracts or specifically bind complexes.

We chose to raise antisera against I factor encoded sequences expressed
in E.coli as fusion proteins with -galactosidase and the product of the trpE gene
(anthranilate synthetase). The advantages of this approach include the easy
identification of fusion products and their purification. It has also been shown
that some eucaryotic proteins expressed in E.coli which are readily degraded as
??foreignt? proteins accumulate to greater levels if they are fused with a host
protein [Shine et al. 1980; Goeddel et al. 19791.

Vectors were readily available with inducible promoters that allow
production of in-frame fusion proteins.' Inducibility of an expression system is
necessary as high level constitutive expression of a foreign protein is often
deleterious to cells. In order to produce a large quantity of protein it is better
to grow up a large cell mass without over expressing the foreign protein, then
to induce high level expression for a short period. We used three different
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vector systems which satisfied these criteria. They were the lacZ based pUR
and pEX vectors, and the trpE based pATH vectors.

The pUR vectors (Fig 4.1) allow insertion of restriction fragments in all
three reading frames in a variety of restriction enzyme cloning sites. So any
ORF containing fragment can be inserted in the 3' end of the lacZ gene such
that the ORF is fused in frame with the carboxy terminus of the -galactosidase.

The lacZ gene is under the control of the lac operator/promoter which
is repressed in vivo by the product of the lacI gene. However, since the pUR
vectors are multi-copy colEl derived plasmids, there are many copies of the
operator present in plasmid carrying cells. The host IacI gene may not produce
enough repressor to efficiently repress these, so it is necessary to use hosts
carrying the 1ad'4 allele which has a mutation in the lacI promoter, resulting in
over production of repressor. The lacl'4 allele can be introduced on an F', or
on another colEl compatible plasmid. Expression from the lac promoter can
be induced by addition of IPTG.

The pEX vectors (Fig 4.1) are similar to the pUR vectors in that they
allow insertion of restriction fragments into the lacZ gene and fusion of ORFs
with the carboxy terminus of 3-galactosidase. However, this lacZ gene is itself
fused at its 5' end to a small portiort , of the lambda cro gene and the lambda
R

promoter. Expression of this hybrid gene is repressedby the lambda ci gene

product. This can be supplied on a second plasmid or on the E.coli
chromosome. Using the temperature sensitive c1857 allele of the lambda
repressor means that expression can be induced by a temperature shift to 42°C
(Fig 4.1B).
The third vector system we used is based on the trpE gene. An
incomplete trpE gene has restriction sites which allow fusion of ORFs to the
deleted carboxy terminus of the trpE gene product in all three reading frames.
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FIGURE 4.1
Vectors used for producing fusion proteins in E.coli. Restriction sites in
polylinkers are; B=BamHI, CC1aI, E=EcoRI, H=HindIII, PPstI,
S=SalI, Sm=SmaI, X=XbaI.

Coomassie stained 10% polyacrylamide gel with total cell extracts of
various E.coli strains carrying the pUR and pEX vectors. Expression
from the vectors is I, induced, or N, non-induced. Cell lines SG934 and
SG935 are inducible due to the presence in the cell of the c1857 gene on
a plasmid. The positions of the fl and B' subunits of RNA polymerase,
and the induced -galactosidase proteins are indicated.
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It is under the control of its own promoter and operator. In the presence of
tryptophan (trp) this is repressed by the unlinked trpR gene on the chromosome.
Cells are grown in trp supplemented medium and then expression is induced by
starvation for trp and addition of indole-acrylic acid (IAA) which binds to the
trpR gene product and blocks repression.
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Construction of fusion protein producing plasmids

The first fusion polypeptide constructed consisted of a segment of the
first ORF between the Aval and Hindill sites (Fig 4.2) cloned in the expression
vector pUR289. In order to allow easy insertion of this Aval/Hindlil fragment
into the vector it was first necessary to create a BamHI site at the Aval site in
the I factor plasmid pI770 [Bucheton

a al. 1984].

The plasmid p1770 was partially digested with Aval and the linear, singly
cut, molecules purified from an agarose gel. These molecules were then treated
with Kienow fragment of E.coli DNA polymerase I to create blunt ended
molecules. Amersham BamHI linker octanucleotides (chapter 2) were then
ligated to these molecules and transformed into E.coli. A proportion of the
resulting colonies were picked into overnight cultures and mini-preparations of
plasmid DNA produced. These plasmids were screened for the presence of a
BamHI site and its position relative to the Hindill and Sail sites.

Nearly all the piasmids recovered contained a linker, and the majority of
these were in the Aval site of the I factor DNA. A proportion was found
inserted in the Aval site within the vector as expected. Examples of each type
were selected and called p1455 and p1454 respectively.

To test whether the molecule containing the linker had the expected
sequence, p1455 was digested with NdeI and flush ends created with Kienow.
It was then digested with SaIl and the SalI/NdeI fragment was cloned into
Smal/Sall digested mp19 and sequenced. This confirmed that only one linker
molecule had inserted and that the blunt ends of Aval cut p1770 were as
expected (Fig 4.2B). The BamHI/HindIII fragment of p1455 was then inserted
into the BamHI/HindIII sites of pUR289 to create p1456 (Fig 4.2).

FIGURE 4.2
Construction of plasmids p1455 and p1456
S A H
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p1770 ..CTC CCC GAG ATA GTA..
p1455 ..CTC CCC GACCCGGATCCGGGCC GAG ATA GTA..
pUR289 ...TGT CAG GGG ATC CGT CGA..
p1456 ...TGT CAG GGG ATC CGG GCC GAG ATA...

All plasmids are shown linearised. A. Plasmid p1770 is the left hand Hindill/Sall
(box) in pAT153 (line). See Fig 3.2. This was partially cut
fragment of w
with Aval to produce linear molecules. These were made blunt ended and
BamHI linkers were ligated to these ends. Melting and re-annealing followed
by transformation gave two kinds of plasmid each with a BamHI site in one of
the Aval sites. These were called p1454 and p1455. The BamHI fragment of
p1455 containing the I factor ORF1 sequence was ligated into BamHI/HindIII
cut pUR289 to produce p1456. B. The sequence of the inserted linker in p 1455
and the junction in p1456. The AvaI site and BamHI linker are underlined.

Expression of p1456 in E.coli
Several independently isolated clones with the BamHI/HindIII fragment
were grown and induced for expression. Whole cell extracts of these were run
on a 10% acrylamide gel (Fig 4.3A). The 0.8kb insert should add about 260
amino acids, or almost 30kD onto the f3-galactosidase which is 116kD. The
expected size of the fusion protein is therefore around 145kD, slightly less than
that of the RNA polymerase p and p' subunits which run as a doublet.

There is no clear band of this size on the gel, and certainly no product
expressed in amounts equivalent to the p-galactosidase from the vector
(pUR289). There is however a faint, and quite diffuse, band of the expected
size and also some protein of p-galactosidase size, although the band is more
diffuse than that from the vector.

There are several possible explanations for an inability to produce the
expected amount of full length fusion protein:The promoter may have mutated so it could not be expressed.
The construct may not have the reading frames fused correctly. This
would give translational termination with very few amino acids fused to
13-galactosidase.
The construct may direct synthesis of the desired message, but this may
not be translated efficiently.
Synthesis of full length fusion protein may take place, but give a product
that is unstable.

The fact that some protein is produced on induction, and that the protein
bands are diffuse, points to the last explanation being the most likely. To
formally test this, a Western blot was performed and the filter probed with anti
f3-galactosidase antibodies (Fig 4.3B).
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FIGURE 4.3
Expression of fusion protein from p1456

Coomassie stained 10% acrylamide gel of total cell extracts of NM522
cells carrying pUR289 or p1456 clones. Samples are N, non-induced, or
have been induced for varying lengths of time, 2 hours, 6 hours and overnight.

Equivalent gel to A, transferred to nitrocellulose and probed with anti Igalactosidase antiserum. The positions of the f3-galactosidase and plasmid
expressed fusion protein bands are shown.
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This blot shows that large amounts of specific f3-galactosidase breakdown
products are produced in both vector and fusion construct containing cells. Cells
carrying the fusion construct also show a discrete band of the expected size, plus
a smear, indicating randomly sized products smaller than full length. This may
be due to proteolysis and degradation of full-length fusion protein, or
translational inefficiency. Translation may pause, or abort, if there is a
particular codon in the Drosophila coding sequences which is rarely found in
highly expressed genes in E.coli.

Although one cannot distinguish between these two possibilities, if
translation stopped at a point on the message, a discrete band, or series of
bands would appear as opposed to a smear. I concluded that there was
synthesis of full-length polypeptide, but that this was then rapidly degraded.

Expression of p1456 in Ion- cells
Our purpose in expressing the ORF was to obtain enough material to
purify and then immunise rabbits. Since the fusion polypeptide encoded by
p1456 was rapidly degraded in NM522 we decided to try to find conditions which
would reduce breakdown and allow enough material to accumulate.
The La protease, the product of the ion gene, is one proteolytic agent in

E.coli [Gottesman et al. 1981]. The ion gene is expressed as part of the SOS
response in E.coli and is thought to be involved in degradation of denatured
protein. We decided to express fusion protein from p1456 in lon cells to see
if the absence of functional La protease resulted in an increase in the stability
of the fusion protein.

One strain used was NB79. Two aspects of the ion phenotype were
checked to ensure that the strain had the correct phenotype. Firstly, that the

cells had a mucoid appearance and secondly, that they were sensitive to UV.
When cells of NB79 were plated and exposed to varying amounts of UV light
they showed an increased sensitivity compared to that of a Ion' strain (NM522,
an isogenic lon strain was not available). As expected they were not as
sensitive as a recA strain (HB101).
When fusion protein was expressed from p1456 in strain NB79 there was
a slight increase in stable protein present on a coomasie stained gel, and on a
Western blot (Fig 4.5A), but most fusion protein was still degraded. We had
to conclude that the La protease was not solely responsible for the degradation
observed.

Expression of ORF1 in the pEX vector

Since the ORF1 fusion protein was not stable as a -galactosidase fusion
in the pUR vector, and we could not make it more stable in protease deficient
strains, we decided to try and express it in the pEX vector as part of a 1galactosidase/cro hybrid fusion protein as anecdotal information had suggested
that it might be more stable.

The vector which would allow fusion of -galactosidase and the ORF of
the 0.8kb BamHI/HindIII fragment of p1455 was pEX2 (Fig 4.4). However, the
Hindill site in the polylinker is not unique. It was necessary to partially cut
with Hindlil then to cut with BamHI and isolate linear molecules. The
BamHI/HindIII fragment was then inserted to fuse the ORFs in frame (Fig
4.4B).

The resulting plasmid, called p1461, was cloned in strain pop2136 which
carries the c1857 allele of the lambda ci gene on its chromosome. This prevents
expression of the hybrid lacZ gene from the PR promoter and avoids
complications of selection against deleterious expression of fusion protein.
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FIGURE 4.4
Construction of p1461
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pEX2 ..TTC CCG GGG ATC CGT CGA...
p1455 ...ACC CGG ATC CGG GCC GAG...
p1461 ..TTC CCG GGG ATC CGG GCC GAG...

All plasmids are shown linearised. A. Vector pEX2 contains two Hindill sites
at which it was partially cut. This yielded two linear molecules. These were cut
with BamHI and the molecules which remained linear (cut at the neighbouring
BamHI and Hindlil sites) were purified. These were ligated with the
BamHIII-iindlll fragment from p1455 to produce p1461.
B. The sequences of the junction points in p1461 indicating that the ORF's are
fused in frame. The BamHI sites are underlined.

Fusion protein production is induced by raising the culture temperature to 42°C
to denature the mutant ci repressor allowing transcription from the lambda

PR

promoter. Culture at 42°C is a poor condition for producing protein in E.coli,
as cell growth is retarded, so empirically, Hound it best to heat the cells at
42°C and then return them to 30°C to for expression of fusion protein. Culture
for 30 minutes at 42°C followed by 30 minutes at 30°C proved to be the best
combination. Under these conditions, synthesis of fusion protein could be
observed (Fig 4.513), although there was still a large amount of breakdown (Fig

4.5C).
The temperature shift would induce a heat-shock response in the E.coli
cells. This includes higher levels of intracellular proteases that degrade
denatured protein (as mentioned earlier for the ion gene). In order to prevent
this we decided to express our protein in htpR mutant strains. These strains
should be deficient in the sigma factor required for heat-shock protein
production [Grossman et al. 1984].
In order to allow regulated expression in other strains, a c1857 gene was
supplied on a second plasmid. As the pEX vectors are colEl derivatives and
carry ampicillin resistance, the second plasmid, pc1857, was colEl compatible
and carried kanamycin resistance for selection [gift from E. Remaut].
Fusion protein was expressed from p1461 in ion, htpR, and lonIhtpR
strains N1379, SG934 and SG935 respectively (Fig 4.513). This showed that there
was no advantage gained in production of this fusion protein in these strains as
compared with pop2136.

We can conclude as before that other degradative pathways must be
involved, however the change in the amino terminus of the fusion protein (from
fl-galactosidase to cr0) has stabilised it to some degree. Amino terminal amino
acids have recently been implicated in determining a protein's half-life
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FIGURE 4.5
Western blot showing expression of fusion protein from p1456 in lon
strain NB79. Total cell extracts from I, induced, and N, non-induced,
NB79 cells, and NB79 cells carrying plasmids pUR289 and p1456. Probed
with anti -galactosidase antiserum.

Expression of fusion protein from p1461

Coomassie stained acrylamide gel showing total cell proteins of E.coli
strains pop2136, SG934 and SG935 carrying plasmids pEX2 and p1461
induced, I, and uninduced, N. Fusion protein produced from plasmid
p1461 is indicated.

Western blot of total protein extracts of pop2136 cells carrying no
plasmid, and plasmids p1461 and pEX2, induced and uninduced for
Probed with anti Iexpression of f3-galactosidase/fusion protein.
galactosidase antiserum. Fusion protein produced by p1461 is indicated.
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[Varshavsky et al. 1988].
Unfortunately, although more stable, this protein could not be purified
in sufficient amounts to immunise rabbits.

Expression in pATH vectors

A third vector system was tried in the hope of producing a stable fusion
protein. The 0.8kb BamHIIHindIII fragment of p1455 was inserted in the
BamHI/HindIII sites of pATH2. The fusion protein produced is much smaller
than the f3-galactosidase fusion protein (about 65kD) as the trpE portion is only
38kD. This means that on a polyacrylamide gel, small amounts of fusion protein
are obscured by E.coli host proteins. This system proved to be of no use for
purification of fusion protein as none was detected.

Expression of ORF2 fusion proteins

Two fragments of ORF2 were cloned into the pUR vectors to make
fusion proteins. Both were XbaI fragments, one 0.35kb, the other 2.3kb (Fig
4.6). The large fragment included most of the identified regions of similarity
outlined in the introduction (Fig 1.2). Both fragments were ligated into pUR278
and transformed into NM522. The resulting colonies were hybridised with the
fragment used in the ligation. Positively hybridising colonies were tested for
inserts by digestion with XbaI. The orientations of the inserts were determined
by digestion with Hindill or BamHI and KpnI.
The plasmid containing the 2.3kb XbaI fragment in pUR278 in direct
orientation (fusing the reading frames) was designated p1463 and the plasmid
with the fragment in the opposite orientation was designated p1465. Plasmids
carrying the 0.35kb XbaI fragment in pUR278 were designated p1466 (in direct
orientation) and p1468 (in the opposite orientation). These plasmids were
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FIGURE 4.6
Diagram of the I factor indicating the ORF's and the regions of similarity
outlined earlier (Fig 1.2). The lines underneath indicate the various regions of
the ORF's inserted in expression vectors.
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expressed in NM522 and NB79 (Fig 4.7 and 4.8A).

2.3kb XbaI fragment

Cells containing p1463 did not produce full length fusion protein which
would be expected to have a molecular weight of around 200kD. A faint band
corresponding to a breakdown product of this was visible on a Western blot
probed with antibodies to -galactosidase (Fig 4.7A and B). The p-galactosidase
sized band is probably produced by proteolysis of full length polypeptide. It
appears diffuse due to slightly differently sized products of proteolysis.

It is more diffuse than that produced by p1465. Plasmid p1465 has the
same fragment in the opposite orientation so the ORF ends shortly after the
cloning site. Translation of this gives only a few amino acids attached to f3galactosidase and a more stable protein which appears as a tighter band on a
gel.
The same fragment was inserted into pATH2. The iipE fusion protein
produced was also unstable.

0.35kb XbaI fragment
Cells carrying plasmid p1466 did produce a stable fusion protein of the
expected size, about 130kD (Fig 4.7A). Western blots probed with anti f3galactosidase antibodies proved that this is a -galactosidase fusion protein (Fig
4.7B). The amount of protein produced was no better in the lon strain NB79
than in NM522 (Fig 4.8A), so NM522 was used to produce protein for
purification and immunisation of rabbits.

Protein was purified, injected and test bleeds taken as described in
chapter 2. Samples of serum were tested for antibodies recognising the fusion
M.

FIGURE 4.7
Expression of ORF2 containing fusion proteins

Coomassie stained gel of total cell extracts of NM522 cells carrying
various plasmids. I, induced and N, non-induced samples of each are
shown. The fusion protein produced by p1466 is indicated.

Western blot of equivalent gel to A, probed with anti -galactosidase
antiserum.
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protein by their ability to detect it on Western blots. Serum from both injected
rabbits (147 and 148) recognised p1466 fusion protein after 2 or 3 injections (Fig
4.8B).

To determine how much antibody (if any) was being produced against the
I factor encoded sequences, it was necessary to separate these from the

9-

galactosidase, or to remove anti 3-galactosidase antibodies from the serum
sample. NM522 cells carrying vector pUR278 were induced and cell extracts
made and bound to nitrocellulose, as was purified 3-galactosidase. Repeated
absorptions of the serum on these filters should remove all the antibodies
recognising bacterial proteins including f3-galactosidase. This should leave only
those antibodies directed against I factor sequences to bind on a Western blot
against fusion protein carrying extracts.

Although this procedure removed nearly all the antibodies recognising
bacterial proteins from the anti serum, it never completely removed the anti 9galactosidase antibodies. This meant that a definite identification of antibodies
to I factor ORF sequences could not be made.

It was necessary, therefore, to remove the I factor sequences from Igalactosidase. To achieve this, the same 0.35kb XbaI fragment was cloned into
pATH2 to allow production of a tipE fusion protein carrying the same I factor
sequences as p1466. The plasmid carrying the fragment in direct orientation was
called p1475 and in the opposite orientation p1476.

The fusion protein produced in cells carrying p1475 was not as stable as
in those carrying p1466 or p1476 (Fig 4.9A). A band of protein was visible, but
it was not very abundant. A Western blot of proteins from p1475 and p1476
was probed with anti serum from rabbit 147 (immunised with p1466 fusion
protein). This recognised the fusion protein and confirmed that antibodies
against the I factor sequences were present (Fig 4.9B).
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FIGURE 4.8
Expression of fusion proteins from p1466 and p1463 in NB79 cells. Total
cell proteins from induced and uninduced samples are shown. Total cell
protein from NM522 cells expressing fusion protein from p1466 is present
for comparison.

Development of antibodies in immunised rabbits. Equivalent filters
carrying gel purified p1466 fusion protein (FP) and p-galactosidase (BG)
probed with serum from the first three bleeds of rabbits 147 and 148.
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Affinity purification

Cells carrying p1475 were induced and whole cell extracts run on gels and
transferred to nitrocellulose by electro-blotting. The strips of the filter
corresponding to the I factor fusion protein were cut out and used to affinity
purify antibodies recognising I factor sequence. These were absorbed onto the
nitrocellulose, washed and eluted. This produced antibodies specific for the I
factor sequences without contaminating anti-bacterial or cross-reacting antibodies,
except for a small amount of anti--galactosidase activity which remains (Fig
4.9C).

Production of antibodies to peptides

As we were having difficulty raising antibodies by using fusion proteins,
we decide to raise antibodies to peptides of I factor sequences as this is a
reliable method of producing antibodies to a defined sequence [Rothbard el al.
1984]. We chose to make peptides corresponding to the carboxy termini of the
two ORFs as there was a high probability that these would be on the surface
of the proteins. We wanted antibodies that would bind protein not only on
Western blots, but also in immunoprecipitation reactions and in immunofluorescence staining. A surface epitope was therefore preferable, and choosing
the carboxy terminus was the most reliable method we had of ensuring this.
The peptides chosen had the sequences:pepi TNNSDSESI
pep2 KKTKLYHKI
The peptides were synthesised with cysteine at the amino terminus to
allow conjugation to PPD (derivative of tuberculin)[Lachmann et al. 1986].
Rabbits pre-sensitised by BCG injection were immunised with conjugated peptide
monthly and test bleeds were taken one week later. This was done by P.Barker
at the Institute for Animal Physiology and Genetics Research, Babraham.

FIGURE 4.9
Expression of pATH vector fusion proteins. Coomassie stained 7.5%
acrylamide gel of total cell proteins from RR1 cells carrying plasmids
pATH 1, and different clones of p1475 and p1476, induced, I, and noninduced, N, for expression of fusion protein. Sizes of molecular weight
markers, M, in kD are indicated as are the positions of the fusion
proteins produced from the various plasmids. Fusion protein produced
by p1466 is present as a positive control.

Western blot of equivalent gel to A, probed with antiserum from rabbit
147. The positions of the reacting fusion proteins produced from p1466
and p1475 are indicated.

Affinity purification of antibodies. Three equivalent filters carrying total
protein extracts of cells induced for expression of fusion proteins from
plasmids p1466 and p1475. These have been probed with three different
samples of rabbit 147 antiserum. One sample is unpurified, one has been
purified (ap'd) against fusion protein from p1475, and the other has been
purified against fusion protein from p1466. The reacting bands of fusion
protein in the total cell extracts are indicated.
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Testing sera for anti peptide antibodies by ELISA

Peptide was conjugated to ovalbumin to give more efficient binding to
microtitre plates. This was used with peptide and ovalbumin alone in ELISA
experiments to assay the titre of antibodies raised to peptide in the various
rabbits (Tables 1 and 2).

There is variation between experiments, but clear trends are obvious.
Antibodies to the peptides were produced after the first injection. The titre
rose after the second injection, but not after subsequent injections. The
response to peptide 2 appears stronger than that to peptide 1. Peptide
1/ovalbumin conjugate binds to the plate better than peptide alone, while
peptide 2 appears to bind as well as, if not better than, the conjugate.
Unfortunately, the peptide 2/ovalbumin conjugate does not store well and gave
no reaction after a few days at -20°C, so unconjugated peptide had to be used
in later experiments (pep2, experiment 2).

Testing sera by Western blots
We knew we had produced antibodies that would react with peptide in
ELISAs. We next wanted to test if these antisera would recognise denatured
proteins carrying peptide sequences on a Western blot. The ELISAs used a
large molar quantity of antigen for recognition. There was no guarantee that
these antisera would recognise I factor proteins, or proteins carrying I factor
sequences, on Western blots. We used I factor fusion proteins to test this.

I have previously described plasmids p1456 and p1461 which produced Igalactosidase fusion proteins with ORF1' of the I factor. These fusion proteins
carry the carboxy terminus of ORF1 which contains the sequence of peptide 1.

TABLE 1
Peptide 1.

Rabbits B5 and B6:

Experiment 1
Peptide 1/Ovalbumin conjugate (4.g/2p)

Sample.
Serum dun
Serum

Ovalbumin

B5 pre-immune

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.02

0.02

0.00

0.00

0.00

B5 1st test

0.02

0.00

0.00

0.01

0.11

0.11

0.07

0.01

0.00

0.00

0.00

0.00

B5 2nd test

0.00

0.00

0.14

0.12

0.16

0.16

0.07

0.05

0.00

0.00

0.00

0.00

B6 pre-immune

0.01

0.05

0.01

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

B6 1st test

0.03

0.01

0.04

0.02

0.09

0.07

0.00

0.00

0.00

0.01

0.00

0.00

B6 2nd test,

0.08

0.08

0.14

0.15

0.24

0.21

0.14

0.12

0.04

0.05

0.00

0.00

10-

Peptide
(l0,g)
10 2

10_ 2

5x10

10 -

10

TABLE 1
Peptide 1.
Sample
Serum dun
Serum
-

Rabbits B5 and B6: Experiment 2
Ovalbumin
(4w-)
10

Peptide 1
(lOug)
10_2
i -

conjugated peptide (2)lg OA:4jig pep 1)

io

io

io

6

B5 2nd bleed

0.00

0.00

0.06

0.06

0.00

0.00

0.15

0.16

0.08

0.08

0.00

0.00

0.00

0.0

B5 3rd bleed

0.00

0.00

0.06

0.04

0.00

0.00

0.14

0.12

0.02

0.03

0.00

0.00

0.00

0.0

35 4th bleed

0.00

0.00

0.07

0.06

0.00

0.00

0.11

0.08

0.02

0.02

0.00

0.00

0.00

0.0

36 2nd bleed

0.00

0.00

0.06

0.05

0.00

0.01

0.14

0.14

0.09

0.12

0.05

0.02

0.00

0.0

B6 3rd bleed

0.00

0.00

0.08

0.10

0.02

0.02

0.10

0.14

0.08

0.07

0.01

0.01

0.00

0.0

B6 4th bleed

0.00

0.00

0.06

0.07

0.01

0.02

0.14

0.13

0.09

0.10

0.00

0.00

0.00

0.0

TABLE 2
Peptide 2.

Rabbits B7 and B8: Experiment 1

Sample
Serum dun
Serum

Ovalbumin
(0.4.9)

Peptide

io

io

Peptide 2/Ovalbumin conjugate (0.8ig/0.4.ug)

(19)

10 2

5x10 4

10

10

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.02

0.01

0.01

0.01

0.00

B7 1st test

0.00

0.00

0.20

0.19

0.03

0.03

0.02

0.02

0.00

0.01

0.00

0.00

B7 2nd test

0.05

0.00

0.15

0.18

0.12

0.10

0.04

0.02

0.02

0.02

0.00

0.01

B8 pro-immune

0.00

0.01

0.01

0.08

0.02

0.00

0.00

0.00

0.02

0.02

0.03

0.01

B8 1st test

0.03

0.00

0.10

0.17

0.02

0.03

0.00

0.00

0.01

0.00

0.00

0.08

B8 2nd test

0.05

0.10

0.19

0.26

0.10

0.13

0.04

0.11

0.06

0.02

0.00

0.00

7 pro-immune

* absorbance not due to colouring, but to preciptate in bottom of well

TABLE 2
Peptide 2. Rabbits B7 and B8:
Sample
Serum dun
Serum

1

Experiment 2
Peptide 2 (l)ig)

Peptide 2/OA
(8pg/4jig)
iO

lo

I

I

I

io

iO

B7 2nd bleed

0.00

0.01

0.16

0.15

0.06

0.07

0.01

0.00

0.00

0.00

B7 3rd bleed

0.00

0.00

0.12

0.12

0.07

0.01

0.01

0.00

0.00

0.00

B7 4th bleed

0.00

0.00

0.06

0.09

0.05

0.04

0.00

0.00

0.00

0.00

B8 2nd bleed

0.00

0.00

0.13

0.14

0.05

0.03

0.00

0.00

0.00

0.00

B8 3rd bleed

0.00

0.00

0.13

0.13

0.06

0.04

0.00

0.00

0.00

0.00

B8 4th bleed

0.00

0.00

0.17

0.15

0.06

0.04

0.00

0.00

0.00

0.00

Western blots of these fusion proteins probed with anti-peptide 1 antibodies
showed that the full-length, undegraded, fusion protein is recognised by
antibodies against peptide 1 (Fig 4.10).

To test peptide 2 antibodies it was necessary to construct a fusion protein
containing the carboxy terminus of ORF2. The 1.1kb XbaI/SalI fragment from
p184+1 (pACYC184 containing the 6.2kb SaIl fragment from p1407,
M.Pritchard) was purified and ligated into the XbaI/SalI sites of pATH2 to
produce p1474. This fuses the carboxy terminal 29 amino acids of ORF2 beyond
the XbaI site to the truncated trpE gene product. This fusion protein is stable
(Fig 4.10B) and is recognised by antibodies raised against peptide 2 on a
Western blot (Fig 4.10C).

We can conclude that the sera raised against the peptides will recognise
proteins containing these sequences denatured on nitrocellulose in a Western
blot and that these will be useful in the detection of I factor proteins in vivo.
It also confirms that the sequence is correct as the predicted amino acid
sequence and the sequence of the proteins produced from the cloned DNA are
the same.

These antisera were affinity purified against conjugated peptide on
nitrocellulose for peptide 1, or p1474 fusion protein for peptide 2.

Detection of I factor products by Western blotting

The 3 types of antisera described above, against fusion protein and the
2 peptides, have been used to try and detect I factor polypeptides in vivo and

in vitro.
Wherever possible I was attempting to look at a sample where expression
of I factor proteins might be expected in conjunction with one where it was not.
Ii

FIGURE 4.10
Testing anti-peptide antisera by Western blotting of fusion proteins

Western blot of fusion proteins from p1456 and p1461 probed with B6
(anti-peptide 1) antiserum. The positions of the reacting bands are
indicated. Relevant vectors and non-induced samples are included as
negative controls.

Coomassie stained acrylamide gel of total cell extracts of RR1 cells
carrying plasmids pATH2 and various clones of pI474, induced, I, and
non-induced,N, for expression of fusion protein.

Equivalent gel to B, Western blotted and probed with B7 (anti-peptide
2) antiserum.
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I was trying to create a positive/negative comparison in an attempt to highlight
any differences.

Dysgenic and non-dysgenic crosses were performed between the inducer
strain Luminy and the reactive strain seF 8 . Various developmental stages of the
progeny were collected from first instar larvae to F 2 adults. The fertility of the
SF and RSF females was measured to confirm that the crosses were dysgenic
or not. Ovaries were dissected from the SF and RSF females and samples
made separately.

In addition to the whole flies, pupae and larvae (Fig 4.13), samples of

Drosophila tissue culture cells were examined. Cell lines derived from both
inducer and reactive strains (as determined by Southern blot analysis, Fig 4.12A)
were used, as were reactive cells transfected with an I factor bearing plasmid
(p1407) (Fig 4.13). The inducer cell lines (P1,P2 and P4) were derived from P
strain flies and had strong hybridisation to I factor probes on RNA slot-blot
analysis (J.Sinclair, personal communication). The reactive cell lines used were
Schneider 2 cells, and two differently acquired cultures of Kc cells.

Total protein samples of these various materials were made, run on
polyacrylamide gels and transferred to nitrocellulose. They were probed with
the three types of antiserum described above (peptide 1, peptide 2 and p1466
fusion protein) and the pre-immune serum for each.

Despite using affinity purified serum there were always several bands
reacting with the antiserum, many of which were common to the pre-immune
serum (Fig 4.11). No bands were seen which could reproducibly be said to be
specific to the I factor.

As we know that the antisera recognise these polypeptide sequences on
Western blots, and the samples were from dysgenic flies, we have to conclude
91

FIGURE 4.11
Western blots of Drosophila developmental stages probed with pre-immune sera.
Equivalent filters carrying protein extracts from first, second and third instar
larvae (11, 2L and 3L), pupae and female adults from dysgenic, D, and
reciprocal non-dysgenic, N, crosses. Probed with pre-immune sera from rabbits
B6, B7 and 147.
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FIGURE 4.12
Drosophila tissue culture cells

Southern blot of various tissue culture cell line genomic DNA's digested
with HindIIJ/PstI (S2=Schneider 2, P1-4 are described in text). Also, fly
DNA from strains Luminy and Charolles. These were probed with the
internal I factor 4.2kb AvaI/PstI fragment. The multi-copy 2.3kb
HindIII/PstI fragment indicative of inducer strains is marked.

Western blot of total protein extracts from Drosophila tissue culture cell
lines probed with affinity purified antiserum B6.

Western blot of total protein extracts from Drosophila tissue culture cells
probed with affinity purified B7 antiserum.
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FIGURE 4.13
A.

Western blot of Drosophila developmental stages, transfected tissue
culture cells, and E.coli probed with affinity purified B6 antiserum. Total
protein extracts were made from first and third instar larvae (1L and 3L)
and pupae from dysgenic (D) and non-dysgenic (N) crosses; Kc cells
mock transfected (M) and transfected with p1407, pAT153; and E.coli
cells carrying plasmids p1461 and p1474 as positive and negative controls.

B.

Equivalent filter to A, probed with affinity purified B7 antiserum
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that any polypeptides being expressed were present in quantities too low to be
detected by these antisera. The presence of cross-reacting or contaminating
antibodies, even after affinity purification obscured what specific signal was
present.

The alternatives, that the I factor causes dysgenesis without expression of
its encoded proteins or by expression of proteins unrelated to the determined
sequences appear unlikely. There remain the formal possibilities that the amino
acid sequences to which the antisera were raised are not present in final,
processed products or are expressed too transiently to be detected. There is
some evidence that the 5.4kb transcript produced in ovaries is only present for
a few days in young flies, and that its level decreases rapidly [M.C.Chaboissier,
pers comm]. It is possible that I factor polypeptides are expressed as
transiently. The persistence of sterility (which is also decreasing) may be a
particularly sensitive indicator of I factor function.

Many of the technical difficulties experienced above could be avoided by
over-expressing the I factor ORFs in tissue culture cells under the control of an
inducible (eg, heat-shock) or strong constitutive (eg, actin) promoter. T.Paterson
is performing these experiments and will be able to answer many of the
questions posed at the beginning of this chapter.
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