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ABSTRACT 

This thesis is concerned with the analysis of the I factor 

transposable element in Drosophila melanogaster. One such element, 

from the strain w111, had previously been shown to be capable of 

inducing hybrid dysgenesis and had been cloned. The nucleotide 

sequence of this element is presented in this thesis, plus an analysis 

of the sequence to assess coding potential and to propose a possible 

transposition mechanism. In addition the ends of several other I 

1R2-6 	F31 
factors, cloned from D. melanogaster strains w 	and bx 

have been sequenced. 

The I factor is 5.4kb long. Each element studied is flanked by a 

targetsite duplication, a feature characteristic of transposable 

element insertions. The size of the duplication varies between 9 and 

1 4bp. 

The I factor has no direct or inverted terminal repeats. Instead 

at the designated "right hand" end there is a short run of TAA 

triplets. Elements with 4, 5, 6 and 7 triplets have been found. This 

lack of terminal repeats likens the I factor more to the retroposon 

class than to any other family of transposable element in Drosophila 

such as the copia-like, FB and P elements. 

Computer analysis of the I factor sequence has revealed two long 

open reading frames, both in the top strand. ORF1 is 1287bp long and 

ORF2 is 3258bp long. The sequence of each reading frame has been 



translated and the amino acid sequences analysed. Within the ORF2 

peptide, homology is found in seven domains characteristic of reverse 

transcriptases. It is proposed in this thesis that the I factor codes 

for a reverse transcriptase, which could function as a transposase by 

copying into DNA an RNA transcribed from the full length of the 

element. Similar homology is found within one of the two open reading 

frames of mammalian LINE sequences (members of the retroposon class of 

elements) and striking homology is seen between the amino acid 

sequences of LINEs and the I factor in this region. It is suggested 

that the I factor could represent the Drosophila equivalent of a 

LINE sequence. 

The amino acid sequence of ORF1 of the I factor contains homology 

to a retroviral protein domain thought to interact with nucleic acids. 

The possibility that the product of ORF1 could act as a repressor of I 

factor activity in I strains by binding to I factor DNA or RNA is 

discussed. 

1R7 	IR8 Two additional strains, w 	and w 	, were also studied. 

These strains carry mutations of the white gene and were detected 

following an IR dysgenic cross. These mutations are not associated 

with I factor insertions, instead they are deletions of part of the 

white gene. Sequence analysis of the deletion breakpoints showed no 

evidence of I factor activity. It is possible that the deletions arose 

spontaneously rather than as the result of I factor transposition. 
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1. 1 Introductory comments 

Transposable elements have been found in the genomic DNA of every 

species analysed so far. In many cases the tranposability of an 

element is inferred, rather than observed, either from the position of 

the element (e.g. within a gene), from heterogeneity of genomic 

location within a species, or from the structure of the element 

itself, and its location. Every element found so far is flanked by a 

direct repeat of the target site DNA sequence, thought to be generated 

as a result of integration. Hence this is usually regarded as an 

indication of transposability. 

Of all species, Drosophila melanogaster has been studied most 

intensively with regard to transposable elements, and many different 

element families have been identified. For review see Finnegan and 

Fawcett (1986). These elements are all moderately repetitive sequences 

and comprise about 10% of the genome (Young, 1979). The I and P 

element families are amongst the most intriguing because of their 

involvement in the production of hybrid dysgenesis (see section 1.2). 

Although this phenomenon was noticed some time ago (Green, 1976) it 

was only in the last few years that transposable elements were 

recognised as being the causative agents. 

1.2 Hybrid Dysgenesis 

Hybrid dysgenesis is the production of abnormal characteristics in the 

hybrid progeny produced when certain interacting strains of Drosophila 

melanogaster are crossed in a particular way (Kidwell & Kidwell, 
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1976). Two independent systems exist, called PM and IR. In the PM 

system, a P (paternal) strain male must be crossed with an M 

(maternal) strain female for dysgensis to occur (Kidwell et al., 

1977). In the IR system an I (inducer) strain male must be crossed 

with an R (reactive) strain female (Bucheton et al., 1976). So-

called "neutral" strains exist in each system, designated Q in the PM 

system and N in the IR system. These have now been shown to be 

extremely weak P and R strains respectively, and not truly neutral 

(Bregliano & Kidwell, 1983). This interaction has been shown to be due 

to the presence, in I and P strains, of autonomous transposable 

elements lacking from R and M strains. Functional elements are known 

as I factors and P factors in the IR and PM systems respectively, 

defective elements are known as I and P elements. ("Element" is also 

frequently used as a collective term for defective and non-defective 

elements). 

The abnormal traits produced by the two systems show many 

similarities. These traits include partial or complete sterility, 

increased mutation frequencies, chromosome rearrangements and 

chromosome loss. Two major differences exist however which distinguish 

between the two systems. Firstly, IR dysgenesis affects only hybrid 

female progeny (Picard et al., 1978; Proust & Prudhommeau, 1982), 

whereas in the PM system both sexes are affected, (although there is 

some evidence for the affects being more severe in females) (Engels & 

Preston, 1979; Kidwell & Novy, 1979). Secondly, there is the nature of 

the induced sterility. PM dysgenic flies exhibit a failure of the 

gonads of both males and females to develop properly. This is called 



GD sterility (for gonadal dysgenesis). In severe cases the fly is 

totally sterile; in less severe cases only one side of the fly may be 

affected. IR dysgenesis reduces the fertility of only female progeny - 

these are known as SF females (for sterilit femelle). The gonads 

develop normally and the flies lay a normal number of eggs, but a 

proportion of the embryos die before reaching the blastoderm stage. 

Embryonic development is arrested around the 3rd or 4th nuclear 

division, very occasionally as late as the 6th or 7th division 

(Lavige, 1986). Spindle abnormalities and chromosome fragmentation 

cause mitosis to break down (Picard et al., 1977; Lavige and Lecher, 

1982). In addition, a proportion of the embryos which pass this stage 

fail to hatch, possibly due to mutations and chromosome aberrations 

occurring in the germ cells of the SF females (Lavige, 1986). Females 

from the reciprocal cross (i.e. I females x R males) are called RSF 

females and are fully fertile. 

Dysgenic events in both systems are confined to the germ line of 

hybrid flies - somatic mutations are very rarely seen. These first 

generation progeny will therefore exhibit reduced fertility but 

mutation events will only be seen in the soma of the second 

generation. 

All Drosophila melanogaster strains can be classified with 

respect to both systems. Kidwell (1979) has grouped all strains into 

five categories - IP, IM, IQ, RM and NM (IQ and NM can now be included 

in the IP and P14 groups respectively). No flies of type PP have been 

found, but this does not seem to be due to any biochemical constraint 



as synthetic PP strains have been made and appear to be stable 

(Kidwell, unpublished). This pattern may reflect a sequential 

evolution of the I and P types. Kidwell et al. (1977) found that all 

long-established laboratory stocks were of the M type whereas natural 

populations were usually P type. Picard et al. (1976) found that all 

natural populations are of the I type whereas laboratory stocks could 

be either I, R or Q. Kidwell (1982) has proposed a "recent invasion" 

hypothesis to explain this distribution. Laboratory stocks collected 

about 50 years ago were the first to be of I type. The more recently 

strains were collected, the more frequent the occurrence of the I 

type. The occurrence of P strains follows a similar trend but do not 

appear in laboratory stocks collected pre-1950s. Kidwell proposes that 

I factors invaded natural populations about 50 years ago and P factors 

about 20 years later, and that these elements spread rapidly. Isolated 

laboratory stocks of the R and M types therefore represent relics of 

pre-invasion strains. 

An alternative hypothesis has been proposed (Bucheton et al., 

1976; Engels, 1981) whereby I and P factors have always been present 

in natural populations and have been lost from laboratory stocks, 

perhaps due to changes in environment or abnormal population 

structure. This is called the "stochastic loss" hypothesis. 

Studies on the distribution of P and I element related sequences 

in other Drosophila species suggest that the spread of these 

elements has occurred via different mechanisms. Brookfield et al. 

(1984) have demonstrated that P element sequences are not found in D. 
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melanogaster sibling species. They are found in more distantly 

related species however (Daniels et al., 1984; Lansman et al., 

1985), which implies that P element sequences arose in D. melanogaster 

as a result of some horizontal transmission event rather than vertical 

transmission from an evolutionary common ancestor. M strains, some of 

which contain no P element sequences at all, would represent strains 

which had not been contaminated with P sequences. There is a class of 

M strains which do have P-homologous sequences but behave as M 

strains. These are called M' strains and are believed to contain only 

defective P elements. These could easily be explained by loss of 

functional P factors, leaving only defective P elements in the genome. 

It seems likely then that both invasion and loss could have occurred: 

invasion first of all of D. melanogaster by P factors from a 

distantly related species, leaving M strains with no P sequences as 

relics of pre-invasion strains, and secondly loss from some P strains 

of functional P factors, to form M' strains. 

The distribution of I sequences is different - sibling species 

show homology to I factor probes and more distantly related species 

show progressively less, or no, homology (Bucheton et al., 1986). 

Thus it appears that I sequences are old components of the Drosophila 

genome which have degenerated in most species. Probes containing 

certain internal fragments of I factor DNA have been shown to 

distinguish potentially active I factors from defective I elements 

(Bucheton et al., 1984; see section 1.4). These probes show the four 

most closely related species D. melanogaster (I strains), D. simulans, 

D.sechellia and D. mauritiana all contain potentially active I 



factors, other species do not. This gives two possibilities for the 

appearance of active I factors in D. melanogaster fifty years ago 

(Bucheton et al., 1986). Firstly, an active I factor may have arisen 

in one of these four sibling species, possibly reconstituted from 

defective elements, which then spread between the other species. 

Secondly, the I factors in D. melanogaster may have become inactive 

after divergence of the species, and active I factors may later have 

re-invaded from a sibling species, which still contained active I 

factors. Engels (unpublished) however has suggested that the simplest 

explanation for the IR system is inactivation of the I factor in D. 

melanogaster after prolonged laboratory culture, i.e. loss (of 

function if not of whole elements). Unlike the PM system there are no 

species without I-homologous sequences so it is probable that I 

elements arose in a common ancestor of the I-containing species and 

were passed by vertical rather than horizontal transmission to D. 

melanogaster. Inactivation of hereditary I factors after several 

decades of laboratory culture would be a simpler mechanism as it 

removes the need for reactivation or horizontal transfer and involves 

only one event, namely inactivation. As yet there is no evidence to 

prove either theory. 

It is clear from the non-reciprocal nature of dysgenic crosses 

that two components are involved - a chromosomal component contributed 

by the male parent and a cytoplasmic component contributed by the 

female parent. The male factors were found to be linked to any one of 

the four chromosomes and are now known to be the I and P transposable 

elements. Inheritance of I and P factors is Mendelian providing these 
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elements are maintained in I and P strains respectively. When 

chromosomes carrying these elements are introduced into the 

interacting cytoplasm (i.e. a dysgenic cross), the elements can move. 

Chromosomes from the R or M strain may acquire elements and behave as 

I or P chromosomes in further crosses. This acquisition of I or P 

potential is known as "chromosomal contamination" (Picard, 1976). 

Bingham et al. (1982) and Pelisson (1981) have shown that 

chromosomal contamination is due to the acquistion of I and P factors 

respectively. 

The maternal regulatory component, known as M cytotype in the PM 

system and reactivity in the IR system, is complex. Firstly, there are 

strong and weak R strains, and within an unselected strain flies will 

not be equal in their ability to cause dysgenesis. (This is also seen 

for I strains, but not to the same extent). With selection at each 

generation, uniform strong or weak strains may be obtained which will 

be stable (Picard & L'Heretier, 1971). Some variation is also seen 

within P and M strains. Secondly, although the strength of interaction 

depends primarily on the cytoplasm of the R or M strain, ultimately 

this is dependent upon the genotype. This was demonstrated in the IR 

system by Bucheton and Picard (1978). One set of lines was constructed 

which had the chromosomes of a strong R strain and the cytoplasm of a 

weak R strain. A second set of lines was constructed with the reverse 

composition. Initially the lines behaved in dysgenic crosses as the 

strain from which the cytoplasm was derived. However, after several 

generations (sometimes ten or more were necessary) the strength of 

interaction switched to that of the strain contributing the 



chromosomes. This change is gradual, the level of reactivity varying 

at each generation. The switch from R to I following a dysgenic cross 

is not gradual, but occurs in one generation (Picard, 1978). The 

reactive state cannot be maintained in the presence of chromosomes 

carrying I factors, whether they are from an I strain or from an R 

strain which has been contaminated (Picard, 1978). 

In the PM system the change of cytotype from M to P may take 

several generations (Engels, 1979a). At each generation the population 

as a whole will show a gradual change but each individual fly will be 

either M or P. Cytotype switch is an all-or-nothing event and at each 

generation a variable proportion of the flies will switch. The 

efficiency of cytotype switching is affected by temperature (Ronsseray 

et al., 1984). A high developmental temperature (26.5°C) of the F1  

flies from the dysgenic cross will promote switching of M to P 

cytotype in a greater proportion of their offspring than when 

development is at 18°C. In addition, M to P switching is promoted 

when females are aged at 28.5°C. A low aging temperature, however, 

can reverse the effect of a high developmental temperature. 

The degree of GD sterility is also sensitive to developmental 

temperature. Below 25°C hybrids are usually fully fertile. By 29°C 

sterility is at a maximum (Engels & Preston, 1979; Kidwell & Novy, 

1979). High temperature also increases the frequencies of male 

recombination and transmission ratio distortion. 

High temperature and aging affect SF sterility, Old SF females 



tend to be more fertile than young SF females - fertility may reach 

the same level as that of RSF females from the reciprocal cross 

(Picard et al., 1977). The numbers of lethal mutations and 

chromosome non-disjunctions also tend to decrease with the age of SF 

females when mated (Picard et al., 1978; Proust & Prudhommeau, 

1982). High developmental temperatures of SF females (29°C) will 

reduce the hatching percentage (Bucheton, 1979a,b), but this effect 

can be reversed by high temperature at oogenesis. In contrast, a low 

temperature (20°C) at oogenesis will greatly reduce hatching 

percentage of SF females maintained at 29°C throughout earlier 

developmental stages (Picard et al., 1977; Bucheton, 1978). 

There are many unanswered questions concerning hybrid dysgenesis. 

Firstly, why are dysgenic events confined to the germ line cells? Some 

progress towards an understanding of this has been made for the PM 

system (see section 1.3), but not yet for IR. Secondly, how is 

sterility induced? Mutations and chromosome rearrangements may be 

explained by insertion or excision of transposable elements. Rubin 

et al. (1982) and Pelisson (1981) have correlated mutations of the 

white locus with insertions of P and I element DNA respectively. 

Engels and Preston (1984) observed a large number of chromosome 

rearrangements involving 2, 3, 4 or 5 breakpoints. In most cases the 

breakpoints occurred at or near P element sequences. It is likely that 

aberrant excision events involving these P element sequences are 

responsible for these rearrangements. Induction of sterility, however, 

cannot be explained in such simple terms. 



Engels (1983) has suggested that GD sterility may be due to early 

loss of germ cells. The period of onset of rapid germ cell division 

coincides with the temperature sensitive period for GD sterility. 

During this period males have several more times the number of germ 

cells than females and hence stand more chance of one or more germ 

cells surviving to form one (or both) gonads. This could explain why 

males are less prone to GD sterility than females. 

Data obtained by Lavige (1986) suggests that SF sterility may be 

due to an all-or--nothing event which occurs during oogenesis, perhaps 

a precise function which may or may not occur, or production of a 

toxic molecule. These suggestions are very speculative however, and 

further experimentation is needed to gain more insight into the 

mechanism. 

A further question is whether transposition is conservative or 

replicative. Conservative transposition involves an element excising 

from one position and inserting at a different location. Replicative 

transposition does not require excision - an element is copied and the 

copy inserts elsewhere in the genome leaving the original element in 

place. It is difficult to determine which mechanism is being employed. 

Excision of an element and subsequent gain of an element elsewhere is 

not proof of a conservative mode unless it can be shown to be the same 

element which has excised and re-inserted. Likewise an increase in the 

number of elements in the progeny as compared with the parents is not 

proof of a replicative mode as conservative transposition of an 

element from one sister chromatid to another following DNA replication 

10 



would appear to be replicative if the chromatid which had lost the 

element was not recovered in the progeny (O'Hare, 1985). Current 

opinion favours a replicative mode and there is some evidence to 

support this. Pelisson (unpublished) has shown that R chromosomes can 

acquire inducer ability from a chromosome carrying a single I factor; 

the I-bearing chromosome does not lose its inducer ability nor does 

the I factor change position. Again, however, this could be explained 

by excision of an I factor from one sister chromatid following DNA 

replication, with subsequent loss of that chromatid, and insertion of 

the I factor into one chromatid of a reactive chromosome. Loss of a 

chromatid or chromosome could be explained if a breakage occurred as a 

result of excision of an element. It is thought that I factors cannot 

excise precisely as an IR-induced mutation of the white locus (due 

to insertion of an I factor) never reverts to wild type in a second 

dysgenic cross, but gives more extreme white mutations (Pelisson, 

1981). These are due to rearrangements of white sequences (Sved, 

Lynch, unpublished), and may be caused by abortive excision events. 

Sequencing data obtained so far (Lynch, unpublished) suggests that the 

I factor remains intact, so may still be active in these cases. A 

successful excision (perhaps followed by re-insertion elsewhere) may 

not be detected in this experiment if excision causes chromosome loss. 

Engels and Benz (described in Simmons & Karess, 1985) performed an 

experiment in which an X chromosome containing several P elements was 

followed through several generations and the number of P elements 

counted. Insertions into this X chromosome outnumbered excisions by a 

factor of 1.5-3.0. This is also taken as evidence of a replicative 



mode of transposition. It is known that P elements can excise 

precisely (Rubin et al., 1982; O'Hare & Rubin, 1983), although this 

observation cannot totally exclude the possibility that aberrant 

excision events may sometimes occur and cause chromosome loss. 

The control of transposition in I and P strains and how this 

control is overridden when the elements are introduced into R and M 

strains, is another unanswered question. There are two possible 

mechanisms - active repression in I and P strains, or active induction 

in R and M strains. Current opinion favours the former possibility. 

Two models have been proposed for the PM system. O'Hare and Rubin 

(1983) suggested that the P factor might code for a transposase and a 

regulator. If the regulator positively affected its own production 

whilst negatively affecting the production of transposase, the net 

effect would be the inhibition of transposition. This would represent 

the P cytotype. The M cytotype represents the absence of repressor, 

hence when P factors are introduced they are able to produce 

transposase and consequently transpose, until the level of regulator 

is high enough to switch off transposase production. If a threshold 

level of regulator is required for the inhibition of transposase 

production, the all-or-nothing nature of the M to P cytotype switch 

can be explained. 

A second model, proposed by Simmons and Bucholz (1985), involves 

the titration of transposase by extrachromosomal P elements. This 

model stems from the observation that P factor activity is lower in M 

strains that contain defective P elements than in M strains that 



13 

contain no P elements at all (see section 1.3). Simmons and Bucholz 

(1985) suggest that extrachromosomal P elements could be formed by the 

action of transposase and then bind the transposase preventing 

further transpositions occurring. Strains with more defective P 

elements would have more potential for binding transposase than 

strains with few or no P elements which would therefore be stronger M 

strains. The M cytotype again represents the lack of positive 

transposition effectors. This model requires the P factor to code for 

only one product. Extrachromosomal P elements have not yet been 

identified. 

No models have been proposed for the IR system, but models for the 

PM system could equally well be applied. There is no reason however to 

suppose that the same mechanism applies in both cases. 

1 . 3 The P Factor 

The first direct evidence that a transposable element family is 

involved in PM hybrid dysgenesis came from studies of dysgenesis-

induced mutations of the white locus (Rubin et al., 1982; Bingham 

et al., 1982). Seven independent mutations were examined and all 

contained insertions into white. These insertions fell into two 

classes. Two mutations were due to copia sequences; the remaining 

five contained sequences related to each other but unrelated to 

copia. These insertions varied in size from 0.5kb to 1.4kb and were 

proposed to be P elements. When chromosomes containing these 

insertions were crossed into an M cytotype the mutations were 

destabilised and the wild type phenotype was restored. Southern blot 



analysis of these revertants showed that the insertions had excised, 

apparently precisely. 

Restriction analysis of these elements showed few similarities, 

but hybridisation studies revealed all five to be related, suggesting 

a heterogeneous family of P elements. Using these elements as probes 

to Southern blots of M and P strains Bingham et al. (1982) showed P 

strains to have a complex pattern of bands characteristic of dispersed 

repetitive DNA sequences. There are 30-50 copies per haploid genome. 

Furthermore there is considerable heterogeneity between different P 

strains, indicative of transposability. Most M strains show little, if 

any, homology, except for M strains most recently isolated from the 

wild. These have many P sequences, but they are assumed to be 

defective. These are called M', or pseudo-M strains. 

Using these short elements as probes to genomic DNA, O'Hare and 

Rubin (1983) isolated a conserved 2.9kb element, proposed to be the P 

factor. One such 2.9kb element was cloned and sequenced (O'Hare & 

Rubin, 1983). This element has 31bp inverted repeats at the ends,/\and 

is flanked by an 8bp direct duplication of the target site DNA. 

Several shorter elements were also sequenced and found to be derived 

from the 2.9kb element by internal deletions. The inverted repeat 

ends were found in all these elements, plus an 8bp target site 

duplication. The P factor itself has four long open reading frames, 

all on the same strand. Between them they account for most of the 

sequence. 
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Spradling and Rabin (1982) demonstrated that this 2.9kb element is 

fully functional by cloning the element into a plasmid and injecting 

the construct into M strain embryos. A visual assay for p factor 

activity was provided by the sn mutation (Engels, 1979b) 

carried by the M strain. This mutation is caused by a head-to-head 

insertion of two defective p elements into the sn locus, and affects 

bristle morphology. This allele is highly mutable under dysgenic 

conditions, mutating to either sn 
e 
 (extreme) or 

sn 
 (pseudo-

wild type) when one or other of the P elements is mobilised in trans 

by a P factor. The progeny of injected flies displaying a sn 
e 
 or sn

+  

phenotype were screened for the presence of P sequences in their 

genome and were found to contain one to five integrated copies. No 

inserted plasmid DNA was detected, indicating that the P sequences had 

integrated via transposition, not recombination. 

The P factor can now be used as an efficient transformation vector 

for Drosophila (Rubin & Spradling, 1982). only the ends of a P 

element are required for mobilisation, as evidenced by the ability of 

P elements with internal deletions to transpose, in the presence of a 

P factor. This means that internal sequences can be replaced with 

foreign DNA and the construct can integrate into the genome via the 

flanking P sequences. A functional P factor must be co-injected to 

provide transposition functions in trans. 

It is clear that the P factor encodes its own transposition 

functions. Karess and Rabin (1984) performed experiments to determine 

which of the four open reading frames were necessary for 



transposition. Utilising restriction sites they constructed four mutant 

P factors, each of which contained a frameshift mutation within one 

open reading frame. Each mutant P factor also carried the ry+  gene, 

to provide a visual assay when injected into ry M strain embryos. 

Each mutant P was.able to integrate into the genome when injected 

singly as a helper P factor was co-injected, but the helper itself 

lacked part of one inverted repeat end and hence could not integrate. 

Further transposition events of the mutated P factors (now in the 

absence of a helper function) were not observed, indicating that all 

four open reading frames contribute to the transposition function. 

Flies containing each single mutant P factor were crossed to generate 

flies carrying all six pairwise combinations of mutant P factors to 

see if the mutations could complement one another. P factor activity, 

as assayed by snw destabilisation, was not seen, indicating that 

all four open reading frames contribute to a single transcript, and 

that splicing must occur to join the coding sequences together. These 

splice sites have been identified from the sequence and the ORFO-ORF1 

and ORF1-ORF2 splice sites verified by ribonuclease protection assays 

(Laski et al., 1986). 

Karess and Rubin (1984) have identified P factor-specific 

transcripts of 2.5kb and 3kb. These have a common 5' end but the 3' 

end is different. It is now thought that the 3kb transcript terminates 

beyond the end of the P factor, whereas the 2.5kb transcript 

terminates at a polyadenylation site within P (Laski et al., 1986). 

The question of why dysgenic events are restricted to the germ 



line is some way towards being understood. The possibility of there 

being a tissue specific promoter has been eliminated (Laski et al., 

1986), for two reasons. Firstly, putting the P factor coding region 

under the control of a promoter which works in somatic tissue (the 

hsp70 promoter) does not lead to somatic mosaics. Secondly P factor 

transcripts were detected in somatic tissue indicating that the P 

factor promoter can work in somatic tissue. Instead, a tissue-specific 

splice appears to be responsible. When Laski et al. (1986) mapped 

splice juctions in the 2.5kb transcript, no junction between ORF2 and 

ORF3 was detected, which would result in translation terminating at 

the end of ORF2, to give a 66kd protein. Yet Karess and Rubin (1984) 

showed ORF3 was necessary for transposition. When the ORF2-ORF3 splice 

was made in vitro and the resulting P factor injected, somatic 

mutations were seen. This suggests that it is the ORF2-ORF3 splice 

which is necessary for germline-specific transposase activity, though 

the mechanism for this splice is not yet understood. The protein 

encoded by this spliced RNA is 87kd. Cell lines transformed with the 

spliced P factor express the 87kd protein, and P element excision is 

catalysed (Rio et al., 1986). This is not seen when the cell lines 

are transformed with the unspliced P factor, which produces the 66kd 

protein. This strongly suggests that the 87kd protein is the 

transposase. It is possible that the 66kd protein is the regulator 

molecule proposed by O'Hare and Rubin (1983). 

1.4 The I Factor 

The I factor transposable element has been identified from a number of 

mutations of the white locus of D. melanogaster. These mutations 
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arose following a number of IR dysgenic crosses involving several 

different I and R strains (Pelisson, 1981). Eight white mutations 

have been isolated, called 	- IRB and these fall into two 

classes (Bucheton et al., 1984; Sang et al., 1984). w IR1 to 

IR6 are all due to insertions of apparently identical 5.4kb 

elements. These flies have some residual eye colour, whereas the 

remaining two strains w 7  and w 8  have white eyes. These two 

strains both have deletions of part of the white locus. Wis 

thought to be an insertion of an I factor, as the mutation has never 

been separated from I factor activity by recombination (Pelisson, 

1981). 

Genomic DNA from I and R strains has been blotted and probed with 

I factor sequences (Bucheton et al., 1984). All R strains tested 

contain many sequences homologous to the I probe (in contrast to many 

M strains) and the banding pattern is very similar in all cases. These 

elements are presumed to be defective. I strains show a very similar 

pattern of banding but contain additional bands which vary in position 

between strains. These extra bands are believed to be I factor 

sequences, capable of transposition and hence at different positions 

in different strains. The constancy of the positions of defective 

elements implies that, unlike defective P elements, defective I 

elements transpose very rarely. 

A HindIII/PstI fragment internal to the I factor has been found to 

be diagnostic of I strains (Bucheton et al., 1984). This fragment 

when used as a probe to HindIII/PstI-cut genomic DNA should detect a 

lb 
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band of corresponding size if intact I elements are present. R strains 

have very few, if any, copies of this band, whereas I strains have 10-

15 copies per haploid genome. R strains therefore seem to contain only 

deletion-deficient I elements. 

In situ hybridisation of I factor probes to polytene chromosomes 

of I and R strains reveals another major difference. In R strains all 

the hybridisation is to the heterochromatin in the centromeric region 

of the chromosomes. I strains also show hybridisation to the 

centrornere but have about 15 extra sites of hybridisation on the 

chromosome arms. Again these sites differ between strains (Bucheton 

et al., 1984). The I sequences on the chromosome arms are thought to 

be the I factors, and the sequences in the centromeric region the 

defective I elements. I elements appear to be confined to the 

heterochromatin, but the reason for this is not understood. 

1.5 Other Drosophila Transposable Elements 

(1) The copia-like elements 

Many different families of copia-like elements have been identified. 

Although they closely resemble each other in overall structure, there 

is very little sequence homology between them with the exception of 

297 and 17.6 which appear to be related (Kugimiya et al., 1983). 

All copia-like elements have long direct repeat sequences at 
(;(e liA) 

their ends (Finnegan et al., 1978), called LTRsA  Although the length 

of these repeats is usually constant within a family there is much 

variation between families, from about 250bp to 500bp. Each family is 



represented by about 10-50 copies per haploid genome, the numbers 

varying in different fly strains. Evidence for the transposability of 

these elements comes from the diverse locations members of each family 

are found at when different strains are compared by Southern blotting, 

or by in situ hybridisation. 

copia itself was one of the first element families of this kind 

to be discovered, and was found because it is transcribed to given an 

abundant polyA RNA. Several other copia-like elements have been 

discovered in the same way. Some of these PNA5 are full length, and 

have been shown to start and terminate within the LTR5 of the element 

(Flavell et al., 1981; Scherer et al., 1982). 

Sequence data, as well as structural organisation, has shown copia-

like elements to closely resemble the integrated form of vertebrate 

retroviruses. Both have LTRs separated by several kilobases of DNA. In 

retroviruses this central region contains open reading frames - 

usually three, called gag, pol and env. The products of these 

genes, which are translated into polyproteiris, are necessary for 

replication of the virus genome (reverse transcriptase), integration 

into the host cell genome, cleavage of polyproteins, as well as 

structural proteins for the viral particles. 

Two copia elements have now been sequenced entirely (Mount & 

Rubin, 1985; Emori et al., 1985) and one 17.6 (Saigo et al., 

1984). These also contain open reading frames, and from the predicted 

amino acid sequences homology has been found with retroviral gag, 



and pol proteins. 

Other features of retroviruses have also been found in copia-

like elements. Retroviruses have a site for binding of a tRNA primer 

to the single stranded viral RNA. This is necessary for the first DNA 

strand to be made, by reverse transcription. Copia-like elements 

also have a primer binding site, at a position analagous to 

retroviruses, near the 5' end of the RNA (Will et al., 1981; Scherer 

et al., 1982). At the 3' end of the RNA of retroviruses is a purine-

rich sequence, thought to be necessary for synthesis of the second DNA 

strand. This sequence is also found in copia-like elements (Will et 

al., 1981; Scherer et al., 1982). The organisation of the LTRs is 

also analogous. 

Further evidence for the relationship comes from the discovery of 

copia RNA associated with particles (which morphologically resemble 

retroviral core particles) in tissue culture cells (Shiba and Saigo, 

1983). It seems probable that copia-like elements transpose via a 

mechanism of reverse transcription of an RNA intermediate, resembling 

a retroviral life cycle in all features except the formation of 

infectious particles. Flavell (1984) has found extrachromosomal, 

circular, copia elements which replicate faster than chromosomal 

DNA, as measured by uptake of label, and extrachromosomal linear 

copia elements which could incorporate label into both strands even 

in the presence of an inhibitor of cellular DNA polymerase. Arkhipova 

et al. (1984) have found mdgl and mdg3 in the form of DNA/RNA 

hybrids. All these results are consistent with copia-like elements 
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transposing by a reverse transcriptase mechanism. In addition, 

Arkhipova et al. (1986) have detected reverse transcription 

intermediate forms (minus and plus strong-stop DNA) for mdgl, rndg3 

and 2jjj4 in cultured D. melanogaster cells, which are known to be 

intermediates of retroviral reverse transcription. This is a further 

indication of the similarities between retroviruses and copia-like 

elements. 

(2) Fold-back Elements 

Fold-back elements are characterised by having long inverted repeat 
(Rrcjur 1.1 

ends,/\which are able to anneal together to form stem-loop structures. 

The first family to be studied, the FB family, was isolated by Potter 

et al. (1980) by fractionating genomic DNA to enrich for snap-back 

structures. One element was isolated this way (called FBi) and was 

used to probe a genomic library to isolate further related sequences. 

Although related in sequence, the structure of these elements is 

very heterogeneous. The lengths of the inverted repeats, both between 

elements and at the ends of an individual element, can be variable. In 

addition the length of the DNA between the repeats (the "loop" of the 

stem-loops structres) can also be variable between elements. Some 

elements have no separating DNA but are entirely composed of repeat 

sequences (Potter et al., 1980; Truett et al., 1981). 

The inverted repeats are composed of tandem arrays of short, 

direct repeats (Potter, 1982; Truett et al., 1981). At the outer 

ends of the element these repeats are iObp long, these are then 



expanded to 20bp long repeats separated by variable lengths of A/T 

rich DNA. This is followed by 31bp repeats in tandem. These 31bp 

repeats are not identical, there are five main variants which occur in 

a regular pattern to give a larger repeat of 155bp. This sort of 

tandem repeat structure is very similar to that found in satellite 

DNA; it is possible that FB elements have evolved from such sequences. 

FB elements have been shown to mobilise pieces of genomic DNA, 

sometimes as much as hundreds of kilobases (Ising & Block, 1981, 

1984). This may occur when two FE elements inserted into the same 

chromosome are mobilised, taking with them the genomic sequence 

between them. Such composite elements are called TE elements. 

Presumably this occurs when the transposition machinery recognises 

only one end of each element. 

The mechanism of transposition of FE elements is not known. It is 

unlikely to occur via an RNA intermediate as FE elements have none 

of the features seen in other elements which utilise reverse 

transcriptase. Also, it seems highly unlikely that several hundred kb 

of DNA in a TE element could be transcribed into a single, full length 

RNA intermediate. 

(3) Retroposons 

These elements are so named because they have the structure that would 

be expected if a mRNA were reverse transcribed and the product inserted 

into the genome (Rogers, 1983). Features of these elements are a lack 

of direct or inverted terminal repeats, and an A-rich sequence at one 



(F3LVe LID) 
end/ Retroposons have been found in a variety of species, and fall 

into three categories. Firstly, there are elements such as processed 

pseudogenes. These are simply reverse transcripts of a mRNA, and as 

they contain no coding information for a transposase, or a promoter 

for an RNA polymerase, there is no reason to suppose that once having 

inserted these elements are capable of further transposition. 

The second class are short (a few lOObp), moderately repetitive 

sequences, called SINEs (Singer, 1982). Mammalian Alu elements are 

an example of this class (Houck et al., 1979; Jelinek et al., 

1980). SINEs are frequently flanked by direct repeats, suggesting they 

may be transposable. The number of bases duplicated varies from 

element to element, unlike most other families of transposable 

elements (Singer, 1982). RNA homologous to some SINE elements has been 

found (Weiner, 1980; Haynes & Jeliriek, 1981; Pan et al., 1981), and 

it has been suggested that this may be reverse transcribed to form a 

transposition intermediate (Singer, 1982). SINEs contain RNA 

polymerase III promoters, hence if an element did transpose it would 

take the promoter with it, and presumably be capable of further 

transposition events. No SINE element has yet been seen to transpose. 

The third class is composed of long interspersed sequences, or 

LINES (Singer & Skowronski, 1985). These have been detected in mice, 

rats, dogs, humans and primates, at a copy number of thousands or tens 

of thousands per genome. These elements are several kilobases long, 

have an A-rich tail at the 3' end and contain long open reading 

frames. These elements have the capacity to code for their own 



transposition functions, and homology to reverse transcriptase has 

been found in the putative protein sequences (Loeb et al., 1986; 

Hattori et al., 1986). A 6.5kb RNA homologous to a human LINE has 

been found in tissue culture cells (Skowronski & Singer, 1985). Few 

transposition events have been observed involving LINE elements, but 

again the ability to do so is inferred from their structure. 

In Drosophila melanogaster two families of retroposons have been 

described to date. These are the F elements and G elements. G elements 

(Di Nocera & Dawid, 1983; Di Nocera et al., 1986) are found mainly 

in the non-transcribed spacer of rDNA units and have poly A tracts at 

the 3' end of one strand. 

The first F element to be described was called 101F (Dawid et 

al., 1981). This element is present in about 50 copies in the genome, 

at different sites in different strains suggesting transposability. 

Unlike copia-like elements, FE5 and P elements, all members of the 

same family of F elements do not duplicate the same number of bases at 

the target site upon insertion (Di Nocera et al., 1983). The 5' end 

of the element is variable in length, a feature which is common to 

LINE elements (Singer & Skowronski, 1985). 

Although a reverse transcription method of transposition is 

inferred from the structure of these elements, there is no evidence to 

prove it. 101F has been partially sequenced, but the sequence 

available is not sufficient to identify an open reading frame which 

may code for a reverse transcriptase. No polymerase III promoter has 
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been found in the sequence. 

The elements discussed in this chapter are illustrated in Figure 

1.6 Aims of this Thesis 

The aims of this thesis were to sequence a full length, functional, I 

factor and to sequence the ends of several other I factors, with the 

intention of elucidating the structure of this transposable element. 

of particular interest were the ends of the element (the presence or 

absence of terminal repeats), duplication of target site DNA upon 

integration of an element, target site specificity and correlation of 

genotype with the phenotypic affect of insertion into the white 

gene. In addition, an analysis of the I factor sequence was undertaken 

to detect open reading frames and to determine the nature of potential 

I factor-encoded proteins. It was hoped that this might enable a 

possible transposition mechanism to be proposed and to explain other 

features known to be associated with the I factor, such as repression 

of I factor activity in I strains. 



Figure 1.1 

Diagrammatic representation of four families of transposable elements. 

copia-like elements. The repeat structure of the LTR5 is 

indicated (U3, R and U5) and the positions of the primer binding site 

(PBS) and purine-rich region are shown. 

Fold-back (FB) elements. Stippled boxes represent inverted 

repeats, open boxes represent the spacer region. 

P elements. Shaded boxes represent the short inverted repeats. Open 

boxes represent the internal P element sequence. 

Retroposons. The 'A' box represents the A-rich tail. Open boxes 

represent element sequences. 
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CHAPTER 2 

Materials and Methods 



2.1 Media 

L-broth 

Difco Bacto tryptone, lOg; Difco Bacto yeast extract, 5g; NaCl, 5g; 

per litre adjusted to pH 7.2. 

L-agar 

As L-broth plus Difco agar, 15g/litre. 

BBL-agar 

Baltimore Biological Laboraties trypticase, lOg; NaCl, 5g; Difco agar, 

lOg; per litre (pH unadjusted). 

BBL top layer 

As BBL agar but only 6.5g Difco agar per litre. 

Minimal agar 

Difco Bacto agar, 6g; 5 x Spizizen salts, 80mls; 20% glucose, 4rnls; 

5mg/mi vitamin Bi, 0.1mis; volume made up to 400mis with water, pH 

unadjusted. 

2.2. Materials 

5 x spizizen salts 

(NH4)2  SO4, lOg; K2HPO4, 70g; KH2PO4, 30g; tn-Na Citrate, 5g; MgSO4, 

ig; per litre. 
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Phage buffer 

KH2PO4, 3g; Na2HPO4  (anhydrous), 7g; NaCl, 5g; 0.1M MgSO4, lOmis; 

0.01M Cad 2, lOmis; 1% gelatin, imi; per litre. 

LTB (for storage of M13 plaques) 

10mM Tris/HC1 pH 8.0; 1mM EDTA 

10 x TBE buffer 

Tris base, 108g; Boric acid, 55g; EDTA, 9.3g; per litre, pH 

unadjusted. 

20 x SSC 

0.3M Na Citrate; 3.OM NaCl. 

20 x Denhardts 

0.4% bovine serum albumen; 0.4% ficoll (MW 400,000); 0.4% polyvinyl 

pyrrolidine (MW 40,000). 

TFB (for Hanahan competent cells) 

10mM K-MES; 100mM KC1; 45mM MnC12.4H20; 10mM CaC12.2H20; 3mM Hexamine 

cobalt chloride. 

Ampicillin used at lOOug/ml. 

Isotopes 

CL- 32  P-dCTP (3,000 Ci/inMole) purchased from Amersham International. 
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35S-dATP (500 Ci/mMole) purchased from New England Nuclear, and from 

Amersharn International (410 Ci/mMole). 

Enzymes 

Restriction enzymes purchased from Boehringer Mannheim, Pharmacia and 

Amersham International. E. coil DNA polymerase I purchased from 

Boehringer Mannheim; Kienow fragment from Boehringer Mannheim and 

Pharmacia. T4 DNA ligase purchased from New England Biolabs. Calf 

intestinal phosphatase purchased from Boehringer Mannheim. 

4 x NT buffer 

210mM Tris/HC1 pH 7.5; 21mM MgCl2; 20ug/ml gelatin. 

1 x dNTP buffer 

lOOul 4 x NT buffer; 4ul 2mM dGAT; lul 14M p-mercaptoethanol; 295u1 

H20. 

TE 

10mM Tris/HC1 pH 8.0, 1mM EDTA. 

TM 

100mM Tris/HC1 pH 8.0, 50mM MgCl 2* 

Primers 

M13-specific sequencing primers were purchased from New England 

Biolabs and were of the following sequences: 
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5' 	TCCCAGTCACGACGT 	3' 	(1 5-mer) 

5' GTJ\AAACGACGGCCAGT 3' (17-mer) 

M13-specific primer for making single stranded probes was purchased 

from New England Biolabs: 

5' CACAATTCCACACAAC 3' 

Insert-specific primers, obtained from Biosearch Incorporated, were of 

the following sequences: 

5' ACGTCTTTGCCACGA 3'  

5' TTGAATGCTATGAGG 3'  

5 1  GCTGTAAGCCCCGTA 3'  

S' CGCGAAGCGAGGCTT 3'  

Insert-specific primers obtained from C.J. Leaver, Botany Department, 

University of Edinburgh, were of the following sequences: 

5' CGGTGCTCAAGGAAC 3'  

5' ATGGTTGCCATCTTG 3'  

5' GCAGTGGCGCCAGA 3'  

2.3 Bacteria and Bacteriophages 

Phages 	 - 

Insertion vector XNM1149 (Murray, 1983), for cloning 0-11kb HindlIl or 

EcoRI fragments. Replacement vector XNM762 (Murray et al., 1977; 



Williams and Blattner, 1980), for cloning 3-16kb HindIll fragments. 

M13mp8 and mp9 (Messing and Vieira, 1982). 

M13mplO (Messing, 1983). 

M13mp18 and mp19 (Norrander et al., 1983). 

Bacteria 

NM514 (hsd R, lyc 7): for growth of recombinant XNM1149 (Murray, 

1983). 

ED8654 (hsd R, met B, sup E, sup F): for growth of recombinant 

)..NM762 (Borck et al., 1976). 

NM430 (hsd R, lac Z amber): for visual selection of recombinant 

XNM762 (Frischauf et al., 1983). 

SM32 (lonV , gal E, sul A, str A): for better growth of non-

recombinant XNM1149 (Misusawa & Ward, 1982). 

NM522 (lac-pro, hsd MS, F'lac ZM15, 	host for M13 

phages (Gough & Murray, 1983). 

2.4 Drosoohila strains 

The strains of D. melanogaster described in this thesis arose from 

the following crosses: 
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strain (R) parent (I) parent references 

1R1 
w seF8  w 	Ct f Pellison 	(1981) 

Bucheton et al. 	(1984) 

1R2 if is if w 

I R3 
W 

'I Luminy of 

1R4 
W XCha XOre I Sang et al. 	(1984) 

I R5 II II it w 

1R6 U, It to w 

1R7 I, it I, w 

IRS U, to I, w 

bx F31 
	spontaneous mutation 	Peifer and Bender (1986) 

(non-dysgenic) 

2.5 Methods 

DNA restriction 

All restrictions were carried out in high, medium or low salt buffers 

as recommended in "A Manual for Genetic Engineering: Advanced 

Bacterial Genetics", ed. R.W. Davis et al. The volume of enzyme 

added never exceeded 10% of the total volume. Reactions were stopped 

by heating at 65°C for 10 minutes or by phenol extraction and 

ethanol precipitation. 

Ligation 

Appropriate amounts of vector and donor fragments were incubated 

overnight at 100C, with 100 units T4 DNA ligase in a volume of 

lOul. Sticky-ended fragments were ligated in 66mM Tris/SC1 pH 7.2, 1mM 



EDTA, 10mM MgCl 21 10mM DTT, 0.1mM ATP. Blunt-end ligation buffer 

contained 10-fold higher ATP. Ligations were stored at 4°C. 

Agarose gel electrophoresis 

DNA was routinely electrophoresed through 0.7-1% Miles agarose in 1 x 
(3.85Icrr) 

TBE buffer, at 20 volts /overnight or 100 volts/\during the day. Gels 

were stained after electrophoresis with ethidium bromide and were 

viewed and photographed using a UV transilluxninator. 

Recovery of DNA from agarose gels 

DNA was electrophoresed through high grade (Seakem) agarose, in the 

presence of 0.5ug/ml ethidium bromide. When the desired fragment was 

well separated it was excised and the gel slice placed in dialysis 

tubing containing 1 x TEE. The DNA was electroeluted at 100 volts for 

1 hour, and the current reversed for 1 minute to remove DNA from the 

wall of the tubing. DNA was recovered either by dialysis of the tubing 

contents for 1 hour against 1 x TE, followed by ethanol precipitation, 

or by passage of the TEE through a DE52 column with subsequent phenol 

extraction and ethanol precipitation of the eluate. 

Nick translation (Will et al., 1981). 

Approximately 0.5ug DNA was incubated with 10-20uCi -32P-dCTP, lul 2 

x lO 5mg/ml DNAse and 1 unit DNA polymerase I, in 20ul 1 x dNTP 

buffer. The reaction proceeded for 2 hours at 15°C, and was 

stopped by phenol extraction. Unincorporated nucleotides were 

separated on a Sephadex G-50 column. 
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Plague hybridisation (Benton & Davis, 1977) 

Plaques were transferred to nitrocellulose discs by laying the disc on 

top of the agar. DNA was denatured by soaking the filter in 

denaturation buffer (0.5M NaOH; 1.5M NaCl). The filters were 

neutralised in 0.5M Tris, 3.0M NaCl, pH 7.0, washed in 2 x SSC, and 

baked at 80°C under vacuum. Prehybridisation in 50% formamide, 4 x 

SSC, 1 x Denhardts was carried out for 30 minutes at 37°C, and the 

filters were then hybridised overnight in fresh buffer plus heat 

denatured probe and sonicated calf thymus DNA (25ug/ml) at 370C. 

Filters were washed in 2 x SSC, 0.1% SDS for 1 hour at 37°C, and 

in 2 x SSC for 1 hour at room temperature. 

Southern blotting (Smith & Summers, 1980) 

DNA was depurinated by soaking the gel in 2 volumes 0.25M HC1 for 2 x 

15 minutes, and denatured by soaking the gel in 2 volumes 1.5M NaCl, 

0.5M NaOH for 2 x 15 minutes. The gel was neutralised in 2 volumes 1M 

NH4  acetate, 0.02M NaOH for 2 x 20 minutes. To transfer the DNA, the 

gel was inverted and a piece of nitrocellulose soaked in 1M NH4  

acetate, 0.02M NaOH placed on top, plus 3 soaked pieces of blotting 

paper. A stack of dry blotting paper was added and weighted to ensure 

even contact. Following transfer overnight the filter was washed in 2 

x SSC and baked at 80°C under vacuum. 

Filters were prehybridised for 2 hours in 2 x SSC, 50% formamide, 

1 x Denhardts, 0.1% SDS, 3% dextran sulphate, and hybridised overnight 

in fresh buffer plus heat denatured probe. Filters were washed twice 

for 45 minutes in 2 x SSC, 0.1% SDS at 37°C, and twice for 45 
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minutes in 2 x SSC at room temperature. 

M13 single stranded probes (Hu & Messing, 1982) 

5u1 template was annealed with 2ng primer pHM235, plus lul 0.1M DTT, 

lul H20 and 2u1 5 x HindII buffer (50mM Tris/HC1 pH 8.0, 300mM NaCl, 

33mM MgC12, 30mM f3-mercaptoethanol, 0.5mg/mi gelatin), at 65°C for 

15 minutes. To this was added 5uCi -32P-dCTP, lul 0.5mM dGAT and 1 

unit klenow polymerase. Incubation was for 90 minutes, at 15°C, 

and then the reaction stopped by the addition of lul 250mM EDTA, on 

ice. 

lul of each template to be screened was spotted on a 

nitrocellulose grid. The filters were prehybridised for several hours 

at 65°C in 5 x SSC, 5 x Denhardts, 0.1% SDS, 125ug/ml sonicated 

calf thymus DNA (denatured), and hybridised overnight in the same 

buffer (but with 1 x Denhardts), plus probe (not denatured) filters 

were washed for 4 x 1 hour in 0.5 x SSC, 0.1% SDS at 65°C. 

Autoradiography 

Signals were detected using Dupont Croriex-4 X-ray film, at -70°C 

with intensifying screens for 32P and at room temperature for 35S. The 

film was preflashed to an 0D540  of 0.15 for 
32 
 signals only(Ias1e ond 

M\t5, tq) 

Plating cells 

For-plating Xphage an overnight culture of the host strain was 

diluted 1:20 in L-broth and grown at 37°c to 0D650  0.5. Cells were 

spun down and resuspended in half the culture volume of 10mM MgCl2. 
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For plating M13 phage, either an overnight culture of NM522 was used, 

or a fresh culture grown to at least 0D650  0.5. For visual selection 

of M13 recombinants, 30ul x-gal (20mg/mi) and 20u1 MTG (24 mg/ml) 

were added (per plate) to the plating cells before use. Recombinant 

plaques are white, non-recombinant blue. 

>plate lysates (Arber et al., 1983) 

A single fresh plaque was picked into 0.5ml phage buffer. 0.1ml was 

mixed with 0.2ml fresh plating cells, and plated on fresh L-plates in 

top agar. Four plates were usually set up from the same picked plaque. 

Following incubation at 37°C for 6-7 hours, 4mls L-broth was added 

to each plate and the plates left overnight at 4°C. To harvest the 

phage, the L-broth and top layers were removed and pooled, vortexed 

and centrifuged. The supernatant was removed and stored at 40C 

with a few drops of chloroform to inhibit bacterial growth. Titres 

obtained were routinely 1010_1011 phage/mi. 

Xliquid lysates (Arber et al., 1983) 

A 200m1 culture of the host strain in L-broth + 10mM MgCl  was grown 

at 37°C to OD 6500.5, and infected with phage at an MOl of 0.1-1. 

The culture was grown until massive cell lysis occurred, any cells 

remaining were lysed with chloroform to release phage particles. Cell 

debris was spun out. The supernatant was treated with DNAse and BNA5e 

to remove bacterial nucleic acids, and the phage precipitated with PEG 

6000 overnight at 4°C. Phage were pelleted by centrifugation, 

resuspended in phage buffer, and banded on a CsC1 step gradient, using 

steps of 1.3, 1.5 and 1.7g/ml CsCl. Phage were removed from the 



gradient by side puncture. For preparation of vector DNA the phage 

were subsequently banded on a 1.5g/ml CsCl equilibrium gradient. 

DNA was recovered by phenol extraction to remove phage protein 

coats, dialysis against TE and ethanol precipitation. 

Preparation of plasmid DNA (Will et al., 1981) 

A 500m1 culture of the plasmid-carrying strain was grown (with 

ampicillin selection) in L-broth plus 0.2% glucose overnight at 

37°C. The cells were pelleted, resuspended in 25% sucrose, 50mM 

Tris/HC1 pH 8.1, 40mM EDTA and intl 10mg/mi lysozyme added to digest 

the cell wall. Lysis occurred upon addition of 13mis triton mix (2m1 

10% triton x -100, 25m1s 0.5M EDTA, lOmis Tris/HC1 p1-I 8.1, in lOOmis). 

Cell debris was removed by centrifugation and the supernatant phenol 

extracted and ethanol precipitated. The pellet was resuspended in TE, 

treated with PNA5e and the DNA banded on a 1.55g/ml CsC1 density 

gradient plus ethidiuni bromide. The lower, plasmid band was removed by 

side puncture and the ethidium bromide removed by repeated isobutanol 

extractions. The DNA was recovered by dialysis to TE and ethanol 

precipitation. 

Preparation of M13 RF DNA 

One M13 plaque was picked into intl L-broth and grown at 37°C for 3 

hours. At the same time a single NM522 colony was picked into lOml L-

broth and grown for 3 hours at 37°C. 0.5rnl of the plaque culture 

and 5m1 of the NM522 culture were mixed into 500m1 L-broth and grown 

at 37°C overnight. RF DNA was subsequently isolated by the same 
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procedure as for plasmid DNA. 

Preparation of Drosophila DNA 

Flies which had been frozen and stored at -80°C were homogenised, 

on ice, with 5mls 0.025M Tris/HC1 pH 7.0, 0.05M EDTA. Cells were lysed 

by the addition of 5mls phenol, 0.5mls 10% sarkosyl. Cell debris was 

centrifuged out and the aqueous phase phenol extracted again. Phenol 

was removed by ether extraction. The DNA was banded on a 1.7g/ml CsC1 

gradient and removed by side puncture, followed by dialysis to TE and 

ethanol precipitation. 

in vitro packaging (Scherer et al., 1981). 

lug of lambda DNA was mixed with extracts from a prehead donor strain 

and a packaging protein donor strain, and incubated at 25°C for 1 

hour. A further aliquot of packaging protein donor strain extract was 

added for a further hour. 0.5m1 phage buffer was added and the 

packaged phage stored at 4°C. 

Sonication of DNA (Deininger et al., 1983). 

30u1 of DNA was sonicated in a sonicating water bath for 1 minute 

bursts with 30 second intervals to prevent heating of the DNA. The DNA 

was sonicated until all unsonicated DNA disappeared, as assayed 

previously by running samples from each time point on an agarose gel. 

For cloning, the ends of the fragments were repaired (see below) and 

fragments of length 200bp-1000bp were isolated by electroelution from 

the smear of fragments obtained when the sonicated DNA was run on an 
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End-repair of DNA fragments 

Sonicated fragments with 5' overhanging ends were repaired by 

incubation of the DNA with 10 units of DNA polymerase I overnight at 

100C, in 10mM Tris, 5mM MgCl  and 0.025mM dGATC. Sticky ended 

restriction fragments (with 5' overhanging ends) were incubated with 

0.25 units of Kienow polymerase at 37°C for 2 minutes in 20mM 

Tris/HC1 pH 8.0, 7mM MgCl 
2* 
 dGATC was then added to a concentration of 

0.025mM and incubated for a further 10 minutes. 

Competent cells 

An overnight culture of NM522 was diluted 1:40 in L-broth and grown to 

0D650  0.35-0.45. The cells were pelleted and resuspended in 1/3 the 

volume 50mM CaCl2, and placed on ice for 15 minutes. The cells were 

pelleted again and resuspended in 1/10 the original volume in CaCl2. 

For more efficient transformation competent cells were made by the 

Hanahan modification (Hanahan, 198 ). Cells were grown to 0D650  0.6-

0.8, placed on ice for 1 hour, pelleted and resuspended in 1/3 volume 

TFB. After 15 minutes on ice the cells were spun and resuspended in 

1/12.5 volume TFE. DMSO was added (7u1/200ul cells; after 5 minutes 

DTT was added (2.25M DTT in 40mM KAC, pH 6.0)(7ul/200ul cells) and 

after 10 minutes a further aliquot of DMSO was added. 

Transformation 

0.2mls competent cells was mixed with 2-5ng M13, and left on ice for 

30 minutes. The cells were heat shocked at 42°C for 90 seconds, to 



take up the DNA, and returned to ice. To plate, 0.2mls plating cells 

plus XGa1 and MTG was added to each tube and plated in BBL-top layer. 

M13 sequencing templates (Sanger et al., 1980) 

An overnight culture of NM522 was diluted 1:40 in L-broth and grown to 

0D650  0.3. M13 plaques were toothpicked into imi aliquots of the 

culture and shaken for 41/2  hours at 370C. The cells were pelleted 

out and the phage precipitated from the supernatant with PEG 6000. 

Protein coats were removed with phenol and the DNA ethanol 

precipitated. Template DNA was resuspended in 40u1 10mM Tris/HC1 pH 

8.0, 0.1mM EDTA. 

Clone-turn around 

20u1 template was mixed with 2.5u1 TM and 2.5u1 sequencing primer, and 

incubated at 60°C for 1 hour to anneal the primer. To this was 

added lul 0.1M Tris/HC1 pH 8.0, lul 0.1M DTT, 5u1 0.5mM dGATC, 5 units 

of Kienow and 7u1 H20. Following incubation at 37°C for 20 

minutes, 5u1 0.5mM dGATC and 5 units of Klenow were added and 

incubated for a further 20 minutes. This incubation was sufficient for 

the insert to have become double stranded. The DNA was ethanol 

precipitated and then restricted with two enzymes that cut at either 

end of the insert. The insert was then cloned into an M13 vector 

having the same sites but in the opposite orientation. 

DNA sequencing (Sanger et al., 1980) 

8u1 template was mixed with lul sequencing primer and lul TM, and 

incubated at 60°C to anneal the primer. The annealed template was 
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dispensed into 4 x 2u1 amounts in capless eppendorf tubes. 2u1 of the 

appropriate termination mix was added to each tube (see below for 

description of termination mix) plus 2u1 Kienow mix (0.4 units Kienow, 

luCi 35S-dATP in 10mM Tris/HC1 pH 8.0, 10mM DTT, per tube). The tubes 

were incubated for 20 minutes at room temperature. 2ul of chase 

(0.25mM dGATC) was added to each tube, and the tubes incubated a 

further 20 minutes. For loading on the gel, 2u1 of formaxnide dye was 

added to each tube (xylene cyanol and bromophenol blue in deionised 

formamide/lOmM EDTA). 

Termination mixes 

Four termination mixes were used, one for each of the G, A, T and C 

reactions. Each mix contained the three cold deoxynucleotides and one 

of the four dideoxy nucleotides. The ratio of the deoxy nucleotide to 

the equivalent dideoxy nucleotide in each termination mix was 

calibrated to ensure that termination occurred at every nucleotide 

within the range of the sequencing gel. 

Polyacrylamide gel electrophoresis of sequencing reactions (Biggin 

et al., 1983) 

The DNA samples were boiled for 4 minutes to denature the DNA and then 

loaded on to a 380mm x 180mm x 0.4mm 6% polyacrylamide gel containing 

a 2.5 x/0.5 x TEE buffer gradient. The samples were electrophoresed at 

25 watts. The gels were fixed in 10% methanol, 10% acetic acid for 15 

minutes, transferred to blotting paper and dried down prior to 

autoradiography. 
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Compilation of sequence data 

Sequence was assembled from individual gel readings using the DBSYSTEM 

(Staden, 1982) package of computer programs. 

Analysis of sequence data 

DNA and protein sequences were analysed using the programs written by 

Devereux et al. (1984) contained in the UWGCG package (version 5). 

Comparisons of protein sequences and the NBRF data base were performed 

by J. Collins and A. Lyall using the 'Prelate' system (Collins & 

Coulson, 1986). 



CHAPTER 3 

IHI 
The Sequence of the w 	I Factor 



3.1 Introduction 

The mutation w 	was isolated following a dysgenic cross 

between flies of the inducer strain w ct f and the reactive 

strain seF8  (Pellison, 1981). w IRl flies have brown eyes which 

are lighter at 25°C than at 20°C. The white gene controls the 

deposition of pigment in various tissues of the fly, including the 

eyes, and is located on the X chromosome. The mutation was thought to 

have arisen in the X chromosome of the reactive parent as it was found 

to be linked to the wild-type ct and f loci (Pelisson, 1981). This 

can also be demonstrated by Southern blotting as the restriction 

patterns of the two parental white genes differ. This is due to the 

presence of an F-like transposable element in the control region of 

the white gene in w ct f. This is the w mutation. The 

restriction pattern of w 	resembled seF8  in this region of 

the gene, hence the insertion arose in the seF8  chromosome. The 

mutation was associated with I factor activity and could not be 

separated from inducer ability by recombination. This placed an I 

factor within 0.02 map units of the mutation and it was proposed that 

the mutation was due to the insertion of an I factor (Pelisson, 1981). 

The segment of the chromosome containing the mutation was capable of 

contaminating reactive chromosomes, hence this I factor was capable of 

transposition (Pelisson, 1981). 

IRl and seF8  genomic DNA was restricted and the digestion 

products comapred by Southern blotting. The filters were hybridised 

with white gene probes (Bucheton et al., 1984). The only difference 
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seen was in the 0.86kb Sail fragment of the white gene (Fig. 3.1) 

which in w 
IR1

was replaced by a 6.2kb fragment. This indicated 

that a 5.4kb insertion had occurred - the putative I factor. Initial 

attempts to clone this 6.2kb Sail fragment intact proved unsuccessful 

(Bucheton, 1981), so instead the fragment was cloned in three pieces 

making use of two HindIll sites internal to the insertion. The DNA was 

cloned into lambda and subsequently subcloned into plasmid pAT 153 

(Twigg & Sherratt, 1980). The two ends were cloned as Sall/Hindlil 

fragments forming plasmid p1770 (left end) and plasmid p1771 (right 

end) (Bucheton et al., 1984). The central Hindlil fragment was 

subcloned from the lambda clone containing the left end of the element 

as the clone contained a HindIll fragment generated fortuitously by a 

partial digestion. The central Hindill fragment was subcloned into 

pAT153 and called p1786 (Bucheton et al., 1984). These plasmid 

clones (Fig. 3.2) were used to obtain the entire sequence of the 

element - the presumptive I factor. 

3.2 Cloning of the inserts from p1770, p1771 and p1786 into M13 

The first sequence data were obtained by cloning the entire insert 

from each plasmid into M13 vectors. Two vectors were used, mp8 and mp9 

(Messing & Vieira, 1982). These vectors contain the same polylinker 

but in opposite orientation to enable double digest fragments to be 

cloned both ways round with respect to the binding site for the M13 

sequencing primer. 

Bucheton et al. (1984) had mapped the insertion point of the I 

factor by Southern blotting. It was placed approximately lOObp to the 
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Figure 3.1 

Restriction map of the D. melanogaster white gene. The proposed 

intron-exon structure of the white gene (O'Hare et al., 1984) is 

indicated, stippled boxes representing exons. The insertion point of 

the w IR1 
	

factor within the 0.86 kb Sail fragment is indicated 

by the symbol 'I'. white restriction fragments used as probes for 

hybridisation are shown. 

Symbols:- H, Hindill; B, BamHI; R, EcoRI; S, Sail. 
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Figure 3.2 

Phage and plasmid clones containing I factor DNA. All the clones were 

derived from w IRl  with the exception of p1905 and p1407 which 

were derived from w 3. The open box represents the I factor 

inserted in the white gene (single line). 

Symbols:- H, Hindlil; A, Aval; S, Sail; P, PstI. 
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right of the left hand SalI site of the 0.86kb Sail fragment (Fig. 

3.1). Hence by sequencing from this Sail site of 1770 the left end of 

the I factor could be reached and, by comparison with the wild-type 

white sequence, the insertion could be mapped exactly. The 1770 

fragment was therefore cloned in both orientations and sequenced from 

both ends. The 1771 insert was sequenced only from the Hindlil site as 

there was approximately 760bp of white DNA between the Sail site and 

the right end of the I factor. 

Recombinant (white) plaques found after transformation of NM522 

were screened with AM365 (Fig. 3.1) to screen out phage carrying 

pAT153 and several positive phage were picked and sequenced. In 

addition the 0.86kb SalI fragment of the white gene was cloned from 

plasmid pCS155 (Fig. 3.1). This fragment is derived from strain Canton 

S and represents the wild-type white sequence. The fragment was 

cloned into Sail-cut mp8 and white plaques screened with .AM365. 

Several positives were sequenced and found to contain the insert in 

both orientations. A comparison with the sequence from the 1770 Sail 

site enabled phage carrying the white fragment in the same relative 

orientation to be isolated. The insertion point of the I factor was 

found to be 93bp after the Sail site. 

The central 1kb HindIll fragment of the I factor had been purified 

from the pAT153 vector by preparative agarose gel electrophoresis (R. 

Paro, this laboratory) and this was ligated into Hindlil-cut mp9. 

Seventeen white plaques were recovered, which were screened with the 

insert fragment. Only six of the plaques were positive and all these 



contained the insert in the same orientation. Although this suggests 

that the fragment clones preferentially in this orientation six 

plaques is not a large enough sample to prove this. 

3.3 Subcloning of the I factor by sonication 

Deininger (1983) described a method for subcloning whereby a large DNA 

fragment is sonicated to generate shorter fragments (see Chapter 2). 

This method was used to obtain the bulk of the I factor sequence. It 

is a random method which relies on a computer to sort the sequences of 

individual fragments into one contiguous sequence. The programs used 

for this were part of the DBSYSTEM package, written by Staden (1982). 

The cloning of fragments generated by sonication here was found to 

be an inefficient method. This was probably due to the end-repairing 

of the sonicated fragments. The DNA will often break to leave 5' or 3' 

overhangs at one or both ends of the fragment. To generate a clonable 

fragment these ragged ends had to be removed. DNA polymerase I was used 

for this. 5' overhangs were repaired by filling in - this was checked 

by incorporation of a radio-labelled nucleotide into the fragments 

(data not shown). 3' overhangs should have been removed by the 3' -> 

5' endonuclease activity of Poll. When fragments generated by this 

method were ligated with Smal-cut mplO however, religation of the 

vector tended to be the predominant reaction and white plaques were 

swamped by blue. Treatment of the cut vector with phosphatase to remove 

5' phosphate groups and hence prevent religation overcame this to a 

large extent, although recovery of white plaques was also reduced. The 

use of competent cells produced by the Hanahan modification (Hanahan, 
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1983) enhanced transformation efficiences sufficiently for this not to 

be a problem. It is possible that the removal of 3' overhangs was at 

least partly responsible for the inefficient ligation. The method may 

perhaps be made more efficient by including an Si nuclease step to 

remove 3' (and 5') overhanging ends. 

White plaques recovered from the cloning of sonicated p1770 and 

p1786 fragments were screened with A1155 (Fig. 3.1). For p1770 the 

ratio of negative:positive plaques was expected to be about 2.5:1 as 

the insert represents just under one-third of the total plasmid. In 

fact the ratio was 3:1 and this generated sufficient clones to 

sequence the left end of the I factor well on both strands. To be 

certain that the sequence was accurate all regions of both strands 

were sequenced, where possible, at least four times. However, when 

most of the sequence data had been assembled by the computer it was 

clear that some regions were represented more frequently than others, 

leaving short regions where neither strand, or only one strand, was 

well sequenced. This could be due to the DNA breaking more readily at 

certain points or to some sequences being less stable than others when 

cloned. 

Templates which contained DNA from a poorly sequenced region were 

detected by using M13 single stranded probes (Chapter 2). Templates 

which had been made but not sequenced were spotted on to 

nitrocellulose and were probed with a template from the well sequenced 

strand of the same region. Probes were labelled by the method of Hu 

and Messing (1982). 



Figure 3.3 

Sequencing strategy for the I factor. 

Map of the wIRl i factor showing the three plasmid clones 

(p1770, p1771 and p1786) used for the sequencing. 

Sequencing strategy. The solid line represents the I factor, 

flanked by white DNA (single line). Lines above and below the I 

factor show the extent of plus and minus strand gel readings 

respectively. 

From Fawcett et al. (1986). 
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A few short regions of sequence exist therefore which have been 

sequenced only once on one strand. This was thought to be adequate 

providing that the other strand had been sequenced at least once and 

that the sequences agreed completely. 

The sequence of the 1kb HindlIl fragment from p1786 was not 

obtained readily by the sonication method. The recovery of white 

plaques was always much less efficient than for p1770 and although 

several attempts were made to overcome this the total number of white 

plaques recovered was only 85. These were screened with A1155 and 

although the expected ratio of negative:positive plaques was 3.5:1 

only four positives were found. Much of the sequence was determined 

from these clones (plus the sequence obtained from the intact 

fragment) but suitable restriction fragments had to be cloned to 

provide more data and to fill in a gap in the sequence. 

The sequence of 1771 was determined by C.K. Lister (M.Phil. 

thesis, 1986). Two regions remained unsequenced on one strand; one 

region within the I factor sequence and one region spanning the right 

end of the I factor. These sequences were obtained by myself using 

oligonucleotide primers (DF1 and DF2, see Chapter 2) synthesised 

specifically for these regions. The sequencing strategy for the whole 

I factor is shown in Figure 3.3. The minimum number of times any one 

base was determined was 2 (i.e. once on each strand). On average, 

however, each base was determined 6.75 times. 
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3.4 Sequencing of the I factor internal Hindill fragment 

All restriction sites used for the cloning of specific I factor 

fragments are shown in Figure 3.5. 

A gap remained to be sequenced in the 1786 DNA. Most of the insert 

was cut out of the plasmid using restriction enzymes EcoRI and EC0RV 

(Fig. 3.4). ECORV cuts once within the I factor DNA (Fig. 3.5). The 

fragments obtained were ligated into EcoRI/HincII-cut mp18. p1786 was 

also cut with Sail to prevent the plasmid vector cloning into M13. 

Only one clonable fragment remained. White plaques obtained were 

sequenced from the EC0RV site, but the sequence obtained did not 

bridge the gap. 

One of the sonicated clones (called 10/85) looked likely to span 

the gap as an 8 hour sequencing gel run, from which over 400bp could 

be read, did not go into M13 sequence. This was the limit of the 

number of bases which could be read from this clone. To sequence from 

the other end of the cloned fragment an RF preparation was made of 

10/85 (see Chapter 2). The insert was cut out of the RF DNA using 

EcoRI and SalI which are sites flanking the insert in rnpl0. This 

fragment was 1igaed into EcoRI/Sa1I-cut mp19, in the opposite 

orientation. Sequence obtained from these templates started on the 

opposite side of the gap as expected, but the gap could not be reached 

even by an 8 hour sequencing gel. 
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A computer search of the sequence obtained at this stage found one 

Sau3a site just to one side of the gap (Fig. 3.5). Sau3a/HindIII 



Figure 3.4 

Plasmid p1786. Stippled box represents I factor sequence; single line 

represents pAT153. 

Symbols:- R, EC0RI; H, Hindill; V, Ec0RV; S, Sail. 
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Figure 3.5 

Restriction map of the w 	I factor. 

Symbols:- N, HpaII; A, Aval; C, Hincil: F, Hinfl; H, Hindill; 

V, Ec0RV; S, Sau3a; P, PstI; X, XbaI. 
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fragments were cloned from p1786 and probed with A1155. Data obtained 

from these clones completed the sequence, although additional 

confirmatory sequence was required. A second computer search, of the 

complete sequence, found four Hinf I sites within this 1kb HiridIll 

fragment (Fig. 3.5). p1786 was digested with Hinf I, and the fragments 

obtained were end repaired (see Chapter 2) and cloned into the Smal 

site of mp19. White plaques obtained following transformation were 

screened with X.1155, and positives were sequenced. Data obtained from 

this experiment completed the sequence of the central Hindill 

fragment. 

3.5 Sequencing over the Hindlil sites 

Although the complete sequence had been obtained for the three cloned 

segments of I factor, the orientation of the central Hindill fragment 

relative to the ends of the I factor was not known. In addition it was 

necessary to confirm that there are only two Hindlil sites in the I 

factor. Additional sites close to the two used for the initial cloning 

could generate small fragments which had not been detected. Hence it 

was essential to obtain sequence data which spanned the two Hindill 

sites. 

As previously described, it had not been possible to clone this I 

factor intact. However, X1155 contains a Hindill fragment generated by 

a partial digest of w IRl  DNA. This clone contains the left end 

of the I factor and the central Hindill fragment, plus some white DNA 

to the left of the I factor insertion point (Fig. 3.2). A computer 

search of the entire I factor sequence revealed a Hincli site in the 
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1770 sequence 20 bases before the left HindIlI site, and another 

Hincil site within the central HindIII fragment. Plasmid pI181 (pAT153 

containing the A1155 insert, see Fig. 3.2) was restricted with Hincil, 

and cloned into the Hincil site of mp19. White plaques were screened 

with p1786 and also with pAT153 to eliminate clones containing plasmid 

sequences. Plaques positive only with p1786 were picked, and templates 

made and sequenced. From the data produced it was possible to orient 

the central fragment, and no extra Hindlil sites were found in this 

region. 

It was not possible to sequence over the right hand Hindlil site 

of the w IR1 
	

factor, as no clone existed which contained both 

the right hand end and the central fragment of the I factor. However, 

another I factor had been cloned, from strain w 3  (see Chapter 

1), and this had been cloned intact from the white locus, into 

pAT153, to form plasmid p1407 (see Fig. 3.2). This I factor, which 

will be discussed in more detail in Chapter 4, was inserted into the 

same 0.86kb SalI fragment as the w 	I factor, and had been 

cloned as a 6.2kb Sail fragment. p1407 was restricted with Hincli and 

cloned into the HinclI site of nip19. White plaques were screened with 

p1786 and pAT153, and positives with p1786 only were picked and 

sequenced. The result of this established that there are no extra 

Hindill sites in this region of the I factor.  

3.6 Features of the w 	I factor 

The I factor is 5371bp long. The sequence of the entire element, plus 

flanking white DNA, is shown in Figure 3.6. The first feature to be 



Figure 3.6 

Sequence of the w IRl  I factor. I factor sequence is shown in 

upper case; flanking white DNA sequence is shown in lower case. The 

white sequence is the reverse complement of bases -671 to -1535 of 

O'Hare et al. (1984). The target site duplication is boxed. The 

dotted line shows the TAA triplet which could be either part of the 

duplication or part of the I factor. The amino acid sequences of the 

two long open reading frames are shown below the DNA sequence. 

From Fawcett et al. (1986). 



(-1535) 

-99 adcacctaaatigg a*tattcat 1 

2 ATTACCACTTCAACCTCCGAAGAGATAAGTCGTGCCTCTCAGTCTAAAGCCTCGCTTCGCGTAAGCCCAAAACTCTTATCAGCAAAATCTTGATAAACAA 101 

102ATATCAACEACAAAGAGAA'AATAAAAAAETTAACAACA'AAAACAACAA~ACCGCTAAT~CGGGCTCAAG'CC*CTTAACC 201 
Prolhr Ii eMetlhrAspProPro 

202 AACATTTACAAAATCACTTCAAAAACATACCAATCCCAATTAGG CGAACCTAAATTTATAATTATTAAAAGAAATGACAACAACTCTTi-CGAAAGAAC--T 301 

302 TGAGGGATG 401 

402 TGAATTACAAGCCAGAAA~CTCCTAAAAETAACAAAAA~TGCAGATGA~GATGTAACAG* CAAGTGAAC 501 
nGluLeuGinAlaArg Lys LeuLeu Lys LeuThrLysl ieAlaAspGluAspVaiJhrAlaSerGluHj 	 111  lie 

502 
 ACGGCAAAA 601 TyrCysAsnAspLeuArgHisIleAspGluAspThrIleLeuGInGluLeuLysProGInLysValSerGluValLysLysIleMetLysArgGlnAs n P 

602 
701 

702 
801 

802ACTTGCATCAATTGCTCTGAAACAAAACACACAAACGAEGGAGAAAAA'TGCACAAACGA'AAAAAACT'G"CTTAAATTGC  AGAACTTGA 901 

902ATCAACACAGCCCAATTG~CCGCAAATG'CCCTACGTTCA'TAAAAAACCA'GGAATTAACAGCAATTAAAACCACACAAAAAGTTGACCATAAAACGGCC'CA 1001 

1002 C* AAAACACTTA* CTCCATCACET 1101 

1102AATATTCACACAAACACAACCCAATCAC~ACAACAAAA'TCCGCACCACA'CACCCAAAT'CAGCAGCACA 1201 

1202 
1301 roAlaLysThrThrLeuLeuSerAsnGInProHisGInHisHisHisHisHisSerTyrAspLysLeuGluAspMetAspThrAspTyrThrProThrAr 

1302 
1401 



1402TCAAAACTAAAGGCCAAAGCCCACAAAAACAAGCACACTAACAACAGCGACAGCGAAT'CCATATAGAA*cTCTACACAAA* ACCCTAACCG* TTAACACTA'CC 
SerLysLeuLysAlaLysAlaHisLysAsnLysHjsThrAsnAsflSerAspSerGluSerJle*** 

1501 

1502 ' TAAAAGGATATCTAAACAACTACAGCATCTCCTTATT  1601 

1602 
1701 

1702ATATTGCCACCAACAGATTTGGGGGGCGTACGACTACTAGTGCATAAGTCAATACAACA'CACTGTCCTC'AACATAACAA*TCGATATAGA* AGCAATAGCCA 1801 

1802TAAATATAGAATCTAAACTTAAATTAAACATATTTTCCACATACATTTETCCGACCAAA* AACATAACTA* ACCAGACAC*TCCATAACACATTTAACATA'CA 1901 

1902 * AACAACAAAAAACGAGGAAAAATAACTCATAGATTCATTG 
TrpMetAlaProSerlrpG]ySerproThrThrAsflLysArgGlyLysJleThrHjsArqpheJleA 

 2001 

2002 

spAsnMetHi sLeu I leLeuLeuAsnAspLysserpromrHj sPheSerlhrHi sAsriThrTyrThrHi sI leAspLeuThrLeuCysSerProl 1 eLe 
2101 

2102AGCCCCCCACGCCAAGTGGAAAATACTAAACGATCTTCACGGTAGCGAC* CATTTCCCT*ATTATCACAA'CACTATTCCCA* ACAACCAAT*CCACAAAAAT'TC 2201 

2202 
TyrArgProPhePheLysLeuLysGI uAlaAsnTrpGl.uGlnPheAsnAlaLeuThrHisGlnThrAsnLysLysTyrprojhrSerHjsAsnvalAsnL 

2301 

2302 

ysGluAl aAlaLeuI leAsnArgl leT leLeuTyrSerAl aAsnLeuSerl leProGi nlhrSerProAsnThrl-lj sProlyrArgVal ProTrpTrpAs 
2401 

2402 

nLysHi sLeuAspGl nLeuArgLysG I uLysGl nLeuA I aTrp Lys Lys LeuAsnArgThr I leThrValAspAsnl leLeuAspTyrArgArg[ysAsn 
2501 

2502GCAATATTTAGATACGAACTAAAAAAGAGGAAAAAAGAAGCTTCCAGC*TCTTTCACCT'CAACCATCCA*TCCCACTACT'CCCTCATCCAA'AATATGGGC*CA 2601 

2602 
snIleArgArgPheCysGlyLeuAsnProAlaLysGInIleHisAlalleThrAsnProValAsnAsnGluThrThrLeuAlaSerAsnGluIleAlaAs 

2701 

2702CATATTCGCACAACATTTCTCTGACCTCTCCGGCGACTGGAACTTCTC'AGAGGAGTTC*CGGAACAATAA* ATATAGAAAT'AACATACATCTCTACACCCCC ni lePheAl 	G1 nHi sPheSerAspLeuSerGlyAspTrpAsnpheserGluGlupheArgAsflAsflLyslyrArgAsflAsfll leHi sLeujyrThrPro 
2801 

2802TCTCCAATAGCCCAAACCATAGAAGAGAACATAACGTATCTAGAACTTA*GCTCAGCAC*TACAAACATTA'AAAGGATGTG* CTCCAGGAC*TAAATAGAATET 
SerProl leAlaGinThrI leGluGluAsnI leThrTyrLeuGluLeuSerSerAl aLeuGi nThrLeuLysGlyCysAlaProGlyLeuAsnArgj leS 

2901 

2902 
3001 



3002 3101 
rSerLeul lelleProl leLeuLysRroAsnThrAspLysThrLysThrSerSerTyrArgProlleSerLeuAsncyscys I leAl aLysl leLeuAsp 

3102 3201 
LysIleIleAlaLysArgLeuTrpTrpLeuValThrTyrAsnAsnLeulleAsnAspLysGlnPheGlyPheLysLysGlyLysSerThrSerAspCysL 

3202 3301 

3302 3401 
elleGInGInLeuGlnGluTrpLysThrGlyProLysIlelleLysTyrIleLysAsnPheMetSerAsnArgLyslleThrValArgValGlyProHis 

3402 3501 

3502 CCCTACATAAAGAAATTAAATTCAACGCATATGCCGACGACTTCTTCCTTATAATAAATTTCAACAAAAACACAAATACAAATTTCAACTTAGACAATCT 3601 
erLeuHisLysGluIleLysPheAsnAlaTyrAlaAspAspPhePheLeuIlelleAsnPheAsnLysAsnThrAsnThrAsnPheAsnLeuAspAsnLe 

3602 ATTCGACGATATAGAAAATTGGTGCTCCTACTCAGGGGCATCGCTTTCCCTATCCAAATGTCAACACCTCCACATATGCAGAAAACGTCACTGCACATGC 3701 
uPheAspAsplIeGluAsnTrpCysSerTyrSerGlyAlaSerLeuSerLeuSerLysCysGInHisLeuHisIleCysArgLysArgHisCysThrCys 

3702 3801 

3802 3901 
euLeuLeuProLysLeuHisAsnLysLeuAsnIlelleLysCysLeuSerSerLeuLysPheAsnCysAsnThrHisThrLeuLeuAsnVdIAIdLysAI 

3902 AACAATTATAGCCAAACTAGAGTATGGTTTGTTTCTGTACGGCCATGCTCCCAAAAGCATTTTAAACAAAATAAAAACACCGTTTAACTCCGCTATCCGT 4001 
aThrl lel leAlaLysLeuGluTyrt3lyLeuPheLeuTyrt3lyHj sPJaProLysSerl leLeuAsnLyslleLyslhrPropheAsnSerAl al leArg 

4002 CTAGCTCTCGGCGCATATCGCTCTACCCCAATAAATAACTTACTTTAC GAATCGAATACTCCCCCCTTAGAAATGAAACGAGACCTTCAAATAGCCAAAC4101 
LeuAl aLeuGlyAlaTyrArgSerThrProlleAsnAsnLeuLeuTyrGluserAsnThrproproLeuGluMetLysArgAspLeuGlflj leAlaLysL 

4102 4201 
euSerGi nAsriLeul leLeuSerLysAsnThrProl leHi sLysPheLeuLysProLysLysAl aAsnLysLysLysThrSerThrl leAspArgThrl 1 

4202 4301 
eLysLeuSerLeuGluLeuAsnLeuProTyrLysprojleLysLeuHj sLysAsnLysProProjrpThrLeuProAsnLeuj leAspThrSerLeuArg 

4302 4401 

4402 CAAAAATTAATTACACAATATCATTCGCCATTACAACGGAGACAGACGTCTTGAAATACGGCATACTGECCCCATATT *CATCCGTCCTCACCTCCGAAAC 4501 



4502 AATCG CCATCCTAGAAGCAATAGAACTTACTAAAAACCGAAGAGGCAAATTTATTATCTGCTCCGACTCCCTATCAGCAGTAGATTCAATTCAAAACACA 4601 
rIleAl afleLeuGluAlalleGluLeuThrLysAsnArgArgGly Lys Phellel leCysSerAspSerLeuSerAlaValAspSerl leGlnAsnlhr 

4602 	 4701 

4702 GAAATGAATTAGCCGATCAAGCTGCAAAATCAGCAAGCAGTATGCCACTTATCCTCACCCCAAACATAAATACCACAGATATAAAAAAACACCTTAAAEC 4801 

4802 	 4901 
aAspLeuAlaThrLysGInLysGluHisIleIleAsnCysSerProTrpTyrGlnSerIleAsnThrAsnThrSerHisProCysAspTyrLeuLysGIn 

4902 	 5001 
SerHisProAsnTrpThrArgLeuAspGlnIleLysIleIleArgLeuArgLeuGlyHisThrAsnIleThrHisGInHisTyrLeuAsnProAsnSerI 

5002 	 5101 
leProThrCysProPheCysGInGlyAsplIeSerLeuAsnHislIePheAsnSerCysProSerLeuLeuGlnThrLysGlnAsplIePheAsnAsnTh 

5102 	 5201 
rAsnProLeuAspLeuLeuSerLysProAsnProAspAsnlleGTh Lys Leu I leLeuPheLeu Lys LysThrLysLeuTyrHi s Lys l le*** 

5202 AACAGGCATTTGTACATAACAAGCCAGCAATTAGTTACCAAATTAGATATTAACTAAATTAAGATATAATAACATTGTAAATAAATATAGCTGTAAGCCC 5301 

5302 CGTAGCTAATGCTATACTATCTAAGTTAGTCTAGTTTTGTAAACTATTCTATCTATCATAATAATAATMEWjtatgcatattctaaacaagactt 5401 

5402 	 5501 

5502 	 5601 

5602. 	 5701 

5702 	 5801 

5802 	 5901 

5902 	 6001 

6002 	 6101 

6102 cacatcgaactcactaggaaaagaagtcgac 6132 

(-671) 
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noted was the lack of direct or inverted terminal repeats, features 

characteristic of the majority of other transposable element families. 

Instead, at the 3' end of the top strand (the designated "right hand" 

end of the element) there is a short stretch of 4 or 5 TAA triplets. 

Another feature characteristic of transposable elements is a 

direct duplication of target site DNA flanking the inserted element. 

This was identified for the I factor by comparing the white 

sequences at either end of the I factor and also by comparison with 

the "empty site" sequenced from the pCS155 clone. This revealed a 

direct duplication of a 9 or 12bp sequence found only once at the 

empty site. The reason for the uncertainty over the number of bases 

duplicated and the number of TAA triplets is because there is a TAA 

triplet in the white sequence close to the insertion point of the I 

factor, which may be included in the duplication, giving a 12bp 

duplication and four TAA triplets. Alternatively the 5th TAA may be 

part of the I factor, giving a 9bp duplication. 

To assess the coding capacity of this I factor, the positions of 

all methionine codons and stop codons in the three open reading frames 

of both top and bottom strands were plotted using the UWGCG program 

FRAMES. This shows the position of all open reading frames (Fig. 3.7). 

Only two long open reading frames were identified from this, 

designated ORF1 and ORF2, both on the top strand but in different 

reading frames. Between them they occupy the bulk of the I factor 

sequence - ORF1 starts at bases 178 and ends at base 1464 and ORF2 

starts at base 1935, ending at base 5192. Both these open reading 



Figure 3.7 

Output of the UWGCG program FRAMES. Positions of methionine codons 

(above the lines) and stop codons (below the lines) are shown for the 

three forward and three backward reading frames of the I factor. ORFs 

1 and 2 are indicated. 
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frames were translated, using the UWGCG program TRANSLATE, to give the 

peptide sequence of potential gene products (Fig. 3.6). 

3.7 Comparison of the I factor with other transposable element families 

The lack of terminal repeats would appear to distinguish the I factor 

from most other transposable element families, such as the copia-

like elements (long, direct terminal repeats), fold-back elements 

(long, inverted terminal repeats) or P elements (short, inverted 

terminal repeats). However, a closer comparison with the P factor was 

carried out because of the involvement of both element families in 

hybrid dysgenesis. This was performed in two ways, firstly by a DNA 

sequence comparison, and secondly by a comparison between the 

potential protein products of the I factor open reading frames and 

those of the P factor (see Chapter 1, section 1.3). Both comparisons 

employed the UWGCG program WORDSEARCH. By neither method could any 

homology be found. This is not unexpected however as it is known from 

genetic studies that the IR and PM systems of hybrid dysgeriesis are 

quite distinct (Kidwell, 1979) and hence there is no reason to expect 

the two transposable elements to be related. 

The remaining class of transposable elements with which to compare 

I are the retroposons (Rogers, 1985). As previously mentioned (Chapter 

1, section 1.5) these elements have no terminal repeats, being 

characterised instead by an A-rich sequence at the 3' of one strand. 

The I factor has an A-rich sequence in the form of the TAA triplets, 

but it does not seem likely that this could have arisen from a poly A 

sequence by mutation as the pattern is too regular. At this stage it 



was unclear as to the relationship, if any, between I and the 

retroposons, although the I factor clearly resembles retroposons more 

closely than any other group. This relationship will be discussed in 

more detail later. 

3.8 Analysis of the sequence 

In order for an RNA to be efficiently translated, the methionine codon 

(AUG) must be in a favourable "context". Kozak (1986) has demonstrated 

that a methionine codon within the sequence ACCATGG has the context 

which gives optimum translation efficiency. By creating mutations of 

this sequence by site-directed mutagenesis, the A at position -3 and G 

at position +4 were found to be most important (Kozak, 1986). The 

methionine codons near the beginning of ORF1 and ORF2 were examined in 

the light of these experiments. In ORF1, the first methionine occurs 

at codon 4, and is contained within the sequence ATCATGA. Although not 

the optimum context this would still allow efficient translation as 

there is an A at position -3. Translation from this methionine would 

result in a protein of 426 amino acids, or 48,000 daltons. In ORF2 

there are two methionine codons near the start, at codons 2 and 25. 

These are contained within the sequences TGGATGG and AACATGC 

respectively. Neither of these is an ideal context but it is possible 

that methionine 25 would be used in preference as a T at position -3 

in combination with a G at +4 was not found to be particularly 

efficient (Kozak, 1986). Translation from methionine 25 would result 

in a 1062 amino acid protein (121,000 daltons); translation from 

methionine 2 would give a 1086 amino acid protein (124,000 daltons). 
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Another, essential, requirement for expression of these open 

reading frames are promoter sequences. The canonical RNA polymerase II 

promoter sequences ("CAAT" box and "TATA" box, Efstratiadis et al., 

1980) were searched for in the sequence preceding ORF1 and ORF2. 

Before ORF1 potential "CAAT" boxes are found at positions 41 and 69 

and potential 'TATA" boxes at positions 102 and 122. For ORF2 

potential "CAAT" boxes are at positions 1751, 1778 and 1793 and 

potential "TATA" boxes at positions 1807, 1831 and 1842. The 

similarities between these sequences and the canonical sequences are 

rather weak (Fig. 3.8). However, several genes have been identified 

whose promoter sequences bear a similarly weak degree of homology (see 

Efstratiadis et al., 1980, for review), so the possibility that 

these sequences could be used in the I factor cannot be ruled out. The 

start points of transcription products could be mapped by primer--

extension of I factor RNAs. This would require the isolation, from 

Drosophila, of I factor-specific RNA known to come from an active I 

factor. This approach may not be possible, however, as such 

transcripts are proving difficult to detect (Prosser, Lister and 

Finnegan, unpublished data). 

Alternatively, the use of potential promoter sequences could be 

tested by constructing derivatives of the I factor wherein these 

sequences had been altered by site-directed mutagenesis. The effects 

of such mutations could be assayed-in an in vitro transcription 

system or possibly by transformation of Drosophila R strain embyros. 

The development of an I factor transformation system is underway 

(Dura, Pritchard, Bucheton and Finnegan, unpublished data). 



Figure 3.8 

Comparison of potential I factor promoter sequences with known 'CAAT' 

and 'ATA' boxes from other eukaryotic genes (from Efstratiadis et 

al., 1980). 



CONSENSUS: CCAAT ATA 

Human 	Globin CCAAT CATAAAA 
Human 	Globin CCAAT CATAAAA 

Adenovirus Early lÀ TCAAA TATTTAT 
Human Insulin CCAGG TATAAAG 
Ovalbumin 	S  TCAAA TATATAT 

Drosophila Histone H2A TCAAT TATAAAT 

Drosophila Histone H3 TCAAA TATAAGT 
I Factor ORF1 TCAGT(41) AATATCA(102) 
I Factor ORF1 CCAAA(69) AATAAAA(122) 
I Factor ORF2 TCAAT(1751) AATAGAA(1807) 
I Factor ORF2 ACAAT(1778) CATATTT(1831) 
I Factor ORF2 GCAAT(1793) CATACAT(1842) 

Figure 3.8 



Potential polyadenylation signals (A.ATAAA) following both open 

reading frames have been identified. These occur at position 1679 

(ORF1) and position 5281 (ORF2). 

To detect any DNA sequences with homology to the I factor the DNA 

sequence was compared against the GENBANK nucleic acid sequence 

library (release 32.0), using the program WORDSEARCH. The sequences 

detected as being most similar to I were almost exclusively organelle 

sequences, mainly mitochondrial and some chloroplast. The degree of 

homology however was not very high, and the homology tended to be 

scattered - no more than 10 or 12 bases at the most could be aligned 

in one region. Organelle sequences tend to be fairly A/T rich. The I 

factor DNA is 62% AT, which is approximately the same as total 

Drosophila DNA. The regions where the sequences were aligned tended 

to be where short runs of A/T residues occur in I factor DNA. It is 

probable that there is no significant homology between the I factor 

and organelle sequences and as in the GENBANK database there are no 

sequences which bear any genuine homology to I, organelle sequences 

may simply be the least dis-similar. This could be because the best 

alignment could be achieved between similar kinds of sequence, i.e. 

A/T-rich. 

Often a more sensitive method for comparing sequences is to use 

protein rather than DNA sequences. This is because in general protein 

sequences are more highly conserved than DNA sequences. Due to the 

redundancy of the genetic code two fairly different DNA sequences may 
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code for similar proteins. In addition, protein comparison programs 

may allow matches between not only identical but also chemically 

similar amino acids. This means that proteins which have quite 

different sequences but similar structures or properties may be 

detected. The translations of 0RF1 and ORF2 were compared individually 

against the NBRF protein sequence database. As with the DNA sequence 

comparisons, no protein sequences with any extensive homology to 

either reading frame were detected. However, if two proteins have a 

similar function for which only a few amino acids in the protein are 

functionally required, the overall level of homology between the 

proteins may be low and the few conserved amino acids would not be 

detected. 

As has previously been mentioned, of all the families of 

transposable elements the I factor most closely resembles the 

retroposoris in structure. Retroposons, as their name implies, are 

thought to transpose via reverse transcription of an RNA 

intermediate. (For reviews see Rogers, 1985; Weiner et al., 1986). 

If the I factor were also a retroposon, one product it may code for is 

a reverse transcriptase. Toh et al (1983, 1985) compared the amino 

acid sequences of known and putative reverse transcriptases from a 

variety of retroviruses, the Drosophila copia-like transposable 

element 17.6, cauliflower mosaic virus (CaMV) and hepatitis B virus 

(HBv). CaMV and HEy, although not retroviruses, are thought to employ 

a reverse transcription step in their replication cycle. This 

comparison showed 12 absolutely conserved and 15 chemically similar 

amino acids in all these proteins, mostly scattered between seven 



conserved "domains" within each protein (Michel & Lang, 1985; Hattori 

et al., 1986). Regions similar to these seven conserved regions have 

also been found within the open reading frames of some mitochondrial 

class II introns in fungi (Michel & Lang, 1985). Mitochondrial introns 

are grouped as class I or class II introns according to their sequence 

and possible secondary structure. Toh et al. (1983) have suggested 

that these conserved regions represent the functional regions of 

reverse transcriptases. The amino acid sequences of ORF1 and ORF2 were 

searched to see if these same domains were present in the I factor. 

ORF1 showed no homology but within ORF2 regions corresponding to all 7 

domains were found (see Fig. 3.9A). Ten of the 12 conserved amino 

acids and eleven of the fifteen chemically similar amino acids can 

be identified. This strongly suggests that the I factor ORF2 does code 

for a reverse transcriptase, and hence that I is a true retroposon, 

i.e. transposes via reverse transcription of an RNA intermediate. 

The class of retroposons which I most closely resembles are the 

mammalian LINE elements (singer, 1982). These elements have been found 

in several species including mouse, rat, dog, a variety of primates 

and humans. Each species has one major LINE family, called Li 

elements, which are repeated about 10 times in the genome (Singer & 

Skowronski, 1985). Full length LINE elements are 6-7kb long, and have 

an A-rich sequence at the designated 3' end. The majority of elements 

are truncated, mostly missing sequences from the 5' end. In addition a 

few elements have internal deletions and rearrangements. Some, but not 

all, LINE elements are flanked by a target site duplication, 

suggesting that these elements may be transposable (Singer & 
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Figure 3.9A 

Comparison of ORF2 of the I factor with known and putative reverse 

transcriptases. The seven conserved domains (Michel and Lang, 1985; 

Hattori et al., 1986) are shown. Viral sequences are rous sarcoma 

virus (RSV), murine mammary tumour virus (MMTV), hepatitis B virus 

(HBV) and cauliflower mosaic virus (CaMV). The copia-like element 

17.6 is shown. Li element sequences are mouse (L1Md-A2), rat (LiRat), 

human consensus (L1Hs) and Nycticelus coucang (L1Nc). S.c.-al and 

S.c.-a2 are sequences encoded by introns al and a2 of the 

mitochondrial cytochrome oxidase subunit 1 gene of Saccharomyces 

cerevisiae. Triangles indicate positions at which Toh et al. 

(1985) found identical or chemically similar amino acid residues 

between eight reverse transcriptases. Filled triangles indicate that 

the I factor encodes an identical or similar amino acid, an open 

triangle indicates an unrelated amino acid in the I factor sequence. 

The filled circle indicates an additional identical amino acid in the 

I factor and the viral sequences. Boxes show where the I factor and 

all the LINE elements have identical residues. The number of amino 

acids separating each domain are shown. Amino acid abbreviations 

follow the standard single letter code. The following groups of 

residues with similar properties were used for comparing sequences: P, 

A, G, S and T (neutral or weakly hydrophobic); Q, N, E and D 

(hydrophilic, acid amine); H, K and R (hydrophilic, basic); L, I, V 

and M (hydrophobic); F, Y and W (hydrophobic, aromatic); C (cross-link 

forming). 

From Fawcett et al. (1986). 



1 	 2 

V 	 VT 	V 
RSV 	IRKASGS 	YRLL ---- HOLRAVNA 23aa 
MMIV 	IKKKSGK 	WRLL ---- QDLRAVNA 23aa 
17.6 	KQOASGK 	2aa FRIV ---- IDYRKLNE 24aa 
HBV 	VDKNPHN 	3aa SRLV ---- VOFSQFSR 27aa 
CaMV 	AEKRRGK 	KRMV ---- VNYKAMNK 24aa 

I Factor 	Jtf9-NT 	7aa YP1S9NCC AKI 	48aa 

L1Md-A2 0 jIKP-QK 	7aa WPISLW[ AKILW 50aa 
LiRat 	IID K-HK 	7aa MNSLMH AKILW 50aa 
LIHs 	flKP1-GR 7aa MNSL '1NIIAKILW 50aa 
L1Nc 	[J-GK 	7aä Y}P[SL11NI [JAKI 	50aa 
S.c.-al IPKPKGG 	IRPLSVGNPRDKIVQE 43aa 
S.c.-a2 IPKTSGG 	FRPLSVGNPREKIVQE 43aa 

V TV! 	 VT TV 	 V 
RSV 	LMVLDLKDCFFSIPL 27aa VLPQGMTCSPTICQLVVGQVLE-PLRLK 5aa 
MMIV 	IIIIOLQIJCFFNIKL 27aa VLPQGMKNSPILCQKFVDKAIL-TVRDK 5aa 
17.6 	FTTIDLAKGFHQIEM 20aa RMPFGLKNAPATFQRCMMO----ILRPL 4aa 
HBV 	WLSLDVSAAFYHLPL 44aa KLPMGVGLSPFLLAQFTSAICSVVRRAF 3aa 
CaMV 	FSSFDCKSGFWQVLL 20aa VVPFGLKQAPSIFQRHMOE ---- AFRVF 	3aa 

I Factor 	LVTLTS1TtVGV 45aa [IF 9S]I VI 	[ThF_N9tSNIflSLH 	4aa 

LIMd-A2 	[ISLJIAE4AFDkIQH 45aa GFFRcc1PHPY F IkL-E\]L1ARAIRQQ 14aa 
LiRat 	I ISL\EAFc$KIQH 45aa GfTRjSPY 	 14aa 
L1Ns 	1ISIpE4AFc$KIQQ 44aa GjfRflP IIL-E4R11RQE 14aa 
L1Nc 	[LSIAEK1AFIQH 44aa fRJJ 	jJM-EvtJAIPfflREE 14aa 
S.C.-al 	FIEVOLKKCFDIISH 40aa GLPQGSLISPILCNIVIILVDNWLEDYI 53aa 
S.c.-a2 FIKVDLNKCFIJIIPH 40aa GIPQGSVVSP[LCNIFLOKLDKYLENKF 58aa 

5 	 .6 	 7 
TV!, VT 	0 	V 	 VYT V 

RSV 	MLHYMIJOLLL 22aa GFTISPOKVQ 2aa PGVQYLGYKL 
MMIV 	IVHYMDDILL 22aa GLVVSTEKIQ 2aa DNLKYLGTMI 
17.6 	CLVYLDOIIV 22aa NLKLQLDKCE 3aa QETTFLGHVL 
HBV 	AFSYMDDVVL 22aa GEHLNPNKIK 3aa YSLNFMGYVI 
CaMV 	CCVYVOQILV 22aa GIILSKKKAQ 3aa KKINFLGLEI 

I Factor 	FNAY}U9FFL 28aa 	ASLSLNCQ 24aa TSL{jI79I 

L1Md-A2 	ISLLADWIV 23aa kYK1NSK1SM 24aa NNIKYLCVTL  
LiRat 	ISL 0 IV 23aa IGYKINS1KSV 24aa NNIK Y LCVTL  
L1Hs 	LSLFADWIV 23aa cYK1NvqKsQ 2aa KRIK Y LCIQL  

L1Nc 	LSLFE0TIV 23aa [YKINIF1V 24aa KUU~LgVYLU  
S.C.-al 	YVRYAODILI 23aa GLIENEEKIL 6aa TPARFLGYNI 
S.c.-a2 	FVRYAODIII 24aa GMSINIOKSV 5aa EGVSFLGYDV 

Figure 3.9A 



Skowronski, 1985). The number of bases duplicated may vary from one 

element to another. 

Loeb et al. (1986) have determined the complete base sequence of 

a long (6.85kb) LINE element from the mouse, called L1Md-A2. This 

element contains two long open reading frames of 1137bp and 3900bp, 

which overlap by 14bp. The protein potentially encoded by the larger 

open reading frame contains regions homologous to the reverse 

transcriptase domains (Fig. 3.9A). In addition, the sequences of a rat 

LINE (L1Rn, d'Anthrosio et al., 1986) and consensus sequences of 

human/primate LINEs (Singer & Skowronski, 1985) and human/prosimian 

LINEs (Hattori et al., 1986) have been determined. Regions showing 

homology to reverse transcriptase have been found within these 

sequences too. Because both the 3900bp open reading frame of L1MD-A2 

and ORF2 of the I factor contain homology to reverse transcriptase, 

these two protein sequences were compared directly. The strongest 

homology is found within the region of domains 1 and 2, where 19/34 

amino acids are identical and 23/34 are chemically similar or 

identical. Part of this region is shown in Figure 3.9B where the seven 

domains of several reverse transcriptases have been aligned. These 

include retroviruses RSV (rous sarcoma virus) and MMTV (mouse mammary 

tumour virus), 17.6, fungal class II introns S.c. - al and S.c. - a2 

(introns al and a2 of the mitochondrial cytochrome oxidase subunit 1 

gene of Saccharomyces cerevisiae), LINE elements L1Md-A2, L1Rn, L1Hs 

(human), L1Nc (slow loris) and the I factor. The homçlogy between the 

various LINES and the I factor is clearly greater in region 2 than the 

homology between I (or LINEs) and the other reverse transcriptases, 
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Figure 3.9E 

The highly conserved region between the I factor and L1Md-A2. The 

positions of domains I and II of reverse transcriptases are shown. 

Filled circles indicate identical amino acids, open circles indicate 

chemically similar amino acids. 



I 	II 

I FactorLKPN4DKTKTSE'YRPISLNCCIAKILDE IIAKR 
••o • •• 	o•••.• 	•s•so••o• • 

L1Nd.-A2 	PKPQKJDPTKIEI FRPISLNNIDAKILNK LLANR 

Figure 3.9B 



suggesting that the putative reverse transcriptase gene of I is more 

closely related to that of LINEs than to retroviruses, introns, etc. 

Burton et al. have compared cloned mouse and human LINE DNA by 

Southern blotting, and found two regions which cross hybridise most 

strongly. These are called CS1 and CS2, for "conserved sequence". Both 

are within the larger open reading frame of L1Md-A2. CS2 corresponds 

to the region of domain 2 of the reverse transcriptase, and hence the 

region most strongly conserved between LINE elements is also most 

strongly conserved in the I factor. This implies a constraint upon 

mutations of this region, suggesting that this region may be important 

for protein function. A comparison of the two protein sequences from 

the I factor and L1Md-A2 by a dot-plot shows a region of homology 

(Fig. 3.10A). This region corresponds to CS2. A similar comparison 

between I and RSV does not detect any homology. Clearly I is more 

closely related to LINEs than to retroviruses (Fig. 3.103). 

No homology can be found between ORF1 of I and the shorter open 

reading frame of L1Md-A2. Either the two protein sequences have 

diverged beyond the point where any similarity could be detected, or 

else they are completely unrelated. Within ORF1 of the I factor there 

is a sequence CX2CX4HX4C, which is also found in basic nucleic acid 

binding proteins cleaved from the gag protein of retroviruses. It is 

thought that in viruses this protein interacts directly with the viral 

genomic RNA (Dickson et al., 1985; Copeland et al., 1983; Covey, 

1986). It has been found in all retroviral gag proteins, CaMV viral 

coat protein, intracisternal A-type particles of Syrian Hamster and 
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Figure 3. 10 

Dot plot comparison of I factor ORF2 peptide sequence with L1Md 

ORF2 peptide sequence, using the method of Collins and Coulson (1986). 

Dot plot comparison of I factor ORF2 peptide sequence and RSV 

reverse transcriptase peptide sequence. The parameters for this 

comparison were the same as those used in A. 
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orf2.pep ck: 2286. 1 to 1085 

Figure 3.10 



copia, but not in 17.6, the Ty element of S. cerevisiae or HBV 

(Covey, 1986). Several genes contain 2 copies of this sequence, the . I 

factor contains 1 copy plus one imperfect copy (see Fig. 3.11). A 

protein which binds nucleic acid may play a role in I factor 

transposition or regulation. It is thought that two functions are 

encoded by I from genetic studies (Bregliano & Kidwell, 1983), namely 

a transposase and a regulator of transposition. It is possible that 

the transposase is a reverse transcriptase encoded by ORF2, and the 

regulator a nucleic acid binding protein encoded by ORF1. This will be 

discussed further in Chapter 5. 
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Figure 3. 11 

Comparison of ORF1 of the I factor with the conserved domains in viral 

nucleic acid binding proteins. Viral sequences are as follows: RSV, 

the gag gene of RSV; HTLV I  the gag gene of HTLVI; CaMV, the coat 

protein of CaMV. The numbers indicate the numbers of amino acids from 

the start of the polypeptide or between conserved domains in the same 

polypeptide. Conserved amino acids are boxed. 

From Fawcett et al. (1986). 



RSV 	506aa GLYTSP9YQAcPK 
8aa E GM91NAK9CJRK 

HTLV 	354aa Q KAGF-LSRDHTQ 
5aa G C DPT-,4KRDrrR 

CaMV 	409aa C I IEYANE4J 

I 	FACTOR 	185aa 	L RFWPTPIUKS 
laa ETICJIMIETKHTNDGEKC 

Figure 3.11 



CHAPTER 4 

Sequence Analysis of Other I Factor-Induced Mutations 



4.1 Introduction 

Several mutations of the D. melanogaster white locus which arose 

following a number of I-R dysgenic crosses have been described by 

Bucheton et al. (1984) and Sang et al. (1984). Eight mutant 

strains were established, called w111 . These fell into two 

classes. w 	were associated with insertions of an apparently 

identical 5.4kb element - the putative I factor. The cloning and 

sequencing of the I factor from w 	has been described in 

Chapter 3. All of these insertion mutations retained some eye colour. 

Strains w IR16  have been tested for the ability of the I factor 

to induce dysgenesis in an IR dysgenic cross. All have been found to 

be active, with the exception of w 	(A. Pelisson, unpublished 

data). Mutant strains w IR7  and w IRS  have white eyes and are 

associated with deletions of part of the white gene. No I factor 

sequences could be detected in the white gene of these two strains 

(Sang et al., 1984), and it was uncertain whether the deletions 

arose as a consequence of IR dysgenesis (perhaps due to aberrant 

insertion events) or whether they were random mutations picked up in 

the screening for IR-induced white mutations. The positions of the I 

factor insertions, and the deletion breakpoints, are shown in Figure 

4.1. 

In this chapter the mapping of the insertion points will be 

described and comparisons will be made between the ends of the 

different elements and the target sites. This information was gained 

by cloning restriction fragments from either end of each element that 



Figure 4.1 

Restriction map of the white gene showing the insertion points of 

the I factors in strains w IR1-6 and the deletion breakpoints in 

1R7 	IRS strains w 	and w . Stippled boxes show the putative white 

exons. 

Symbols:- H, HindlilE; B, BamHI; R, EcoRl; 5, Sail. 
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spanned the junction between white and I factor sequences. Some 

possible explanations for the phenotypic effects of the insertions 

will then be proposed. 

In addition to the insertion mutations the deletion mutations 

1R7 	1R8 
w 	and w 	have also been analysed in this project. The 

breakpoints have been cloned and sequenced to look for any evidence of 

I factor activity, such as I factor sequence or a sequence 

duplication. 

Finally, the sequence of the ends of an I factor inserted into the 

bithorax complex will also be described. This spontaneous mutation 

of bithorax had been found by Peifer and Bender (1986) to be 

associated with an I factor insertion and the resulting strain was 

F31 
called bx 

4.2 The w 
1R3 

 mutation 

The position of the I factor insertion in w 	had previously 

been mapped, by Southern blotting, to a position very close to the 

IRl insertion point (Bucheton et al., 1984). The ends of the 

IR3 	factor had been cloned on Hindlil fragments containing I 

factor DNA and flanking white sequences. The resulting lambda clones 

(in vector XNM1149 were called X1451 (left end of the I factor) and 

X1452 (right end) (Fig. 4.2). 

For this project, the two ends were subcloned into M13. X1451 was 

restricted with Hindlil and Sail to generate a fragment equivalent to 



Figure 4.2 

Maps of the insertions in the lambda clones X1451 and X1452. Open 

boxes represent white sequences, cross-hatched boxes represent I 

factor sequences. Single lines represent lambda arms. 

Symbols:- H, Hindill; S, Sail; 1i, Aval; P, PstI; B, BamHI. 
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1770 from w 
IR1  (Fig. 3.2). Fragments were ligated into Hindili/Sall-

cut mp18 and transformed into NM522. The resulting white plaques were 

screened with pCS155 (Fig. 3.1). Templates were prepared from positive 

plaques and were sequenced from the SalI site through flanking white 

DNA and over the end of the I factor. This enabled the insertion point 

to be mapped accurately, and it was found to be exactly as that of 

IR1 One hundred and ten bases of I factor DNA were determined 

and found to be identical to the first 110 bases of the wIRl  i 

factor except for base number 3. In w1 	this is a T, in w IR3 

it is a G. 

The right end of the w IR3  I factor was subcloned into M13 by 

restricting AI452 with Hindlil and XbaI. There is an XbaI site in the 

IR1 I factor at position 5108 (Fig. 3.5), which is close enough 

to the end of the element to sequence from it over the end of the 

element into flanking white sequence. Fragments were ligated into 

HindiII/XbaI-cut mp19, transformed into NM522 and the resulting white 

plaques screened with pCS155. Templates were made from positive 

plaques and were sequenced, from the XbaI site. The XbaI site is 263bp 

from the end of the I factor. A comparison between the corresponding 

IR1 	1R3 
w 	and w 	sequences showed them to be identical. The 

only (potential) difference found was in the number of TAA triplets at 

the end of the elements. w 
IR1 

 has 4 or 5, w 
IR3 

 has5. The 

number of bases duplicated flanking the w IR3 I factor is 14, but 

it should be noted that this would correspond to a 13bp duplication in 

IR1 as w 
IR3 

 contains an extra base (an A) within the 

duplication (Fig. 4.3). This extra base may have been present in the 



Figure 4.3 

Sequences at the ends of the I factor insertions. The sequences of the 

I factor ends are shown in upper case, flanking sequences are shown in 

lower case. Target site duplications are boxed. Dotted lines indicate 

bases which could be part of the duplication or part of the I factor. 

The tandem repeats adjacent to the left end of the w IR6  I factor 

are indicated. 

From Fawcett et al. (1986). 



TARGET SITE 

LEFT-HAND END DUPLICATION RIGHT-HAND END 

taEáatatgcaaatCATTAC wIR1  12/9 TCA(TAA)taajtatgcaaatgta 

attaatatgcaaaatAGTAC wIR3  14, TCA(TAA)ttaatatycaaaatjg 

tattaatatgcaaatAGTAC IR4 13 TCA(TAA)ttaatatgcaaatgt 

W
IR2  12 TCA(TAA) 7tttactgcagagttt ttatttactgcagagCATTAC 

atatccgaaataactCAGTAC 1P5  12 TCA(TAA) 6[tccgaaataactgct 

ttaaaaggccgaaaAGTAC bxF31  13/10 TCA(TAA)6taaaaggccgaaacc 

1 R6  10/7/4  
atataacag.taccagtacaatCAGTAC TCA(TAA) 	taacaaccagatatt 

Figure 4.3 



target site of the parent or it may have arisen as a consequence of I 

factor insertion - the parental target site was not sequenced and 

hence the origin of the extra base is not known. Unlike w 	the 

mutation has not been assigned to the X chromosome of either the 

maternal (seF8) or paternal (Luminy) strain. However, if the extra 

base was present before I factor insertion then the parent chromosome 

must have come from Luminy as the sequence of seF8  is known in this 

region (from the w1'  insertion). 

4.3 The w 	mutation 

The position of the w 	I factor had been mapped by Southern 

blotting to a position very close to the w IR1  and w 
1R3 

 insertion 

points and in the same orientation (Sang et al., 1984). This DNA had 

not previously been cloned. 

For this project a genomic library of this strain was constructed 

in phage ANM1149. DNA was first extracted from flies (Chapter 2) and 

then restricted with Hindlil. Fragments were ligated into Hindlil-cut 

XNM1149 and the resulting recombinant molecules packaged in vitro 

(Chapter 2). The phage produced were plated on NM514 cells, which 

allow only recombinant ANM1 149 phage to grow and hence remove the 

background of parental phage. This library should have contained phage 

carrying the left end and right end of the w IR4 factor. These 

phage would correspond to the w 
1R3 

 clones X1451 and X1452. 

Approximately 50,000 plaques were screened with the white probe p154 

(Fig. 3.1) to detect phage carrying white DNA from the region of the 

I factor insertion. Eight potential positive plaques were picked up in 



this first screen. As plaques on the plates were confluent, phage from 

the general area of the positive spot were picked into phage buffer 

and plated (on NM514 cells) at a dilution which gave well separated 

plaques on the plates. These plaques were screened again with p154 and 

several positives from each plate picked to a grid. Duplicate filters 

were made from this grid. 

The probe p154 detected both phage carrying the left end and the 

right end of the I factor. In order to distinguish these, one filter 

made from the grid was probed with p1769 (white DNA to the left of 

the I factor insertion and hence the left end of I would be detected) 

and the other filter was probed with p1768 (white DNA to the right 

of the insertion) (see Fig. 3.1). Two spots hybridising with p1769 and 

two spots hybridising with p1768 were picked. Plate lysates, and then 

liquid lysates, were made from each phage (using ED8654 as host rather 

than NM514 as ED8654 is a more healthy strain and hence gives better 

yields of phage. ED8654 allows non-recombinants as well as 

recombinants to grow and hence was not used for ANM1149 library 

construction). 

DNA was prepared from these phage (see Chapter 2). In order to 

confirm that the inserts were correct the phage DNAs were restricted 

with Hindlil. The digests were compared, by agarose gel 

electrophoresis, with HindIII-cutXI45l and X1452 (see Fig. 4.4A). 

Phage containing inserts identical to X1451 contained the left end of 

the w IR4  I factor, and were called XI421. Phage containing 

inserts identical to A1452 contained the right end of the w IR4 



Figure 4.4 

Restriction of clones ?I421 and )%1422. Tracks were loaded as 

follows:- 

1. Xc1857 Hindill markers; 2. X1451 uncut; 3. X1451 H.indIII; 

4. X1452 uncut; 5. X1452 HindIll; 6. X1421 uncut; 7. )..1421 Hindill; 

8. X1422 uncut; 9. X1422 Hindill; tracks 10-13 as 6-9 respectively 

(identical clones). The 6.9 kb and 6.2 kb bands, corresponding to the 

left and right ends of the I factor respectively, are indicated. 

Restriction of X1423. Tracks loaded as follows:- 

1. X1423 uncut; 2. X1423 HiridIll; 3. XCI857 Hiridlil markers. 

The 7.1 kb band, corresponding to the I factor left hand end, is 

indicated. 

Restriction of X1424. Tracks loaded as follows:- 

1. X1424 uncut; 2-5. X1424 HindlIl (four identical clones); 

6. XC1857 Hindill. The 9.1 kb and 2.83 kb bands of the insert in phage 

X1424 are indicated. 
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factor and were called )I422. These are shown in Figure 4.5. 

Fragments containing the junction between the ends of the I factor 

and white DNA were subcloned into M13 in the same way as for w IR3. 

.X1421 was restricted with Hindlil and Sail, ligated into Hindill/Sail-

cut mp18 and transformed into NM522. White plaques were screened with 

pCS155 and positives picked and sequenced (from the Sail site). X1422 

was restricted with Hindill and XbaI, ligated into HindIII/XbaI-cut 

mp19 and transformed into NM522. Plaques were screened with pCS155 and 

positives picked and sequenced (from the XbaI site). 

The w 	I factor has inserted into the same position as the 

IR1 	1R3 
W 	and w 	I factors, indicating that this is an insertion 

hotspot. One hundred and fifteen bp of sequence was determined at the 

left end of the I factor, this is identical to the w 	i 

IR3 
factor sequence except at position 3 which, like w , is a G 

not a T. The 263bp from the XbaI site to the right end of the I factor 

are identical to those of w IRl.  There are 5 TAA triplets at the 

end of the element, and a target site duplication of 13 bases. The 

duplication starts at the same base as the duplication in w'13, but 

is one base shorter because of the extra base (A) in w 3  (Fig. 4.3). 

4.4 The w 
1R5 

 mutation 

Sang et al. (1984) had mapped the insertion associated with the 

IRS mutation by Southern blotting. It mapped to the 3' end of 

the gene, possibly just within or just beyond the coding region. The 

orientation with respect to the white gene was found to be opposite 



Figure 4.5 

Restriction maps of the insertions in clones X1421 and X1422. Open 

boxes represent white sequence, cross-hatched boxes represent I 

factor. Single lines represent lambda arms. 

Symbols:- H, Hindill; S, SalI; A, AvaI: P, PstI; B, BamMI. 
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that of wIR13 and 4 The left and right ends of this element 

had already been cloned, on Hindlil fragments, in ANM1149 (Sang et 

al., 1984) and had been subcloned on Sall/HindilI fragments, into 

pUC8. p160 is the right end of the I factor, p161 is the left end 

(Fig. 4.6). 

For this project the ends were subcloned from pUC8 into M13. To 

subclone the right hand end p160 was restricted with Sail and XbaI and 

the fragments subcloned into Sali/XbaI-cut mp19. White plaques 

produced upon transformation of NM522 were screened with pCS156 (Fig. 

3.1) and positives picked, templates made and sequenced from the XbaI 

site. 

The left end of the I factor was subcloned in the following way. 

p161 was cut with Hindill and Sail to excise the insert, and the whole 

digest run on an agarose gel. The insert band was cut out and the DNA 

recovered (see Chapter 2). The DNA was restricted with HpaII. There is 

a HpaII site in the I factor, 160bp from the left hand end (see Fig. 

3.5), which is suitable for sequencing over the I/white junction. 

The resulting fragments were end-repaired (see Chapter 2) and ligated 

into Hincil-cut mp19. This was transformed into NM522 and resulting 

white plaques screened with p1770. Positives were picked, templates 

made and sequenced. As the fragments were blunt ended it was not 

possible to select the orientation of cloning. Clones containing the 

desired fragment in the correct orientation (i.e. sequenced from the 

HpaII site across the end of the I factor) were identified by 

comparison of the sequence with that of the wIR1 I factor. 



Figure 4.6 

Plasmids p161 (left end of w 5  I factor) and p160 (right end of 

IR5 I factor). Open boxes represent white DNA, stippled boxes 

represent I factor DNA and single line represents pUC8 DNA. 

Symbols:- S, Sail; P, HpaII; H, HindIll; X, XbaI. 
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The w IRS  I factor has 6 TA.A triplets at the right hand end, 

and a target site duplication of 12bp (Fig. 4.3). One hundred and 

sixty bp of sequence was determined for the left end of this I factor. 

Again the third base differs from that of w 
IR1(G 

 rather than T). 

There is an additional change, at base 125. In w 	this is A, 

IR5. 
mw 	it is C. 

At the right hand end 263 bases have been determined, and the 

sequence is identical to that of w 1. 

4.5 The w 
IR2 

 mutation 

1R2 	 IR1 
The w 	mutation, like w 	, arose from a cross between an 

seF8  female and a w Ct f male. Unlike w 1  however, the I 

factor inserted into the X chromosome from the male parent. The 

white gene on this chromosome already contained an insertion, known 

as the w1  mutation. This insertion is a 5.7kb F-like element (O'Hare 

et al., 1983), and the resulting phenotype is white eyes. The 

element had been mapped to the 5' end of the white gene, within a 

probable 5' leader sequence (O'Hare et al., 1984). It is in the same 

orientation, relative to the white gene, as w 	(Sang et al., 

1984). The I factor in w 
IR2 

 has inserted into the F-like element 

(Fig. 4.1). Some eye colour is restored in w IR2  Two other 

insertions into the w element are also associated with partial 

restoration of eye colour. These are the w e  (white - eosin) and 

(white - honey) insertions (Lindsley & Grell, 1968; O'Hare 

et al., 1983, 1984 and unpublished data). 



The w IR2 factor had already been cloned intact on a BamHI 

fragment to form the lambda clone A1531 (Sang et al., 1984). This 

clone contains the I factor, the entire w element and some flanking 

white DNA (Fig. 4.7). 

For this project both ends of this I factor were subcloned into 

M13. The right hand end was subcloned by restricting A1531 with BamHI 

and XbaI and ligating the fragments with BamHI/XbaI-cut mp18. This was 

transformed into NN522 and white plaques picked to a grid. These were 

screened with p152 (Fig. 3.1), positives were picked and templates 

made and sequenced from the XbaI site. Two hundred and sixty-three bp 

were determined and found to be identical to the sequence of w 1. 

Seven TAA triplets were found at the end of this I factor. 

The left end of the I factor was cloned in two ways. Firstly, from 

the sequence of the right hand end it could be seen that the I factor 

had inserted adjacent to a PstI site which, because of its proximity 

to the end of the insertion, was included in the duplication of target 

sequence. X1531 was cut with Hindill and PstI, and the fragments 

obtained ligated with HindIII/PstI-cut mp19. Following transformation 

of NM522 white plaques were picked and screened with p1770. Positives 

were picked and sequenced from the PstI site. This showed that there 

is indeed a PstI site within the duplication, 2bp removed from the 

left end of the I factor. One hundred and seventy bp of sequence was 

determined of the left end, which was identical to the w IR1 

IRl sequence. In this element the third base is a T, as in 	not G. 



Figure 4.7 

Restriction map of the insert in clone X1531, derived from w 1R2 

DNA. Stippled box represents I factor DNA, cross-hatched boxes 

represent w insert DNA and open boxes represent white DNA. Single 

line represents lambda arms. 

Symbols:- B, BamHI; H, Hindlil; R. EcoRI; P, PstI; X, XbaI. 
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In order to sequence more of the flanking DNA at the left end and 

thus to get the complete target site duplication, the left end was 

recloned from X1531 using EcoRI and 1-IindIII. The fragments were 

ligated into EcoRl/Hindlil-cut mp18, transformed into NM522 and white 

plaques subsequently screened with p1770. Positives were picked and 

templates made, but instead of sequencing them using the M13-specific 

sequencing primer the primer DF4 was used (see Chapter 2). This primer 

was synthesised specifically for sequencing the left end of the I 

factor, and is of the same sequence as bases 62 (5') - 48 (3') on the 

bottom strand. The information gained from this showed the target site 

duplication to be 12bp (Fig. 4.3). 

The empty site from the w element was also sequenced. The 

plasmid clone pw1  (Fig. 4.8) was obtained from Kevin O'Hare. pw1  was 

restricted with PvuII and the fragments ligated into Smal-cut mp18. 

This was transformed into NM522 and white plaques picked to a grid. 

Duplicate filters were made, one was screened with pw1  itself and the 

other with pAT153. Plaques positive only with pw1  were picked and 

sequenced. The insertion point of the I factor was identified and it 

was confirmed that in this region the only rearrangement of w DNA 

to have occurred as a consequence of I factor insertion was the 

duplication of 12bp flanking the element. 

The reason for the inactivity of this element (with respect to 

causing dysgenesis) is unknown. Clearly there are no major deletions 

as the element measures 5.4kb and the ends are intact. Inactivity 



Figure 4.8 

Restriction map of the insert in plasmid clone pw1  (not drawn 

accurately to scale). Open box represents w (an F-like transposable 

element), cross-hatched boxes represent white DNA, single line 

represents plasmid vector DNA. The symbols I, E and Y show the 

insertion points of second transposable elements in the strains 

IR2 white-eosin and white-honey respectively. 

Other symbols:- B, BamHI; H, Hiridill; R, EcoRI; U, PvuII; 

P, PstI. 
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could be caused by a minor mutation, perhaps within one of the open 

reading frames, or could be due to the site of insertion, being 

affected by expression of flanking sequences (a "position effect"). 

For example, I factor transcripts could be inactivated by 

hybridisation to an "anti-sense" RNA read from the white promoter 

and terminating within, or beyond, the I factor. This is illustrated 

in Figure 4.9. 

4.6 The w 
I 
 R6mutation 

The w116  mutation had been mapped to a position just within the 

large intron of the white gene and was found to be in the opposite 

orientation to w IRl  (Sang et al., 1984). This I factor had not 

previously been cloned. It was known that the element had inserted 

very close to a Hindlil site in the white DNA (Sang et al., 1984; 

Fig. 4.1), but it was not known whether there would be sufficient 

white DNA between the Hindill site and the right end of I to be 

detected by probing a Hindlil library of w 	DNA. 

For this project, the first library to be constructed was a 

HindIll library, in the hope that both ends of the I factor could be 

detected. Genomic DNA was extracted from w 
1R6 

 flies, and restricted 

with Hindill. The fragments were ligated into HindIII-cutXNMll49 and 

the resulting DNA molecules packaged in vitro (see Chapter 2). The 

library of phage produced was plated on NM514 and approximately 50,000 

plaques were screened with p152 (Fig. 3.1). Seven potential positive 

plaques were found, these were picked and replated (on NM514) for 

single plaques. These were rescreened with p152, and four of the 
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Fiqure 4.9 

Possible inactivation of the w IR2 I factor by a position effect. 

Stippled box represents I factor, cross hatched boxes represent w1  

insert DNA and open boxes represent white DNA. Arrows indicate 

potential transcripts from I factor promoters and the white promoter 

(P). 
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original seven were positive again (the remaining three must have been 

spots of non-specific hybridisation to the filters). Several positive 

plaques from each plate were picked to a grid, and screened with p1770 

(for the left end of the element) and p1771 (for the right end). All 

the plaques were positive only with p1770. This suggested that the I 

factor had inserted too close to the Hindlil site in the white gene 

for clones containing the right hand end of the I factor to be 

detected using a white probe. 

Two of the clones which were positive with p1770 were picked and 

plate lysates made (Chapter 2). Liquid lysates were subsequently made 

from these (Chapter 2), and the DNA isolated from the phage. The DNA 

of one clone (X1423, Fig. 4.10) was restricted with Hindlil to check 

that it contained a band of the correct size (about 7.1kb, see Fig. 

4.4B). 

To subclone the left end of the I factor into M13, this lambda 

clone (XI423) was restricted with Hindlil and the insert band purified 

by preparative agarose gel electrophoresis. This fragment was 

subsequently cut with HpaII, the ends repaired and the fragments 

cloned into Smal-cut mp19. Templates were made of the white plaques 

recovered following transformation of NM522 and one M13 clone 

contained the HpaII fragment that spanned the left hand end of the I 

factor. The 160bp of I DNA from the end to the HpaII site were found 

to be identical to w IR1  except for the third base - G instead of 

T. Beyond the end of the I factor the sequence does not go straight 

into white sequence as expected, but instead there are what appear 



Figure 4. 10 

Restriction maps of the inserts from clones X1423 and M424 (left and 

right ends of the w IR6 	factor, respectively). Stippled boxes 

represent I factor DNA, open boxes represent white DNA. Single line 

represents lambda arms. 

Symbols:- H, Hindlil; A, Aval; B, BamHI; R, EcoRl; 5, Sail; 

P, PstI. 
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to be two tandem repeats of the last six bases of the I factor, 

separated from the end by an AAT triplet of unknown origin (Fig. 4.3). 

Beyond the second duplication the sequence changes to white 

sequence, but it is uncertain exactly where the white sequence 

starts as the first three bases of I (CAG) are also found in white 

at that position. This is reminiscent of the situation at the right 

end of the w 	I factor where the last TAA triplet could have 

come from the I factor or white. It is possible that the duplication 

of the end arose as a consequence of the integration mechanism, 

although one cannot rule out the possibility that the element already 

had this structure prior to integration. 

The sequence of the white DNA was compared with the published 

sequence (O'Hare et al., 1984) and the I factor was found to have 

inserted 7bp from the Hindlil site. This would result in a minimum of 

13bp of white DNA beyond the right hand end of the I factor up to, 

and including, the Hindlil site, possibly more depending upon the size 

of the duplication (if any). In theory this could have been enough to 

detect by plaque hybridisation but in practice the signal would 

probably have been too weak to detect. 

To try and get the right hand end of the w 	I factor BamHI 

libraries were constructed. This involved cloning the I factor intact. 

Two vectors were used, EMBL4 (Murray, 1983) and XNM570-BV2 (Klein & 

Murray, 1979), but neither library contained the I factor despite 

several attempts (data not shown). This is perhaps not surprising- as 

difficulty in cloning an intact I factor has been noted before 



(Bucheton et al., 1984; Bender, unpublished data), although the 

reason is not understood. Sequences which contain inverted repeats 

(such as FB elements) or highly reiterated sequences are known to be 

unstable in phage lambda (Bellet et al., 1971; Paro et al., 1983), 

but the I factor contains neither of these. 

The right hand end of the w 
1R6I 

 factor was finally cloned 

from a library of genomic DNA partially cut with Hindlil. The fragment 

containing the right hand end of the element plus adjacent white DNA 

is approximately 12kb (see Fig. 4.1). This is too big to clone into 

XNM1149 (upper limit 11kb) so instead the vector XNM762 was used (see 

Chapter 2). 

IR6 DNA was digested with 0.5 and 0.25 units Hindill/ug DNA 

and aliquots removed after 3, 6, 9, 12 and 15 minutes. These aliquots 

were pooled to give a sample of DNA digested to varying extents. DNA 

digested with 0.25u/ug was less well cut. Both samples of DNA were 

ligated with Hindill-cut XNM762 and the resulting molecules packaged 

in vitro. XNM762 is a replacement vector and hence can re-clone its 

own central fragment as well as donor molecules. This central fragment 

contains an amber suppressor so that phage containing the fragment 

will generate blue plaques when plated on a host containing a lacZ 

anther mutation (in the presence of X-gal). The host strain used here 

was NM430 (Chapter 2). This therefore gives a visual assay for the 

frequency of recombinant formation, as recombinant phage give white 

plaques. The ratio of blue:white should be 1:1. Samples of both 

IR6 libraries were plated first of all on NM430), and blue and 



white plaques counted. The ratio of the 0.. 5u/ug library was 1:1, the 

0.25u/ug library had rather more blue than white. This was not 

surprising however as the number of fragments put into the ligation 

would have been smaller as the DNA was less well digested. 

The libraries were plated on ED8654. Approximately 50,000 plaques 

were screened, which corresponds to 25,000 recombinants for the 

0.5u/ug library and less for the 0.25u/ug library. The probe used was 

p154 (Fig. 3.1). Three positives were found, two from the 0.5u/ug 

library and one from the 0.25u/ug library. These were picked and 

plated to give single plaques. Duplicate filters were made from each 

plate, one was screened with p154 and the other with p1905 (Fig. 3.2). 

p1905 is a plasmid containing the HindIiI/PstI fragment from the right 

of the I factor. Only one plate contained plaques which were positive 

with both probes, these were derived from one of the phage from the 

0.5u/ug library. Four well separated positive plaques were picked. 

Plate lysates and subsequently liquid lysates were made, and the DNA 

isolated. 

To check the inserts of these four phages the DNA was restricted 

with Hindlil. Two bands of insert DNA were expected, one of 9.1kb 

(white DNA) and one of 2.8kb (I factor DNA). These can be seen in 

Figure 4.4C. The clones were called .X1424 (Fig. 4.10). 

To clone the junction of the I factor/white DNA, X1424 was 

digested with ?sti and BamHI, and the resulting fragments were ligated 

into PstI/BamHI-cut mp18. The ligated DNA was transformed into NM522 



and white plaques picked and screened with p1771. Positives were 

picked, templates made and then sequenced not from the PstI site using 

an M13-specific primer but using primer DF3 (see Chapter 2). This 

primer was made specifically for sequencing the right hand ends of I 

factors, and is the same sequence as bases 5291 to 5305 of the 

sequence (top strand). Fifty-nine bp of I factor sequence was obtained 

and found to be identical to the sequence of w IRl.  There are 6 

or 7 TAA triplets at the end of the element, the uncertainty arising 

because of a TAA triplet in the white DNA as with w 1  (Fig. 

4.3). The number of bases duplicated flanking the I factor is 4, 7 or 

lObp. A 4bp duplication would have arisen if the CAG triplet at the 

left end and the seventh TAR triplet at the right hand end were both I 

factor sequences; a 7bp duplication would arise if one of these 

triplets was white DNA and the other I factor DNA and a lObp 

duplication would result if both triplets were white DNA. A lObp 

duplication is more in keeping with the size of the other duplications 

found to date (9/ 1 2 - 14). 

4.7 The bxF3'  mutation 

The I factor insertion associated with this mutation of the bithorax 

complex (Peifer & Bender, 1986) was detected as a spontaneous 

mutation, not the result of a dysgenic cross. This suggests that a low 

level of transposition of I factors must be possible in the inducer 

cytotype. This I factor had been cloned intact into a lambda vector 

(Peifer, unpublished data) and sent to this laboratory for analysis. A 

restriction map of the region flanking the insertion is shown in 

Figure 4.11. For this project, the ends of this I factor were 



Figure 4. 11 

Restriction map of the insert in the lambda clone bx 
F31 

 (not 

drawn accurately to scale). Stippled box represents I factor DNA, 

cross hatched boxes represent bithorax DNA. Single line represents 

lambda arms. 

Symbols:- R, EcoRI; S, Sail; H, Hindill. 
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subcloned into M13 for sequencing. 

The I factor had inserted so that the left end is fairly close to 

a Hindill site. To clone this end the bF3l clone was cut with 

Hindlil and ligated into Hindlil-cut mplS. White plaques found after 

transformation of NM522 were screened with p1770, and positives were 

picked and sequenced. Several clones were found whose sequence started 

in unrecognised DNA (bithorax) and then changed to I factor DNA. 

70bp of I factor DNA was determined and found to be identical to the 

sequence of the w 	element. 

The right hand end was cloned by digesting the bx 
F31 

 clone 

with Hindliti and EcoRI and ligating the fragments into Hindill/EcoRl-

cut mplS. This was transformed into NM522 and white plaques were 

screened with p1771. Positives were sequenced using the right end-

specific primer DF3. Fifty-nine bp of I factor sequence was obtained 

and found to be identical with the w 	sequence. This element 

has 6/7 TAA triplets and a target site duplication of 10 or 13bp (Fig. 

4.3). 

4.8 The w 
IR7 

 mutation 

The w 
1R7 

 mutation is a deletion mutation rather than an 

insertion. It is a large deletion which starts within the 0.86kb Sail 

fragment of the white gene and extends an unknown distance 

rightwards (Sang et al.. 1984; Fig. 4.1). The roughest gene is 

probably included in the deletion however as w IR7  fails to 

complement roughest mutations. The DNA had not previously been 

fli 



cloned and hence was done so as described below. 

In order to select a suitable restriction enzyme with which to 

construct a genomic library, i.e. one which generated a fragment 

containing the breakpoint of a clonable size, w IR7 DNA was 

restricted with Hindill, EcoRI, Sail and BaxnHI. The digests were 

electrophoresed on an agarose gel and then transferred to 

nitrocellulose by the Southern blotting technique (Chapter 2). The 

filter was probed with p154 (Fig. 3.1) and the result is shown in 

Figure 4.12B. EcoRI generated a fragment of the most suitable size 

(7.6kb). This digest is in fact a partial, the 7.6kb band is the lower 

of the two bands in the EcoRI track. 

Genomic DNA was restricted with EcoRI and ligated with EcoRI-cut 

?NM1149. The resulting molecules were packaged in vitro and plated 

on NM514. Approximately 50,000 plaques were screened using p1769 as a 

probe, and five potential positives were found. These were picked, 

plated to give single plaques and rescreened with p1769. One plate had 

plaques hybridising with the probe. Two plaques were picked from this 

plate and plate lysates made from them. Liquid lysates were 

subsequently made and the DNA extracted from the phage. To check the 

inserts were of the right size these phage (called X1425 (Fig., 4.13)) 

were restricted with EcoRI and the fragments electrophoresed on an 

agarose gel. The result is shown in Figure 4.12C. 

To subclone the deletion breakpoint into M13, X1425 was cut with 

EcoRI and Sail and ligated into EcoRI/SalI-cut mp18. Following 



Figure 4. 12 

Southern blot of HindIII-cut Canton S DNA (track 1), w IR7 

(track 2) and w IRS (track 3). The filter was probed with p1769. 

The Canton S digest is partial, only the 9.1 kb band should be 

present. The 6.9 kb band in the w IRS track is the fragment which 

contains the deletion breakpoint. 

Southern blot of the following digests: Canton S cut with HindIII 

(track 1) 	1R7 cut with HindIII, BamHI, EcoRI, Sail (tracks 2-5 

respectively). The filter was probed with p154. The Canton S digest 

and w 	(EcoRI) and w IR7 (SalI) digests are partials. The 

7.6 kb EcoRI fragment (track 4) contains the w 	deletion 

breakpoint and is of a suitable size to clone into )..NM1149. 

Restriction digests of X1425 (w IR7 ) and X1426 (w 
IRS  ) to check 

insert sizes. Track 1, lambda HindIII markers. Tracks 2 and 3, X1425 

cut with EcoRI. Tracks 4 and 5, X1426 cut with HindIII. Expected 

insert sizes of 7.6 kb (X1425) and 6.9 kb (I426) are indicated. Track 

5 shows the small insert in the second X1426 clone. 
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Figure 4. 13 

Map of clone X1425. Open box represents white DNA up to the deletion 

breakpoint. Cross-hatched box represents DNA on the other side of the 

breakpoint and is of unknown origin. Single line represents lambda 

arms. 

Symbols:- R, EcoRI; 5, Sail; H, Hindill. 



X1425 

?kb 

0 	 2kb 

Figure 413 	 1 	1I 



transformation of NM522 white plaques were picked and screened with 

pCS 155. Positives were picked, templates made and sequenced from the 

SalI site. This is the Sail site which is 93bp to the left of the I 

factor insertion hotspot. By comparing the sequence of the w IR7  

clone with that of the published white sequence (O'Hare et al, 

1984) the breakpoint was identified 358bp to the right of the Sail 

site. The sequence of the breakpoint is shown in Figure 4.14. There is 

no evidence of the break having occurred as a result of I factor 

activity. There is no remnant of I factor sequence, no sequence 

duplication which may have been left behind after an abortive 

integration event, and the breakpoint does not correspond to the 

insertion hotspot. The possibility of I factor involvement cannot be 

ruled out, however. 

4.9 The w 
1R8 

 mutation 

The w IR8  deletion had been mapped by Sang et al. (1984). It 	- 

appeared to have removed most of the CS155 and CS156 white DNA. 

Although the middle Sail site of the three in this region was thought 

to have been deleted the two outer sites were thought to remain, as 

the sizes of the adjacent Sall/HindIll fragments (1768 and 1769) were 

the same as in a wild type strain. The deletion was measured at 

approximately 2.5kb. 

In this project the size of the deletion was remeasured by 

digesting genomic w IRS  DNA with Hiridill, running the fragments 

on an agarose gel and transferring the DNA to a nitrocellulose filter. 

du 

The blot was probed with p1769, and the 9.1kb parental band (the lower 



Figure 4. 14 

Sequences of the deletion breakpoints in w 1R7 , w 
1R8 

 and the 

IRS lambda deletion. All three are shown in relation to the wild-

type white sequence. The breakpoints are indicated by arrows. 



12360 	12370 	12380 	12390 	12400 	12410 	12420 

	

8(X) 	ACCCTTCTTA GTTTTTTTCA ATGAGATGJA TAGTTTCAT GCAGTGGACG CCAGAAAATT AAG 

	

IR8 	
ACCCTTCTTA GTTTTTTTCA ATGAGATGTA TACTTTATAG TTTTGCITT ATATATACAA ACATACATCT 

ACCCTTCTTA GTTTTTTTCA ATGAGATGTA TAGTTTATAG TTTTCCAGAA AATAAATAAA TTTCATJJAA 
WI ---------+ ---------+ ---------+ ---------+ ---------+ ---------+ ---------+ 

TGGGAAGAAT CAAAAAAAGT TACTCIACAJ ATCAAATATC AAAACGTCTJ TTATTTATTJ AAAGTAAATT 

AIATAIATAI GTATATAT TACTCTACAJ AICAAATATc AAAACGICTT TIATTIATTI AAAGTAAATJ 

Figure 4.14 



band of the Canton S digest in Figure 4.12A) is replaced by a 6.7kb 

band, equivalent to a 2.4kb deletion. 

To construct a genomic library, w IR8 DNA was cut with HindIll 

and ligated with Hindlil-cut ANM1149. Resulting molecules were 

packaged in vitro and plated on NM514. Approximtely 50,000 plaques 

were screened with p1769 and four potential positive plaques were 

found. These were picked, plated out for single plaques and rescreened 

with p1769. Two positive clones were detected from which plate lysates 

and subsequently liquid lysates were made. The DNA was extracted and 

cut with Hindill to check the size of the inserts. One clone (X1426.1) 

had an insert of the correct size (6.7kb) but the other clone 

(X1426.2) had a much smaller insert (see Fig. 4.12C) and was not used 

for further experiments. 

X1426.1 was subcloned into M13 by restricting the clone with Sail 

and ligating the fragments into Sail-cut mp18. White plaques recovered 

following transformation of NM522 were screened with a probe 

containing pCS155 and pCS156, to detect the small fragment expected to 

be present (fragment 'A' in Fig. 4.15B). Three positive plaques were 

found and these were picked, templates made and sequenced. All three 

of these M13 clones started from a Sail site within the lambda DNA. It 

was presumed that these fragments were due to a partial digestion and 

represented fragment 'B' shown in Figure 4.15B. To sequence the 

white DNA which was presumed to be at the far end of the fragments 

cloned in M13, the orientation of the fragments were reversed using 

the clone turn-around method described in Chapter 2. 



Figure 4.15 

Diagram to illustrate the expected structure of the wIR8 deletion 

and the actual structure. 

The wild-type white sequence showing the three Sail sites, 

numbered 1, 2 and 3. The Hiridill sites used to clone this region into 

)¼NM1149 are shown. 

Expected structure of the lambda clone showing the proposed 

deletion between Sail sites 1 and 3. Open box represents white DNA 

and the single line represents the lambda arms. A Sail digest of the 

clone was expected to generate fragments 'A' and 'B'. 

Actual structure of the w 1R8. deletion, as deduced from clone 

X1426. Only Sail site number 3 remains in the white DNA, sites 1 and 

2 are in the deleted region. 

Symbols:- H, Hindlil; S, Sail; B, BamHI. 
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Twelve templates were prepared from each of the three reversed 

clones. Of these only one was found to start within recognisable 

white sequence. This clone started at the Sail site at the right of 

CS155 (site 3 in Fig. 4.15A). However, the sequence did not change 

from CS155 sequence to CS156 sequence after a few bases as expected 

but instead matched CS155 sequence for 516bp. At this point the 

sequence changed, but not to CS156 sequence. white-specific primers 

DF5 and DF6 were used to sequence this fragment (see Chapter 2). DF6 

did not work however as this sequence occurs after the breakpoint. 

The structure of this clone was interpreted in the following way. 

The deletion starts within CS155 and must end within 1769 sequence at 

a distance from Sail site 1 (Fig. 4.15A) equivalent to the distance 

from Sail site 3 of the breakpoint. This would generate a fragment 

homologous to probe p1769 of the same size as the parental 1769 

fragment and hence would explain the result of the blot in Sang et 

al. (1984). The structure of the clone \I426.1 is therefore proposed 

to be as shown in Figure 4.15C. 

To try and find the sequence on the other side of the breakpoint 

within 1769 DNA the insert from p1769 was cloned into mp19 and 

sequenced from the Sail site. The site of the breakpoint should occur 

approximately 500bp from the Sail site and indeed was not found within 

the 350bp sequenced. A primer was made (DF7 - see Chapter 2) which 

matched the sequence beyond the breakpoint in w IRS  and hence 

should prime the 1769 template. When this was tried however no priming 



occurred. As the primer sequence did not match white DNA it was 

tested against lambda sequence using the tJWGCG program FIND, and was 

found to correspond to bases 35074 to 35088 of lambda. Presumably this 

deletion occurred either in the initial subcloning from the lambda 

clone or in the clone-turn around. 

In order to clone the genuine w'18  deletion breakpoint A1426.1 

was digested with SalI and Hindill and ligated into Sall/Hindlil-cut 

mp19. Templates were made from white plaques found following NM522 

transformation and these were sequenced from the SalI site and using 

primers DF5 and DF6. DF6 again did not prime. A breakpoint was found 

only lObp from the first (between bases 12397 and 12398) and the 

sequence beyond it did not correspond to lambda. It was therefore 

presumed to be white sequence, although this has not been proven. A 

primer made specifically for 1769 sequence, derived from the sequence 

already obtained, should enable the proposed site of the breakpoint 

within 1769 to be sequenced. 

An examination of the breakpoint, the sequence of which is shown 

in Figure 4.14, gives no indication of I factor activity. As with 

1R7 however this cannot be excluded. The three deletion 

breakpoints, w 1R7 , w 
1R8 

 and w 
IRS 

 /laxnb d, have all occurred 

within 30bp of one another. This suggests that this may be a deletion 

hotspot although the reason for this is not apparent. If this were 

true then it could be this feature of the sequence, rather than I 

factor activity, that was responsible for the generation of the w IR7 

and w 
1R8 

 mutations. 



4.10 Summary and Discussion 

The sequence of both the ends and the flanking DNA has been determined 

for seven I factors and the following conclusions can be drawn. 

Firstly, there is a high degree of sequence conservation between 

different I factors. Within the first llObp of the left end only one 

base was found to be variable (the third base). Where more sequence 

data was available only one other base was found to differ from the 

IRl sequence (base 125 of 	At the right end approximately 

210bp of sequence was determined for the majority of the elements. No 

changes were found in any element. Because most of these sequences lie 

outside coding regions of the I factor it is perhaps surprising that 

the degree of conservation is so high. This may reflect a functional 

constraint on sequence changes suggesting that non-coding regions may 

be of some importance. 

Secondly, the number of T.A triplets at the right hand end of the 

I factor is variable. So far elements with 4 (possibly), 5, 6 and 7 

have been found. The nature of this tail will be discussed in the next 

chapter. 

A third feature of note is the variation in size of the target 

site duplication between different elements. The majority of 

transposable elements in Drosophila duplicate a number of bases 

which is characteristic for each family. So far only the retroposons 

have been found to duplicate a variable number (Rogers, 1985; Weiner 

(et al., 1986). It is possible that retroposoris do not possess a 



specific integration mechanism but instead take advantage of random 

breaks in the chromosomes. It seems unlikely that I should integrate 

via such a mechanism however, as an insertion hotspot is known. More 

likely, the mechanism whereby staggered nicks are generated may not be 

as precise as for other elements. 

The presence of an insertion hotspot implies that some feature of 

the sequence is recognised by the integration mechanism. The sequences 

of the duplications flanking the seven elements (Fig. 4.3) were 

compared in of der to detect any homology between them and to try to 

derive a consensus sequence. With the exception of w1,w IR3 

1R4 
and w 	however they are quite different from one another and 

the only conclusion which can be made is that all the sequences tend 

to be AJT rich. It is possible that it is not the sequence of the 

target site itself that is recognised for integration but a sequence 

further away or possibly secondary structure of the DNA. 

Finally, the positions of the I factor insertions and the deletion 

breakpoints have been mapped precisely within the white gene and 

some correlation of the genotype and phenotype of these mutations can 

be made. The white-eyed phenotype of w 	and w 	is readily 

explainable by the deletion of white coding sequences. All the 

insertions have occurred within non-coding regions and hence their 

effects are probably due to interference with the correct processing 

of the white 1A. Some eye colour remains in these flies which could 

be explained either by a low level of RNA being correctly processed or 

all the RNA being aberrantly processed and coding for a product which 



has only partial activity. The effects seem to be different according 

to the position of the I factor within the gene. Strains w IRl wIR3  

and w 	have brown eyes but the degree of pigmentation is 

temperature sensitive. The eyes are lighter when the flies are placed 

at 25°C than they are at 20°C. This could be explained by a product 

being made from the white gene which has a temperature sensitive 

conformation, possibly due to the incorporation into the protein of 

some I factor-encoded amino acids. Alternatively the RNA itself may be 

sensitive to temperature. 

The other strains (w 1R2 , w 
1R5 

 and w 
1R6) 

 also have brown 

eyes, but in these flies the eye colour is not temperature sensitive. 

The effect of the w IR2  insertion is of particular interest as it 

causes partial restoration of eye colour in w flies. The 

insertion lies between the white promoter and the coding sequences. 

It seems unlikely that the I factor itself could be providing an 

alternative promoter as there would still be several kb of foreign DNA 

(the w element) between the promoter and the start of the white 

coding region. It is possible that a low level of white transcripts 

are spliced to remove the insertions, but the mechanism whereby a 

secondary insertion could cause such an event is unknown. 

be 



CHAPTER 5 

Discussion 



5.1 Summary 

The DNA sequence of one complete and functional I factor has been 

determined. In addition the ends of several other I factors have been 

cloned and sequenced. 

The I factor is 5.4kb long, has no terminal repeats and is flanked 

by a target site duplication of variable size. At the right hand end 

(the 3' end) of the element there is a run of TAA triplets, the number 

varying between elements. Two long open reading frames are found 

within the sequence, both on the top strand. The shorter of these 

(ORF1) encodes a protein which contains homology to a sequence motif 

characteristic of retroviral gag proteins and which may be involved 

in binding nucleic acids. The larger open reading frame (ORF2) encodes 

a protein with features common to reverse transcriptases. 

In structure the I factor resembles the class of transposable 

elements known as retroposons. These elements are thought to transpose 

via reverse transcription of an RNA intermediate. The finding of a 

reverse transcriptase-like protein encoded by the I factor provides 

further evidence for the relationship between the I factor and 

retroposons. Particularly good homology has been found between the 

putative reverse transcriptases of the I factor and mammalian LINE 

elements, leading to the suggestion that the I factor may represent a 

Drosophila equivalent of a LINE. 



5.2 The TAA tail 

Retroposons are characterised by the possession of an A-rich tail. The 

TAA triplets found at the right-hand end of the I factor seem unlikely 

to constitute a poly A tail of this sort because of the repetitive 

nature of theTAA motif. It is hard to see how this could be a 

degenerative poly A tail, especially as all the I factors looked at 

here had tails of the same structure differing only in the number of 

triplets. In addition there is no polyadenylation site at an 

appropriate distance from the right-hand end of the I factor which 

could be used to poly-adenylate a full length message. The closest 

polyadenylation site is 79bp upstream of the first TAA triplet and 

hence is too far away. It is possible that the TAA repeats are an 

integral part of the I factor and that the number increases or 

decreases as a result of unequal recombination between elements. 

Alternatively the number of triplets could vary as a result of 

integration of the element into genomic DNA. Integration probably 

occurs at staggered nicks and during the subsequent polymerisation and 

ligation to generate an integrated element flanked by direct repeats 

slippage could occur and generate or remove TAA triplets. Another 

possibility is that the triplets are not an integral part of the 

element but are added to transposition intermediates in a manner 

analogous to that of telomere expansion in Tetrahymena (Greider & 

Blackburn, 1985). This would require an enzyme system not yet 

identified in Drosophila. 

5.3 The mechanism of transposition 

Based on observations from the sequence data a possible transposition 

mechanism can be proposed. This mechanism is, as yet, highly 



speculative. 

The first step of a transposition cycle involving reverse 

transcriptase would be the generation of a full length RNA. It is 

assumed that the strand copied would be the same as that used for 

expression of the two open reading frames as this is in keeping with 

the proposed mechanism for retroposons as well as for retroviruses and 

copia-like elements. Transcription would therefore start at the left-

hand end of the element and terminate at the right-hand end. It is 

unclear which of the three RNA polyrnerases (I, II or III) would be 

used to transcribe the I factor. As has been discussed elsewhere an 

internal promoter would be essential for an element to be capable of 

more than one transposition event. Polymerase III transcription units 

have to date all been found to contain internal promoters, known as 

the "A" and "B" box sequences (Galli et al., 1981; Rogers, 1985) 

within the first 200 bp of the gene. These boxes are not present 

within the first 200bp of the I factor so it would appear that pollil 

is not used. In-addition several runs of four or more T residues are 

found in the non-coding strand, known to be p01111 termination signals 

(Bogenhagen & Brown, 1981). The promoters for both poll and p0111 

transcription units both precede the gene and hence are not included 

in the transcript. It would seem that for an element with no internal 

promoter to be capable of transposition it would have to insert 

fortuitously after the promoter of a gene. This is not the case for 

IR1 however as the element has not inserted near the white 

promoter, and is in the wong orientation for a white transcript to 

read through the I factor on the correct strand. It is possible that 



the I factor carries a novel internal poll or polli promoter, or a 

polill promoter which does not conform to the canonical "A" and "B" 

boxes. In any of these cases the promoter would be carried with the 

element when it transposed. 

Loeb et al. (1986) have sequenced one complete LINE from the 

mouse (L1Md.A2) and the 5' (left-hand) end of a second element. These 

LINEs contain 
42/3 

 and 12/3  copies of a 208bp direct tandem repeat 

respectively at their 5' ends. They propose that these repeats contain 

promoter sequences and that transcription starts from within one of 

the repeats. Although the L1Md sequence preceding the promoter will be 

lost upon transcription, Loeb et al. (1986) suggest that 

recombination between elements containing different numbers of repeats 

could restore extra copies. Human and rat LINEs and the I factor 

contain no such repeats and hence promotion must be explained by an 

alternative means such as a novel internal promoter. 

Once the full length RNA has been made, the second step of the 

transposition cycle would be reverse transcription of the RNA. This 

process requires a primer, which could be provided by the 3' end of 

the RNA folding back on itself or by the binding of another RNA 

molecule, such as a tRNA, to the 3' end. Both these possibilities have 

the disadvantage that sequence would be lost from the 3' end. It is 

possible that transcription does not stop at the end of the I factor 

but carries on into the adjacent sequence until an appropriate stop 

signal is reached. If this is in an AJT rich region then the end of 

the RNA may be able to pair with the TA.A triplets at the end of the I 



factor and thus act as a primer. This sort of mechanism has been 

proposed for the Alu-type retroposons (Rogers, 1985). It has already 

been noted that I factors seem to insert preferentially into AlT rich 

regions, this may be as a result of requirements for transposition. 

The next step would either be integration of the DNA/RNA hybrid 

into the genome, or removal of the RNA and synthesis of the second DNA 

strand prior to integration. For the latter mechanism to be employed a 

second primer would be needed. Again this would have the disadvantage 

that sequence would be lost, this time from the left end of the 

element. It should be noted that LINE elements with truncations at the 

left hand end are frequently found (Singer & Skowronski, 1985) and 

defective I elements have more often lost sequence from the left end 

than the right end (Bucheton & Vaury, unpublished observations). 

Whether this is as a consequence of transcription starting in the 

wrong place or reverse transcription terminating prematurely is not 

known, but it would argue against the use of a primer to generate a 

second DNA strand as frequently the primer binding site would be 

missing. The former mechanism (integration of a DNA/RNA hybrid) would 

seem to be the more viable alternative, therefore. 

The final step of the transposition cycle, then, would be 

integration of the element into the genome. This may be an element 

encoded function analogous to the retroviral integrase enzyme, 

although as yet no such gene has been identified in the I factor. 

Integration is unlikely to occur by a random mechanism, such as at 

random nicks in the chromosome, as an insertion hotspot is known. 

1j I 



Clearly much experimental work is necessary to elucidate the 

mechanism of transposition. In particular it would be advantageous to 

isolate the full length RNA to see whether the 5' and 3' ends 

correspond to the ends of the I factor or whether transcription 

includes flanking sequences. The major problem may be to isolate 

sufficient quantities of RNA. It is likely that full length 

transcripts are only made in the germ cells of dysgenic females, as it 

is known that the elements can only transpose under such conditions. 

Each step of the transposition cycle of copia-like elements has 

been identified and all transposition intermediates have been detected 

(Archipova et al., 1986). The mechanism in principle is analagous to 

that of retroviruses. The mechanism employed by the I factor must be 

quite different as I has no terminal repeats, features crucial to the 

generation of first and second strand DNA molecules of retroviruses. 

5.4 The role of an I factor repressor 

It has been established that the transposition of I factors within I 

strains, if it occurs at all, occurs at a very low frequency. In 

contrast, when I factors are introduced into R strains transposition 

occurs at a relatively high frequency. Two hypotheses have been 

advanced to explain this, the active induction of transposition by 

factors present only in R strains or active repression by factors 

present only in I strains. The finding of a possible nucleic acid 

binding protein encoded by the I factor seems to favour the latter 

hypothesis. There are several possibilities for how such a repressor 



could work. If, for example, it could bind to DNA, transposition could 

be prevented by binding of the repressor to the reverse transcriptase 

promoter or to the promoter for the full length RNA. It is possible 

however that preventing production of reverse transcriptase alone 

would not prevent transposition completely as other transposable 

elements (the copia-like) produce such an enzyme which may reverse 

transcribe other PNAS. If the repressor binds RNA then binding to the 

full length RNA to prevent reverse transcription would inhibit 

transposition. The role of the putative repressor could be 

investigated using a transformation system. Preliminary data obtained 

from injection of functional I factors (cloned into the P element 

vector) into R strain embryos suggests that transformed flies exhibit 

some properties of I strains, such as induction of dysgenesis when 

crossed with an R strain (Pritchard, Dura, Pelisson & Finnegan, 

unpublished data). The establishment of I cytotype in the 

transformants has not yet been demonstrated, however, but would be 

expected as the introduction of I factors into R cytoplasm (a dysgenic 

cross) leads to rapid cytotype switch to the I type. The potential 

repressor gene could be mutated, for example, by altering the 

conserved CX2CX4HX4C motif, and the element then injected into R 

strain embryos. Subsequent transposition of the I factor and no 

establishment of the I cytotype (assuming that this can be 

demonstrated with an urimutated I factor) would be some evidence for 

the involvement of the gene product in regulation of I factor 

activity. 

The alternative hypothesis, that R strains induce transposition, 



cannot be ruled out however. It is possible that the repressor does 

not repress the I factor itself but represses the inducer. This may be 

an unnecessarily complicated explanation, especially in view of the 

proposals that R strains are derived from I strains by loss of 

functional I factors, or that I strains are derived from R strains by 

restoration of I factor function. 

5.5 Germ line and female specificity of I factor transposition 

One feature in common between the IR and PM systems of hybrid 

dysgenesis is the restriction of transposition to the cells of the 

germ line. In IR dysgenesis transposition occurs only in the germ line 

of hybrid females. 

In the PM system Laski et al. (1986) performed experiments to 

distinguish between the possibilities that tissue-specific promotion 

or splicing were responsible. They found that the first three open 

reading frames of the P factor (ORFO, ORF1 and ORF2) are spliced 

together in somatic tissue but that the splice between these three 

open reading frames and the fourth (ORF3) only occurs in the germ 

line. As all four open reading frames are required for a functional 

transposase, such an enzyme will be found only in the germ line. 

The same possibilities can be applied to the I factor. The two 

open reading frames could be spliced together, either from an RNA made 

from a promoter immediately preceding ORF1 and ending just after ORF2, 

or alternatively they could be spliced from the full length RNA. This 

seems unlikely as a computer search found no suitable splice donor and 
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acceptor sites (Mount, 1982) within the open reading frames. Splicing 

cannot be ruled out however as it has not been proved that variations 

of the splicing signals cannot sometimes be recognised. 

One of the putative I factor promoters, either for ORF2 or for the 

full length RNA, may be tissue specific. If this is the case then I 

factor transcripts would not be expected to be found in somatic 

tissue. This is difficult to investigate however as there are so many 

defective I elements in all D. melanogaster strains which could give 

rise to non-functional RNA, either from promoters within the remaining 

sequences or from promoters in flanking sequences. Unfortunately there 

are no R strains equivalent to the M strains which completely lack P-

homologous sequences. It may be possible to inject a functional I 

factor into one of the more distantly related Drosophila species 

which contain no I factor homology (Bucheton et al., 1986) and to 

investigate the distribution of I factor transcripts in the tissues of 

transformants. 

Another possibility for tissue specificity is the presence of some 

molecule in the germ cells only, such as an RNA which could act as a 

primer for reverse transcription. 

Transposition occurs only in the germ line of hybrid females. 

Lavige (1986) has suggested that events which occur during oogenesis in 

SF females are responsible for the developmental arrest of their 

progeny. It is probable that some aspect of the biochemistry of 

developing oocytes facilitates I factor transposition. 
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5.6 Hybrid dysgenesis in other species 

The apparent relationship between the I factor and mammalian LINE 

elements raises the interesting question of whether hybrid dysgenesis 

can and does occur in other species. In theory this would require two 

kinds of strain, analagous to the I and R strains of Drosophila 

melanogaster, i.e. one strain possessing autonomous LINE elements and 

another strain possessing only defective LINEs. Is there any evidence 

for such strains existing among mammals? Every mammalian species 

studied to date has one major family of LINEs, present in many 

thousands of copies per genorne. As yet only one new insertion of a 

LINE element has been witnessed, in the dog (Katzir et al., 1985), 

but some, if not all, of the elements are thought to have transposed 

to their present location because they are flanked by direct repeats. 

Recently Skowronski and Singer (1985) have detected a 6.5kb RNA in 

human tissue culture cells which is homologous to LINE elements. This 

RNA has the structure expected of a transposition intermediate but it 

is not known if it is being made from a functional LINE. So, there is 

little evidence as yet to suggest that LINEs can still transpose, 

except at a very low frequency as only one transposition event has 

been witnessed. This could be because all members of a species contain 

functional LINEs which, like I factors in an inducer strain, are 

repressed and transpose rarely. Alternatively, all members of a 

species may contain only defective LINEs, i.e. they are all the 

equivalent of an R strain. 

There is one example, however, in mice, in which a strain exhibits 



some characteristics of hybrid dysgenesis. It has been shown that 

female mice of the DDK strain show lower fertility when mated with 

males of another strain than when mated with DDK males. In contrast, 

females of other strains show normal fertility when crossed with DDK 

males (Wakasugi, 1973). Reduction in fertility was found to be due to 

embryo death at a very early stage of development. Wakasugi (1973) 

proposed that this was due to some substance present in the cytoplasm 

of DDK females which somehow interacted with the chromosomes of males 

of different strains, but not DDK males. It was later demonstrated 

(Wakasugi, 1974) that the chromosomal factor carried by the 

spermatazoa, and the cytoplasmic factor carried by the egg, were both 

determined by autosomal genes and furthermore that these genes were at 

the same locus or very closely linked. Although other suggestions have 

been put forward to explain this interaction (Wakasugi, 1974) it could 

be explained as a sort of hybrid dysgenesis. DDK mice could be 

analagous to a D. melanogaster R strain, and the strains which 

interact with DDK mice could be the equivalent of I strains. The 

induction of sterility is compatible with a dysgenesis system, 

although no other features, such as a higher mutation frequency, have 

been reported. Mutations may not be seen, however, as the frequency of 

I factor-induced mutations is only approximately 100-fold higher than 

the spontaneous mutation rate. 

It should be noted that there is an important difference between 

Drosophila hybrid dysgenesis and the potential system in the mouse. 

In Drosophila transposition is limited to the germ line, hence it is 

the hybrid progeny which exhibit reduced fertility. In the mouse 



reduced fertility is seen in the first cross, hence if transposable 

elements are involved they must be able to transpose in somatic 

tissues. 

Experiments are underway to see whether DDK mice contain LINE 

elements (D. Finnegan, unpublished data), and if they do whether there 

are any obvious differences between DDK mice and other strains, such 

as a disparity in element copy number, or a lack of full length 

elements. 

5.7 The variety of reverse transcriøtases 

Proteins showing homology to reverse transcriptase have been 

identified from a variety of different sources. The enzyme was first 

discovered in retroviruses and it was proposed that reverse 

transcriptase was originally a cellular gene which had been 

incorporated into a viral genome when retroviruses were first being 

formed (Temin, 1980; Flavell, 1981). Since this first discovery genes 

coding for reverse transcriptases have been identified in Drosophila 

copia-like transposable elements, yeast Ty transposable element, 

mammalian LINEs, fungal c1ss II mitochondrial introns, cauliflower 

mosaic virus, hepatitis B virus and now in the Drosophila I factor. 

One question raised by these findings is, are all these reverse 

transcriptases related and undergoing divergent evolution, or did the 

genes arise independently and are undergoing convergent or parallel 

evolution because they carry out a similar function? It is clear that 

at least in the case of retroviruses, 2221a-like elements and Ty 

elements, the similarities go too far beyond the mere possession of a 



related gene for there to be no closer relationship. The status of the 

other reverse transcriptase genes is less clear, but the degree of 

homology between them is more suggestive of a distant common ancestor 

than of independent origins. The discovery of a cellular reverse 

transcriptase, the putative common ancestor, has not yet been made but 

if such a gene were to be found it would make the possibility of a 

common origin seem more likely. 

Another point of debate is whether reverse transcriptase has any 

function within the cell other than for viral replication or element 

transposition. It is difficult to think of any process within the cell 

for which reverse transcriptase would be required. It is possible that 

reverse transcriptase evolved as part of a transposable element and 

has no direct role within the cell, and probably never had. The 

consequences for a cell possessing a reverse transcriptase may be 

trivial or possibly even advantageous. Baltimore (1985) has suggested 

that such an enzyme activity could play a part in genome evolution. 

Assuming that reverse transcriptase could occasionally copy cellular 

PNA5, the resulting cDNAs could, by recombination and gene conversion, 

result in genes which contained fewer, or no, introns. These genes 

could be functional as the promoter would still exist. This is 

distinct from integration of the cDNA itself into the genome to 

generate a pseudogene which would not possess a promoter (except on 

rare occasions). 

The role of reverse transcriptase within fungal mitochondria is 

unclear. The open reading frames containing the reverse transcriptase 



homology are clearly under selective pressure as usually intron 

sequences evolve at a relatively high rate. There may be reverse 

transcriptase activity in the mitochondria. Several instances of clean 

excision of introns have been noted in S. cerevisiae, presumed to be 

due to recombination and gene conversion between the mitochondrial 

gene and the CDNA (Flavell, 1985). In addition, circular DNA molecules 

have been isolated from P. anserina which are identical to one of 

the mitochondrial introns which contains reverse transcriptase 

homology (Michel & Lang, 1985). As yet no biological function has been 

ascribed to this enzyme, if indeed it is active within mitochondria. 

It is not known whether this gene is cellular (the putative 

"ancestral" gene) or whether it was carried into the mitochondria by a 

viral horizontal transmission event. 

Toh et al. (1985) have suggested a common ancestor not only for 

retroviruses and copia-like elements but also for the hepatitis B 

group viruses and cauliflower mosaic viruses, based on protein 

sequence homologies. They propose the hepatitis B group viruses to be 

the most divergent as they show homology only in the reverse 

transcriptase region. CaMV on the other hand shows a closer 

relationship having homology to retroviral reverse transcriptase, 

protease and nucleic acid binding domain (the CX2CX4HX4C motif) (Toh 

et al., 1985; Covey, 1986). The double stranded, circular DNA form 

of retroviruses (the integration substrate) could be analagous to 

these double stranded DNA viruses except that both HBV and CaMV lack 

LTR structures. 



If the majority of reverse transcriptase-containing sequences can 

be explained by a common ancestor, could the I factor and mammalian 

LINES be fitted into such a model? Homology has been found within the 

I factor to both the retroviral reverse transcriptase and also to the 

gag-specific nucleic acid binding motif. It is therefore tempting to 

suggest that once again there is a common ancestor and that the two 

types of element evolved in different ways, utilizing the same enzyme. 

Alternatively one type of element could have evolved from the other, 

either by loss of LTRs to form the I factor, or more probably, by 

evolution of LTR5 to form retroviruses. LINES show less homology to 

retroviruses than does the I factor, for example there is no nucleic 

acid binding domain homology. Nevertheless a similar event could have 

occurred, or the event could have occurred only once to generate a 

LINE element which was the ancestor of both the mammalian LINEs and 

the Drosophila I factor. 

Although there appears to be an evolutionary relationship between 

these viruses and transposable elements this could also be explained 

by several independent events whereby a reverse transcriptase gene was 

combined with other genes (nucleic acid binding proteins, proteases, 

etc.) to form various different viruses or transposable elements. 

Successful combinations may then have proliferated, and could have 

arisen more than once in different forms. 

5.8 Concludinq Remarks 

The sequencing of a functional I factor has generated a good deal of 

information, including the structure of the element, coding capacity 
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and probable nature of the gene products. This has allowed the 

proposal of a likely transposition mechanism. There is still much that 

needs to be done to check the validity of these proposals however. I 

factor-specific transcripts need to be isolated and characterised, for 

example by primer extension analysis to map the start of transcription 

of the full length RNA and also of the two open reading frames. 

Likewise the products of the two open reading frames need to be 

isolated. The product of ORF2 needs to be tested for reverse 

transcriptase activity. The product of ORF1 needs to be tested for 

nucleic acid binding activity and, if it possesses this, potential 

binding sites on the DNA or RNA should be identified, by footprint 

analysis or S1  protection. 

An embryo transformation system for the I factor would be 

invaluable for studying the effects of in vitro manufactured I 

factor mutants. Promoter mutations, open reading frame mutations, 

mutations of the TAA triplets (such as complete removal) could be 

studied, as well as the nature of tissue specificity. If the tissue 

specificity could be overcome it may be possible to induce 

transposition in Drosophila tissue culture cells, from which greater 

amounts of transcripts, proteins and possibly transposition 

intermediates could be isolated than from the flies themselves. 

Some of these experiments are already underway in this laboratory 

and should result in a much fuller understanding of this unusual 

transposable element. 
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Summary 

I-R hybrid dysgenesis in D. melanogaster is controlled 
by transposable elements known as I factors. We have 
determined the base sequences of one complete I fac-
tor and the ends of six others. The ends of these ele-
ments are highly conserved and are flanked by target 
site duplications varying in length from 10-14 bp. 
There are no terminal repeats, and the 3' end of one 
strand is A-rich, having 4-7 tandem repeats of the se-
quence TAA. This sequence organization is similar to 
that of mammalian LINEs, or Li elements. The com-
plete I factor sequence contains two long open read-
ing frames, ORF1 and ORF2, of 1278 and 3258 bp. 
ORF1 encodes a possible nucleic acid-binding pro-
tein, and part of the amino acid sequence of ORF2 is 
similar to that of viral reverse transcriptases and poly-
peptides encoded by Li elements. These results sug-
gest that I factors transpose by reverse transcription 
of a full-length RNA. 

Introduction 

Hybrid dysgenesis is the production of abnormal charac-
teristics in the progeny produced when particular strains 
of Drosophila melanogaster are crossed in an appropriate 
fashion. These traits include partial or complete sterility 
and increased frequencies of mutations and chromosome 
rearrangements. There are two independent systems of 
hybrid dysgenesis, P-M and I-R. P-M dysgenesis is pro-
duced by crossing M, maternal, strain females with P, 
paternal, strain males. In the l-R system A, reactive, strain 
females must be crossed with I, inducer, strain males. The 
progenies of the reciprocal crosses are apparently normal 
in each case (Kidwell, 1983; Bregliano and Kidwell, 1983). 

The characteristics of P and I strains are controlled by 
transposable elements called P factors and I factors, 
respectively. These elements are activated when they are 
introduced into the cytoplasmic background of an M 
strain, in the case of P factors, or an R strain, in the case 
of I factors. This is believed to reflect the presence of 
regulatory molecules, which are produced by P or I factors 
and which are not present in the nuclei of M or R strains. 

We have identified the I factor by analyzing the molecu-
lar lesions associated with eight white gene mutations, 

* Present address: Institute of Animal Physiology and Genetic Re-
search, Roslin, Midlothian EH25 9PS. 
tpresent address: John Innes Institute, Colney Lane, Norwich NR4 
7UH. 

wlRl_a, produced in I-A dysgenic females (Bucheton et 
al., 1984; Sang et al., 1984). Two of the mutations, w 7  
and w 8, determine a bleached white phenotype and are 
due to deletions of part of the white gene. The remaining 
six mutations determine colored eye phenotypes and 
have indistinguishable 5.4 kb elements inserted within the 
white gene. We believe that these 5.4 kb elements are I 
factors since several of these mutations are closely linked 
to I factor activity (Pelisson, 1981; Bucheton et al., 1984; 
Pelisson, personal communication) and complete 5.4 kb 
elements are only present in DNA from inducer strains 
(Bucheton et al., 1984). 

We have now determined the base sequences of all of 
the I factor associated with the w11  mutation and of the 
ends of the I factors associated with mutations wIR2_6.  

The structure of these elements is highly conserved and 
differs markedly from that of the P factor (O'Hare and 
Rubin, 1983) and most other transposable elements in D. 
melanogaster. The structure of the I factor does, however, 
resemble that of LINEs, or Li elements (Singer, 1982; 
Singer and Skowronski, 1985), found in mammalian ge-
nomes. Like Li elements, I factors encode a polypeptide 
with homology to reverse transcriptases. 

Results 

Sequence Analysis of Dysgenesis-Induced Mutations 
The I factor associated with the WIR1  mutation is with-
in a 6.2 kb Sail fragment (Figure 1; Bucheton et al., 
1984). The complete base sequence of this fragment has 
been determined using the dideoxynucleotide method 
and is shown in Figure 2. The strategy for sequencing is 
shown in Figure 1 and is described in Experimental Pro-
cedures. 

This fragment includes DNA from the white gene corre-
sponding to nucleotides -1535 to -671 on the sequence 
of O'Hare et al. (1984). It differs from that reported for 
strain Canton S (O'Hare et al., 1984) by four base substitu-
tions and two small insertion/deletions in addition to the 
5.4 kb Ifactor insertion. The positions of these differences 
are marked on Figure 2. Only one of them, deletion of the 
G at position -859 in the sequence of O'Hare etal., would 
have any consequence for the coding capacity of the 
white gene. This would correspond to insertion of a C be-
tween bases 5942 and 5943 in Figure 2. The other differ-
ences either are in an intron or alter the third base of a 
codon without changing its sense. We have confirmed 
that the sequence of the wild-type white gene in the stock 
of strain Canton S cloned by Maniatis et al. (1978) is the 
same as that of WIRI at position -859, suggesting that 
the proposed intron/exon structure of the white gene 
(O'Hare et al., 1984) may be incorrect in this region. 

The I factor insertion is 5371 bp long and is flanked by 
direct repeats of a 12 bp target sequence (Figures 2 and 
3). There is no sequence repeated at both ends of the I 
factor in either direct or inverted orientation. We have se-
quenced the ends of the I factors inserted into the white 
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Figure 1. Map of the Sail Fragment from w1m  Showing the Fragments 
Cloned for Sequencing 

Restriction map of the Sail fragment containing the I factor as-
sociated with the wTh  mutation. The thin line represents white DNA 
and the box represents the I factor. The subclones from which frag-
ments were generated for sequencing are shown above the map. The 
sequencing method is described in Experimental Procedures. The se-
quence across the left-hand HindlIl site within the I factor was deter-
mined by sequencing this region of a partial Hindlll digestion product 
cloned from w (Bucheton et al., 1984). The sequence across the 
right-hand HindlIl site was determined by sequencing this region of the 
complete I factor cloned from w3  (Bucheton et al., 1984). The posi-
tions of the two long open reading frames encoded by the I factor are 
shown below the map. 

The long horizontal line represents the Sall fragment shown in (a), 
with the thicker part being the I factor. The short lines above and below 
the horizontal represent regions cloned and sequenced in M13 vectors. 
Regions sequenced in the upper strand (left to right, 5' to 31 are shown 
above the horizontal, while regions sequenced in the lower strand 
(right to left, 5' to 3) are shown below, 

gene on chromosomes carrying mutations WIR2-6,  and 
the results are shown in Figure 3. Each insertion is flanked 
by a target site duplication, although their lengths are 
slightly variable. The I factors associated with mutations 
wwl, WIR3, and WIR4  are inserted at exactly the same posi-
tion and lie within the fifth intron of the white gene (O'Hare 
et al., 1984). The 14 bp duplication flanking the wIR3  in-
sertion contains an extra A with respect to the w (Can-
ton S), w181 , and WIR4  alleles. This extra base may have 
been present in the parental w chromosome before in-
sertion, or it may have been inserted during I factor trans-
position. 

The I factor associated with the w 5  mutation lies 
within the 3'-untranslated region of the white gene. The in-
sertion associated with the WIR6  mutation is within the 
first intron. The sequence organization adjacent to the left-
hand end of this element is complex. The last 3 bases of 
the target site duplication, TAACAACCAG, are the same 
as the first 3 bases of the I factor. They form part of a tan-
dem duplication of the first 6 bases of the I factor, lying ad-
jacent to the insertion and separated from it by the se-
quence AAT (Figure 3). We presume that this structure 
was formed by the enzymes responsible for generating 
the target site duplication during transposition. 

The w182  mutation arose on a chromosome that al-
ready carried the white gene mutation w1  (Sang et al., 
1984). This mutation is associated with an insertion of an 
F-like element (Zachar and Bingham, 1982; O'Hare et al., 
1983). The w 2  I factor lies within the w1  element and is  

flanked by a 12 bp direct repeat. We have determined the 
sequence of the corresponding region of the w1  insertion 
from a clone supplied by K. O'Hare. This indicates that the 
12 bp repeat is a target site duplication. 

Peifer and Bender (1986) have found a spontaneous 
mutation of the bithorax complex, bxF31,  which is as-
sociated with insertion of what appears to be a complete 
I factor. They have kindly sent us a clone of this insertion, 
and we have determined the sequence of its ends (Figure 
3). It is flanked by a direct repeat of 13 bp. We presume 
that this is a target site duplication, although we do not 
know the corresponding wild-type sequence. 

The ends of the seven I factors that we have studied are 
highly conserved (Figure 3). We have sequenced the first 
110 bp of the elements associated with mutations wIR1_5 

and have less extensive information for w 6  and bxF31. 

Only one position varies-the third base, which is T in the 
case of WIRI and ww2,  and G in the case of wIR3_6  and 
bxF31. The last 210 bp of the WIR1-5  insertions are identical 
except for the number of tandem repeats of the sequence 
TAA. Again, we have less information for wiRe  and bxF31, 

but the pattern is the same. We have found elements with 
4-7 TAA5. The number cannot be determined precisely for 
wwl,  WIR6, and bx"31  since, in each case, one copy could 
be part of the target site duplication (Figures 2 and 3). 

The two remaining white mutations, ww'  and WIRB,  are 
associated with deletions (Sang et al., 1984). We have 
cloned DNA including the breakpoints of these deletions, 
and have determined the base sequences surrounding 
them (Figure 4). The length of the wlR7  deletion is not 
known. Its distal breakpoint is between bases 5630 and 
5631 in Figure 2, while its proximal breakpoint is outside 
the white locus and may be proximal to the gene roughest 
(Sang et al., 1984). The ww8  deletion is about 2.4 kb long. 
Its proximal breakpoint is between bases 5601 and 5602 
in Figure 2, and its distal breakpoint is about 400 bp distal 
to the Sail site at position -3050 in the sequence of 
O'Hare et al. (1984). The sequences spanning the break-
points of these deletions are shown in Figure 4. Neither 
of these alleles has any I factor sequences at the site of 
the deletion, so we cannot say whether they resulted 
directly from I-R dysgenesis. 

Coding Sequences within the I Factor 
We have found the positions of methionine and chain-
terminating codons in each of the six open reading frames 
of the I factor (Figure 5). There are only two long open 
reading frames, both going from left to right in Figure 1. 
Their amino acid sequences are shown in Figure 2. They 
are 1278 bp and 3258 bp long and are separated by 471 
bp. The first, ORF1, starts 187 bp from the left-hand end 
of the I factor; the second, ORF2, ends 179 bp before the 
right-hand end. 

Kozak (1986) has found that initiating ATG codons are 
preferentially included in sequences having the con-
sensus ACCATGG, with the A at position -3 and the G at 
position +4 being most strongly conserved. The first ATG 
in ORF1 is the fourth codon and is included in the se-
quence ATCATGA, suggesting that it is likely to be used 
for initiation. ORF2 has ATG as codons 2 and 25, and 
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02 	010ICAACCAC0A0GAGAAAA9000000C 1TAACA0CAAA0ACAACAAT9CC0CTAATCCSGGCTCA4GCC1TA0CC2ACAAtC0CGACAGACCCACCA 

P,oThrl1eMetThrAspProPro 

202 
A0oI1eTyr(yoCJeThrSerLysTTrTyrG1rSerGirLoo01yG1oProLy<PbeI Cel letleLysOng040pArlAseSerPheGloArgThrS 

902 	CAC CAT T 
erProPheJ1eI1eLyoLy<Ser0o1A<pPhe01oCy(0yCiyC1vo1G1oGCy)LyS0rgTflr0rg0spC1yA)e[e([(0I 1eLyThrLyA< 

402 

902 

TyrCy<AnApLeoArgHitleApGAopThrlleL000lGloLeoLy)ProGlnLy900lsenGloval Lys Lys l eMetLysArg01rAsnP 

502 

202 
yTyr010hrV4lAryVlAr-gA<pTynl leProLeoProL ArqCys Lys LyoCyoLeoAr9PheGlyHi sPr019rProl leCyLySerVolGlo 

802 
ThrCysl leAsnCySerOloThrLyoOi <TheA A<pG)yG Ly<Cy<ThrA<nOloLy<A<eCy<LeoA<rnCy<ArgOAProC<uLeo0<pH 

902 

1002 
nHi <1 leTyrPheGlo0rgH G1yPheG1eThrLysAsnThrTynA]oLysThrLeThrA<e01yThnThrG1 nArglhnlhrAsnlhrPnoSerPro 

1102 

1202 

1302 AAPSCCAICTA060CATACTCATC0CAAC {CA080400ALCTAAAAATA08AATCTTCCCTAAAGATAA0700AATAACCTATCCATAAACCTTAM0CA 
gLy<ProsenlhrrhrlyrSer0er0lnLeolhrGloA<pLeuLyoLleLysl lePheProLy<A<pLy<SerA<nA<nLeo5enI leA<eLeoLy,Ala 

1402 
SerLY<LCOLYSA1ILYSA7CHC,LYSASCLY<Hi<TOCASCASCSCCASPS(rOI000nI 1e* 

100? TTTAAGTAAGTTATAAGCTTTAATTTTCTCACAAATGTCCCTAACTATAATCCAATGGAATCTAAAAGGATATCTAAAWCTACAGCCATCTCCTTATT 

1502 CTAATCAA0000TACT000CCCACATAATTTCC010C00000A0000TATACAATACA078070ACAT700A0CCCCAATAAACTACTAACTATTMCAA 

1<02 

1002 TAAATATAGAATCTAAACTTAAATTAAACATATTTTCCACATACATTTCTCCGACCAAAAACATAACTAACCAGACACTCCATAACACATTTAACATACA 

1902 ACMAC0000ICICT4ATTAC00000ATT ITAATOOMGOC4CC8700T00000TCOCCAACAAC?AATA0000000000007800TCATAGATTCA000 
TrpI<etoioProTerTrp0iysenPnoThnThrA<nLy<ArgOlyLysI eThrHi oArgPTeI leA 

2002 
opA<nMetCD <Leol leLeoLeoAonA<pLy<OerProTOrHi<PheSerThrHioA<nThnTynThrHinl leAnpieoThrLeoCySSerPnol leLe 

2102 
oAlIProHioA1aLysTrpLy<lleLeoAsnAspLeoHsC1ySerAopRi)Phe Pro l el IeThnjhrLeoPhePnoThnlhrA<nProTlnL9sPhe 

2202 
Tyr4nyProPhePheLy<LeLynG1oAl aAnnTnpCl oG rcPbeAeAl oLeoTOnH <01 flOrA LyLyoTyrPnoThrSenfli AnVI1A<nL 

2<02 
y<GlAlIAlILeol leA<nArglleI leLeolyn0enAloAoeLeoSenl iePeoG7nTbnSenProA<nThrH<ProTyrAryAalProTrpTrpA< 

2402 TAAACACCTCGACCAATTACGTAAAGAAAAACAACTTGCCTGGAAAAAATTAAACCGCACAATTACTGTTGACAACATTCTAGACTATAGACGCAAAAAC 
eLy)RC)LeoA<pGIrLeoAngLysGloLy<GleLeuAlIlrpLy<LynLeUA<eArgThnllelhrVolA<pAsnl leLeoA<plyrTrgArgLysAsn 

2502 	
TCTTTCAl(IiePheArgTyrGloLeoLy<Ly<ArgLynLy<GloAloSerSerSerPflelhrsenlhnl lehioProlhrlhrProSer0erLy<l eTrpAlA 

2502 ATATAAGA000ITCI0060ACITAACC00009AAACAAAI ICAI00001C400000LCAG1AAA100060640I004II6001AGCA0060AATT001M 
<ci leArgAryPhecysGlyLeo8snProAloLysol n  l ell! sAlol leThrAonProOaiTsnAsrcOloThnlbrLeoTloSerAScOlol leAloAs 

2702 
nil ePheAl oGl nO <PheherAspLeoSerO lyAspTnpTsnPheSenC lC oPhoTngAsrAsnLysT 4 nArgA<nA<nI leO i <LeolynlhrPro 

2802 
TeeProl leAlGlnThnl leGloGloTsel lelTnlynLeGloLeoSerSerAlILeoGleThnLeoLy)0lyCysAlaPro0l9LeoA<nAr9IleS 

2902 CGTATCAAATGATCAAAAATAGCT000ACACAACAAAA.A000G4ATOACGA000TATTTAA100AATATTCAATAGCCACA100CT000600TACAAAAC 
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3002 

101 	3102 ATAATAAITG0000000ACT0050TGGCTAGT000ATAT0804ACCIAAITAACGACAAALAATI0000TI000AAA500040AICGACI T060ALTGTC 

201 
3202 

301 	
eoLelyrVo12splynLeol lelhrLysSerLysMetKisThrSerLeoVolThrLeoAspPheSerAryAlaPheAspTryVolGlyVolHisSenll 

3302 0000C050AAI IGCAGGAAT33800A0000T000AAAAT507A580TACATT5008ACTICAT5000000A0040AAJ000IGT00000T705T0000AT 

401 

3402 

501 

3502 0007200700004AGI100ATTCAACOCATATG006ACGACTTCTI001TAIAATAAAITTCAA00020A000AAATACAAAT0ICAACT IAGACAATCT 

601 	
erLeoHihLynGlul IeL2SPheASCA1ITOrA1100pAspPhePheLeollel leGsnPheGsnLysA<eThrAseThrAseP000seLeuAspAseLe 

3602 

701 	
oPheAspAspi leGl085elnpCysSerlynSerGlyAlaSerLeoSerLeoSerLysCysGlehisLeoHlsI leCysArgLysArgH<sCy010rCys 

3702 AAGATAAG~TGCAACAACiTCCAAATTCETAGCGTTACETCCTTAAAA *ATTCTAGGAATAACCTTAAACAACAAATACAAATGGAACACACACATAA .1 

801 

3802 IACTTCTA000AAACTA000AACAAGCTAAAIATAATAAA4000CTATCTTGTCTTAAAI TTAACT500ACACGCATACACTACTTAAIGT000AAAAGC 

901 	
eoLeoLeoProLysLeoHiAsnLysLeuAsnIlel leLysCysLeoSerSerLeoLysPheAsnCysGsnThrHisThrLeoLe055nAalAlILy<Al 

3902 

Cool 	
olhnllelleAloLy<LeoGloTyrGlyLeoPheLeuTynGlyHiSAloPrALysSerl leLCoASeLysIlOLySThrProPheAsnSerAlolleArg 

4002 

1101 	
LeoAloLfoGlyGlaTyrArgTerohrProl leAsnAseLeoLeulyrGloSerAsnThrProProLeoSloMetLysArgA<p000Glnl leAloLysL 

4102 TATCCCAAAACCTAATCCTCTCCA8AAACACACCAATACATAAGTTCT00000CCTAAAAATGCTAAIAA000AAAAACATCAACAAIAGACCGCNCT 

201 

3202 CAAACTTAGCCTAGAACTTAATCTACCCTACAAACC24TAAAACTCCATMGAACAASCCACCATGGACCC1 CCCCAATCTAATAGA0000TCACTIAGA 

1301 	
eLysLeoSerLeoGhLeoA<nLe0ProTyrLy<Prol leLy<Le0HSAL2SGSeL9<PnoPrOTrpThrLeoPrOAsflLeol leAspThrSerLCoArg 

4302 A700ATAAGAA9GAACAA004I0000A500CAATAC030AAA1 TAIALGAACACACAAAGAAIAACCTCAAAACACACAATTTCATATTCA0106CGG<T 

1401 	
leHisLysLysGlAGieOhrSerProAspGlnTyrAryLysLe071rGlohisrhrLysAseASfLeoLYSlTnHiSASfPhei lePhelhrASpGlyS 

4402 

1501 	
erLo) 11 eT<nTvrThrl 1 eSerPheAl 01 lelhnlhnG lolhnTpVol LeoLy<TyrG lyll eLeoProPrblyrherSerha 1 LeolhrSerGloTh 

4902 

1601 

1701 	
4602 AATAATAA0800III IACCCAASCAGAATACGATCSCIA9TA0000AA00050ACCTAAAAIT0055IAAIGIGGATICCIGGCCAITCAGGAAIA8800 

801 	4702 

1901 

4802 C6300T1600ACAAAACAGAAAGA4CACAIAATAAACIGCAGICCA10670CCAAICIAI IAACACG000ACCTCACACLLAT500AT IACCTTAAACAA 
2201 	 ITnpLeuAlaThnIysGlnLysGloHioI lelleOsnCysSerProTrplyrclnTerl leGseThrAsnIhrSenilisPnoCysT)pTYrLeULy<Gle 

4 
2101 	

902 
 Se rHisProAsnTrpThrArgLeuAspGlnlleLysllelleArgLe,ArgLeuGly1iisThrAsnileThrli~sG)niiisTyrLeuAs,PruAsnSert 

2201 	
5007 TACC000TT000CGTTTT000AA0070ATAIITCTTTAAACCT000AITIAGCTCAIGCCCAT000TCCTACAAACCAAOCA050TAIAI T IAACAACAC 

leProlhrCy<PrnPheCysGlnGlyA<plleSerLeoAsnHisl lePheAsnSerCysProSerLeoLeoGlnlheLysGlnAspl lePheAsnAsnlh 

2301 	
5102 

rAsnPnCLeoAspLeLeo5erLysProAsnProAspAsnl leGlnLysLeol leLeoPheLeuLysLysThnLySLeolyrhC)Ly0I le*** 

2401 	8202 

5102  

2501 	
5302 

2601 	5502 

5602 
2701 	 - 	 - 	 - 	 - 

	

5702 	
- 	 - 	 - 	 - 	 - 	 - 

2801 	5802 

5902 tgCtCLCt0GCCCq99Ctafttt9ntC4tg9L000OttgGC014tGtt99Cg0GGGgAtCIC999Iftf9ItCCGGC9CCG999CC0(IC98CC43G0 
2901  

6002 CCt9CIc9IAaIC9GCO9CC73It 171 09t tgytIgg(C0cf Y99L4CCCOnOC t791t49949 C tgagatgtlatytaotgctdgOt400CttdIt(d1 

3001 	6102 cooCtcgoaio4Go99o1oa9oo9t90 6132 

(-671) 
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TARGET SITE 

LEFT-HAND END 	DUPLICATION 	RIGHT-HAND END 

taatgcaaatATTAC IR1 12/9 TCA(TAA)ta€itgcadatta 

ataatatgcaaaatAGTAC w 3  14 TCA(TAA)taatatgcaaaat 

tataatatgcaaatAGTAC w 4  13 TCA(TAA)tadtatyCaaatt 

tt4tttactgcayaATTAC w 2  12 TCA(TAA)7ttact9Ca9attt 

attccgaaataacAGTAC wIR5 12 TCA(TAA)CC9aaAtadCt3Ct 

taIgccgaaAGTAC 	b x F3 l 13/10 TCA(TAA)ag9cc944,C 

	

IR6  10/7 	 _______ 
ata€'á ctacaatCAGTAC 	TCA(TAA)aaCCatatt 

Figure 3. Sequences at the Ends of I Factor Insertions 

The sequences of the ends of the I factors are shown in upper case, 
and the sequences of adjacent DNA are shown in lower case. The tar-
get site duplications associated with each I factor are boxed. The dupli-

cations associated with wwl,  w 6, and bxF31  cannot be defined pre- 

cisely since, in each case, one copy of the TAA repeat could be part 
of either the duplication or the I factor. This is indicated by a dotted line. 
The braces indicate tandem repeats of the first 6 bases of the I factor, 

which lie adjacent to the WIR6  insertion. Cloned fragments of genomic 

DNA used to obtain these data are described in the text, except for 

w 3  cloned by Bucheton et al. (1984), WIR2  and ww5  cloned by Sang 

et al. (1984), and wIR4  and ww6  cloned as described in Experimental 

Procedures. 

R7 	ATAAACTATACATCTCATTATATATGTATATATATATA 

R8 	
TGTATGTTTGTATATATAAITGCAAAACTATAAACTATAC 

Figure 4. Sequences at the Deletion Breakpoints of w 7  and ww8 

The vertical line indicates the deletion breakpoints. The base immedi-

ately before the breakpoint in w 7  is 5630 in Figure 2. The base im-

mediately following the breakpoint in wIR8  is 5602 in Figure 2. The 

w 7  and wws  fragments were cloned as described in Experimental 

Procedures. 

these are included in the sequences TGGATGG and AAC-
ATGC, respectively. Ninety-five percent of natural initiation 
codons have A at position -3 (Kozak, 1984), suggesting 
that the ATG at position 25 is the one more likely to be 
used. The predicted relative molecular masses of poly-
peptides initiated from these positions are 48 kd and 121 
kd, respectively. Within ORF1, there are no obvious donor 
splice sites that could be used to join parts of the two open 
reading frames, but we cannot exclude this. 

Comparison with Other Transposable Elements 
The structure of the I factor differs from that of most other 
transposable elements in that it does not have terminal re-
peat sequences (Finnegan, 1985). The elements that 
most closely resemble the I factor are the long inter-
spersed sequences, or LINEs, found in mammalian ge-
nomes (Singer, 1982). Each studied species has a single 
major family of LINEs, known as Li elements. They are 
repeated 10 to 10 times per genome, and make up 
several percent of the total DNA. Complete Li elements 
are 6-7 kb long and have an A-rich sequence at the Tend 
of one strand, called the 3' end of the element, often 

j AID 
STOP 

I•Ht 	11111 	I 	11111 	III 11(11 III IItIIIIIIIIII 	lillilli III II 

1 	 III 	
liii 11111 	I'm 'ITl 	3 

III 	 I 	I 	 I 	II 	 I 	II 
IIIIIII.IlII 	I 	III 	1111 	III 	 I 

I 	iii I ii 	I 11111 	
I III (I ill' liii 	I  

I 	1111 

3' 	 1111111 IIIlIhIhII 11111 	II 	11111111 , I IJ, 11111 	1,11111 111111 
I 	I 	II 	I 

10 I 	IYl 14, I II 	liii  1111111 	111111111111. III III 	(liii IulI'ITIII(111/1U111flIflrlFlFI'111'  

Figure 5. Positions of ATt and Stop Codons within the I Factor 

from w 1  

The six possible reading frames are represented by horizontal lines. 
Vertical lines above the horizontal indicate ATG codons. Vertical lines 

below the horizontal indicate translational stop codons. 

preceded by the polyadenylation signal AATAAA. Many 
copies of the Li element are truncated at the other end 
(the 5' end). 

This sequence organization is similar to that of pro-
cessed pseudogenes (Rogers, 1985) and other retropo-
sons (Rogers, 1983, 1985). Li elements are often flanked 
by short direct repeats, which in some cases are known 
to be target site duplications (Gebhardt and Zachau, 1983; 
Singer and Skowronski, 1985), and for this reason Li ele-
ments are thought to be transposable. Jagadeeswaran et 
al. (1981) and Van Arsdell et al. (1981) suggested that short 
retroposons, or SINEs (Singer, 1982), might transpose by 
reverse transcription of an RNA intermediate. This model 
has also been applied to LINEs (Singer and Skowronski, 
1985; Rogers, 1985). 

The genetic properties of I factors indicate that they de-
termine a function that is required for transposition and a 
function that regulates transposition (Bregliano and Kid-
well, 1983). Since the structure of the I factor resembles 
that of LINEs, we speculated that they might transpose by 
a similar mechanism and wondered whether one of the 
open reading frames in the I factor might encode a reverse 
transcriptase. Several groups have compared the amino 
acid sequences of retroviral reverse transcriptases and 
have found that they share short regions of highly con-
served amino acid sequences (Toh et al., 1983; Patarca 
and Heseltine, 1984; Toh et al., 1985). Toh et al. (1983) 
have shown that amino acids corresponding to these con-
served residues are also present in the putative polymer-
ase genes of human hepatitis B virus, HBV, and cauli-
flower mosaic virus, CaMV (Figure 6), both of which are 
thought to replicate by reverse tanscription. The same is 
true of the transposable elements cop/a and the cop/a-like 
element 176, of D. melanogaster (Saigo et al., 1984; Emori 
et al., 1985; Mount and Rubin, 1985) and the Ty elements 
of S. cerevisiae (Clare and Farabaugh, 1985). These prob-
ably all transpose by a mechanism related to a retroviral 
life cycle and involving reverse transcriptase (Boeke et al., 
1985). 

We have found no homology between ORF1 of the I fac-
tor and reverse transcriptases, but ORF2 has regions very 
similar to the conserved domains mentioned above (Fig-
ure 6). Toh et al. (1983) found 10 invariant amino acids 
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V 	 VT 	I 
755 	IRKVSGV 	IT  ----,LSVIVV ?Jaa 
MMIV 	IKKKSGK 	WPLL-.- - IVCRAVNV 23ao 
17.6 	P55555K 	

"I 
 P711---- ICYSFLNE 24aa 

HBV 	VDK1SPHN 	3aa SPC1 -----IFSQFSp Val 
CaMS 	AE PPG 	KRM1 ----- --1r-AMVK 24aa 

Factor- J- N- 70a 	Pt NC- '.1

L1MO-A2 -5K770 NI Ad 	5Oaa
LlRat 	 -HF 	7aa 	PIS ML VKI 	VOaa 
LIMS 	 -VS lao ,PIS NI KI 	

50a 
 

LINc 	 -55 7aa P15 NI Ft 	SCaa 
S.c-al IPKP'GV 	ISPISVSNOPGFIVQE 43 
S.C.-a? IPKISGV 	FOPVVSNOPEKIVQE 43ad  

V VYT 	 VT TM 	 V 
RSV 	LNIVLOLKIJCFF5IPL 27 aa ILPIGMTCSPTICQLVVGQVLE-PLRLK Sat 
MMIV 	III IOLQIICFFN IKL 2laa IL PQG7-IKNSPTLCQKFVDKAI L-TVRCK 	Saa 
17.6 	FTTIOLVKGPHQIEM 20oa HMPFGLKNVPATFQMCM1ID ---- ILRPL 	Gao 
HBV 	WLSLDVSVAPHHLPL 44aa FIPMGVGLSPFLLrIQFTSVICSVVRRAF 3ao 
CaMS 	FSSFVCKSGFWQSLL SGaa IVPr-GLKQVPSIFQPHMDE ---- VFRVF 	3aa 

I Facto- 	LVTLflrSfV?.SGv 45aa fliPtflV IrF  T1SF_NSH 1flSLH 	3aa 

I lSL4EK1VFCKiQh  45aa  GIT4C(4C1S4PY 	I41L_EV45F77I1IRQQ 
RatII SL)AEI4VFCK IQH 45aa SIT 	 IIITL -FI44SRPI1RQQ 

LIHS 	115 If)SEi4AFC$< 155 	IGaa 15) 	P 	jTfJL _[S4AR7)llRQP 	ladd 
iNc 	I LSTEI4At 151- 	dlaa 	T 	 I 	1M-EVUSTAJREL 

S.c-al 	F1EVDLKKCFDT ISK 	4-JaS41PSGSLl5PILCi.lVL7VDN4LETr I 	V3aa 
S.c-a? 	FIKVCLNKCFD7PF 4Saa 	 IIF11 IFLOKLUKYLESKF HHaa 

5 	 6 	 7 
TVVVVT 	• 	V 	 VM V 

RSV 	MLHAMVL1LL[ 22aa GFIISPTKVQ lao PVVQYLGYKL 
MMIV 	IVIIVMIDDTLL 22aa GLVVSIFKIQ lao VMLKYLGTMI 
17.6 	(:LvVIDDI IV 22aa MLKLQLDKCE 	lao QETTFLGHVL 
HBV 	AFSYMDOSVL 	22aa G IHLNPNK7K 	3 a YSLNFMGYVI 
CaMS 	7CVr 511, V 	?laa 	GTILSFKKVTC 	3aa 	KKIHFLG.EI 

Factor- 	FNAI1Gff9FIL 	?Vaa IVSL S 	SOaa 	T5LJtTI 

L1Md-V2 	ISV S IV 23aa IYKINSI4KM 24aa MNIIKJHL 
LiRat 	ISL 0 IV ?Oaa IGIIKINSI4K)VV lGaa NMIIKIKL 
L1Hs 	LSL V IV faa 	IKINViflSQ faa 11IIK1IL  I 
LIKc 	1St III IV ?3,ai KFIN75V ?iaa VKIJK I 
S.c-al 7477454111 faa CL7INVIKL baa rp4p5-I 
S.c.- a? 	KVaaVV1 I : 	?i.ra 	-VNlS 	<aVSaOiGaS 	G) DV 

Figure 6. Comparison of ORF2 of the I Factor with Known and Prdo-
able Reverse Transcriptases 

Seven conserved regions of amino acid sequence (Toh et al., 1985; 
Hattori et al., 1986) are shown in segments 1-7. The viral sequences 
are as follows: RSV (Schwartz et al., 1983); MMTV, murine mammary 
tumor virus (Chiu et al., 1985); HBV (Galibert et al., 1979); CaMV (Gard-
ner et al., 1981). 176 is sequence from the copia-like element 176 
(Saigo et al., 1984). I factor indicates sequence from ORF2 of the I fac-
tor shown in Figure 2. The Li element sequences are, L1Md-A2, mouse 
Li element A2 (Loeb et al., 1986); LiRat, rat Li element LINE 3 (DAm-
brosio et al., 1986); L1H5, consensus human Li sequence; L1Nc, con-
sensus Nycticelus coucang sequence (Hattori et al., 1986). S.c-al and 
S.c-a2 are sequences encoded by introna al and a2 of the mitochon-
drial cytochrome oxidase subunit I gene of S. cerevisiae (Bonitz et al., 
1980). The triangles symbols indicate positions at which Toh et al. (1985) 

found identical or similar amino acid residues when comparing the se-
quences of eight enzymes known, or believed, to be reverse transcrip-
tases. A filled triangle indicates that the sequence of the I factor codes 
for an identical or similar residue at this position. An open triangle indi-
cates that the I factor codes for an unrelated residue at this position. 
The filled circle indicates a position at which five viral reverse transcrip-
tases and the I factor code for the same residue. The boxes indicate 
positions at which the I factor and each of the Li elements code for 
identical residues. The numbers indicate the number of residues 
separating each block of sequence. Amino acid abbreviations follow the 
standard single letter code. The following groups of residues with simi-
lar properties have been used for comparing sequences: F, A, G, S, 
and T (neutral or weakly hydrophobic); Q, N, E, and D (hydrophylic, 

acid amine); I-f, K, and R (hydrophylic, basic); L, I, V, and M (hydropho-
bic); F, Y, and W (hydrophobic, aromatic); C (cross-link forming). 

when comparing the putative RNA-dependent DNA poly-
merases of Moloney murine leukemia virus (M-MuLV), 
Rous sarcoma virus (RSV), CaMV, HBV, and woodchuck 
hepatitis virus (WHy). Eight of these are present in ORF2 
(Figure 6). When Toh et al. (1985) increased their set of 

putative reverse transcriptases to include those encoded 
by the copia-like element 176, human I cell leukemia vi-
rus I (HTLVI), and duck hepatitis virus (DHBV), they found 
27 positions containing identical or chemically similar 
amino acid residues. The sequence encoded by ORF2 
contains amino acids corresponding to 21 of these (Figure 
6, three of these positions are not shown in this figure). 
Since ORF2 has sequences corresponding to all of the 
highly conserved regions of reverse transcriptases, we 
suggest that it may also encode an RNA-dependent DNA 
polymerase. 

The complete sequence of apparently full-length Li ele-
ments have been determined for mouse (Loeb et al., 1986) 
and rat (D'Ambrosio et al., 1986), and consensus se-
quences have been constructed for Li elements from hu-
man and prosimian genomes (Hattori et al, 1986). The Li 
element from mouse, L1Md-A2, contains open reading 
frames of 1137 bp and 3900 bp, the second of which con-
tains regions similar to reverse transcriptases (Figure 6). 
Similar regions of homology can be found in open reading 
frames encoded by the rat Li and the human and prosim-
ian consensus sequences (Figure 6). 

In view of the structural similarities between the I factor 
and Li elements, and because both classes of element 
encode polypeptides with some homology to reverse tran-
scriptases, we have compared the second open reading 
frames of the I factor and LiMd-A2 directly (Figure 6). The 
strongest homology is in region 2 of Figure 6 where 10/16 
residues are identical between the I factor and LiMd-A2. 
In contrast, only 1/16 residues are identical between the 
I factor and RSV, and 2/16 between L1Md-A2 and RSV. The 
corresponding figures for amino acid residues that are ei-
ther identical or similar in this region are 12/16, 6/16, and 
8/16. The rat Li element and the consensus sequences for 
human and prosimian elements show a similar degree of 
homology to ORF2 (Figure 6). The number of amino acid 
residues separating these regions of homology is also 
very similar in the case of the I factor and Li sequences. 
There are no regions of extensive homology between 
the I factor and Li sequences outside those shown in 
Figure 6. 

Burton et al. (1986) have compared cloned mouse and 
human Li sequences by Southern transfer experiments 
and have detected two regions of conserved sequence, 
CS1 and CS2, that cross-hybridize more strongly than 
others. They have extended this analysis to include a wide 
variety of other mammals, probing digests of genomic 
DNA with cloned mouse Li sequences. Again probes in-
cluding CS1 and CS2 showed the strongest cross-hybridi-
zation. Interestingly the region of Li elements that is most 
similar to the I factor (region 2 in Figure 6) is included 
within CS2, suggesting that this region is subject to simi-
lar selection pressures in both I factors and Li elements. 

Introns found in mitochondrial genes have been classi-
fied as being of class I or class II according to their se-
quence, and potential secondary structures (Michel and 
Dujon, 1983). Four class II introns contain open reading 
frames that can be aligned along their length and have 
some homology with the conserved regions in reverse 
transcriptases (Michel and Long, 1985). Two of these, the 
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RSV 	506aa GLfYTSPflYQAPK 

8aa E1LGM1NAKFK 

HTLV 	354aa QFFRKA444SRE4cJTQ 
5aa GI9PLFPDPTII-fIKR  R 

CaMV 	409aa 
CPJCIftIEG1HJYAN  

N 

I 	FACTOR 	185aa 	L 44RF PTPI s 
laa 	E INUSET  NIJGEKC 

Figure 7. Comparison of Part of ORF1 of the I Factor with Conserved 
Domains in Viral Nucleic Acid Binding Proteins 

The viral sequences are as follows: RSV, the gag gene of RSV 

(Schwartz at al., 1983); HTLV, the gag gene of HTLVI (Seiki et al., 
1983); CaMV, the coat protein of CaMV (Franck et al., 1980). The I fac-
tor sequence is from ORF1. The numbers indicate the number of 
amino acid residues from the start of the polypeptide or the number 
of residues between the two blocks of sequence in a single polypep-
tide. Conserved residues are boxed. 

sequences encoded by the al and a2 introns of the S. 
cerevisiae cytochrome oxidase subunit I gene, are shown 
in Figure 6. In region 2, where the I factor and Li elements 
are most closely related, the class II intron sequences are 
more like those of the I factor and Li elements than the 
viral reverse transcriptases. 

Two families of elements with some properties similar 
to those of the I factor and Li elements have already been 
found in D. melanogaster. These are known as F and G 
elements (Dawid et al., 1981; Pardue and Dawid, 1981; 
Di Nocera and Dawid, 1983). There are only 10-20 G ele-
ments per haploid genome, many of which are in tandem 
arrays inserted in the nontranscribed spacer of rDNA 
units (Di Nocera and Dawid, 1983; Di Nocera et al., 1986). 
They have no terminal repeats, but do have an A-rich se-
quence at the 3' end of one strand. The chromosomal dis-
tribution of G elements is fairly stable, and they are con-
centrated in chromocentric regions. 

The family of F elements has approximately 50 mem-
bers located at the chromocenter and about 25 sites on 
chromosome arms (Dawid et al., 1981). They appear to be 
transposable since the distribution of euchromatic sites is 
different in different strains and individual elements are 
flanked by target site duplications differing in length from 
element to element (Di Nocera et al., 1983). F elements, 
like I factors, have no terminal repeats and have an A-rich 
sequence at the 3' end of one strand. They vary in length, 
many copies being deleted at the 5' end; however, a con-
sensus restriction map 4.7 kb long has been constructed. 
About 800 bp from the ends of an apparently full-length 
F element, 101F, have been reported (Di Nocera et al., 
1983), but despite the structural similarity between these 
elements and the I factor, we can detect homology neither 
between this DNA sequence and the I factor, nor between 
the open reading frames in 101F and either ORF1 or 
ORF2. The complete sequence of a full-length F element 
may well reveal an open reading frame related to reverse 
transcriptases, like those described above for the I factor 
and Li elements. 

The polypeptides encoded by retroviral poi genes are  

not only associated with reverse transcriptase activity, 
they also contain a region that serves as an endonuclease 
required for proviral integration and, in some cases, a seg-
ment that acts as a protease, cleaving viral polypeptides 
into their components. We can find no regions in ORF1 or 
ORF2 that are similar to these endonuclease or protease 
domains. 

We have compared ORF1 with version 5 of the National 
Biomedical Research Foundation Protein Data Base, as 
described in Experimental Procedures, to try to detect 
similar sequences. No proteins showed striking homology 
to ORF1, but H. Pinon has drawn our attention to the fact 
that within ORF1 there is a sequence that precisely 
matches a highly conserved motif, CX2CX4HX4C, found 
in basic nucleic acid-binding proteins cleaved from 
retroviral gag polypeptides. This is thought to interact 
directly with genomic RNA (Dickson et al., 1985; 
Copeland et al., 1984; Covey, 1986). Covey has searched 
for this sequence within polypeptides encoded by a num-
ber of elements known, or believed, to use a reverse tran-
scriptase. It is present in all retroviral gag polypeptides 
tested, in polypeptides coded by the corresponding 
regions of irttracisternal A-type particle DNA of Syrian 
hamster and the cop/a elements of D. melanogaster, and 
in the viral coat protein of CaMV, but not in the copia-like 

element 176, the Ty element of S. cerevisiae, or human 
HBV. Some genes contain two copies of this sequence; 
others only one. ORF1 has one complete and one partial 
copy. These are shown in Figure 7 aligned with the con-
served domains from the gag genes of RSV, HTLVI, and 
CaMV. The presence of a potential nucleic acid-binding 
domain in ORF1 suggests that the corresponding poly-
peptide may interact with I factor DNA or RNA, possibly 
playing a role in I factor regulation or transposition. 

Discussion 

We have determined the complete base sequence of the 
I factor associated with the w 1  mutation and have ana-
lyzed both ends of six other I factors. Each element is 
flanked by a target site duplication. These vary slightly in 
length, and we have found duplications of 10-14 bp so far. 
Insertion of I factors seems to have some sequence speci-
ficity since three elements have inserted at exactly the 
same position (Figure 3). This specificity could be due to 
a preferred target site sequence or to some feature of the 
adjacent DNA. There is no striking homology between the 
target sites we have identified so far. 

The structure of the I factor differs from that of most 
other transposable elements in that it has no direct or in-
verted terminal repeats. It is quite different from the P fac-
tor, in particular, confirming that the P-M and l-R systems 
of hybrid dysgenesis are quite distinct. The 3' end of one 
strand of the I factor is A-rich, having 4-7 tandem repeats 
of the sequence TAA, and this strand contains two long 
open reading frames, ORF1 and ORF2. This sequence or-
ganization is similar to that of LINEs, or Li elements, in 
mammals, and probably that of F elements in D. melano-
gaster. The A-rich 3' sequences of Li and F elements are 
thought to be created by polyadenylation of full-length 
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RNAs since they are preceded, at a suitable distance, by 
the polyadenylation signal AATAAA. This is not true of I 
factors. The TAA repeats are not likely to be poly(A) se- 
quences that have been degraded by mutation, since the 
pattern is the same in each of the seven I factors we have 
analyzed and the nearest polyadenylation signal is 73 bp 
upstream. This would be suitable for polyadenylation of a 
messenger RNA encoding ORF2, but not of full-length 
RNA. We think that the TAA repeats may be the end of 
transposition intermediates that integrate at staggered 
nicks in chromosomal DNA and that they may be in-
creased or decreased in number by slippage during the 
polymerization and ligation that takes place to generate a 
target site duplication. Another possibility is that they 
change in number as a result of unequal recombination. 

Li elements are believed to transpose by reverse tran-
scription of a polyadenylated RNA to give an extra-
chromosomal DNA intermediate that integrates at a new 
site in the genome. The fact that some Li elements are 
known to encode a polypeptide related to viral reverse 
transcriptases is consistent with this. I factors are structur-
ally related to Li elements, are known to determine a func-
tion required for their own transposition, and encode a 
polypeptide with some similarity to reverse transcriptases. 
For these reasons, we think that I factors also transpose 
via an RNA intermediate. This raises two questions. How 
is this RNA transcribed, and what is the primer for reverse 
transcription? 

We have determined the sequences at both ends of 
each of seven I factors and have found them to be highly 
conserved. If transposition does involve an RNA inter-
mediate, then this RNA must be able to include the com-
plete sequence of an I factor. The promoter for synthesis 
of this RNA must be carried within the I factor since we 
know that the element associated with the w1R1  mutation 
can transpose to new sites (Pelisson, 1981). It cannot use 
the white gene promoter since the I factor would have to 
be transcribed in the opposite direction. The promoter 
must therefore be carried within the I factor itself. The I 
factor is presumably transcribed by ANA polymerase II, 
since we can find no sequences related to box A and box 
B of p01111 promoters (Galli et al., 1981) in the first 200 bp 
of the I factor and both strands contain several oligo(T) 
regions known to serve as p01 III terminators (Bogenha-
gen and Brown, 1981). We are forced to conclude that if 
the I factor transposes using an RNA intermediate, then 
this must be transcribed from an internal p0111 promoter. 
The mRNAs for ORF1 and ORF2 could be generated by 
processing full-length RNA transcribed from this pro-
moter or transcribed from their own promoters. 

The position of the promoters for transposition inter-
mediates of Li elements is less certain since one cannot 
determine whether any particular element can transpose. 
There could be a "master" Li element, or elements, in the 
genome that has an external promoter and that is the 
source of full-length RNAs. Loeb et al. (1986) have found 
that the 5' (left-hand) end of the mouse Li element LiMd-
A2, has 42/3 tandem repeats of a 208 bp sequence con- 
taining regions with some similarity to the promoters of 
several housekeeping genes and of SV40. They suggest 

that these repeats contain the promoter for LiMd and that 
transcription starts about 70 bp from the beginning of a re-
peat. There are no such repeats at the left-hand end of the 
sequence of the I factor or the sequences reported for 
long human and rat Li elements (Hattori et al., 1986; 
D'Ambrosio et al., 1986). Skowronski and Singer (1985) 
have detected full-length Li RNAs in human teratocarci-
noma cells, raising the possibility that human Li elements 
may also have an internal p0111 promoter. 

We have tried to identify possible primers for reverse 
transcription, but so far without success. We have been 
unable to detect any suitable homology between the 3' 
ends of any of the D. melanogaster tANAs and other small 
RNAs for which sequence information is available (GEN- 
BANK release 40; Sprinzl et al., 1985). We have also in- 
vestigated the possibility that the 3' end of a full-length 
RNA transcribed from left to right in Figure 1, might fold 
back to form a loop, which could act as a primer. Some 
potentially stable secondary structures can be formed 
within the last 200 bases, but none of these seem to be 
appropriate for priming DNA synthesis. 

The fact that retrotransposons (Boeke et al., 1985), Li 
elements, and I factors may all transpose using reverse 
transcriptases encoded by these elements themselves 
does not necessarily indicate that they are related by de-
scent. Each may have evolved separately from nontrans- 
posable reverse transcriptase genes. Such genes would 
have the potential to replicate independently of other chro-
mosomal sequences since reverse transcriptase could 
convert its own mRNA into DNA, the two being in close 
proximity immediately after translation. This would only 
require a mechanism for priming DNA synthesis, and 
gene copies generated in this way could enter the nucleus 
and integrate into the genome. These would be chance 
events initially, and might still be so for elements that 
transpose infrequently. Elements that transpose at high 
frequency under appropriate circumstances, like the I fac-
tor, must have evolved efficient mechanisms for both 
processes. 

Experimental Procedures 

Bacteria, Bacteriophages, and Drosophila Strains 
Recombinant lambda NM762 phages (Murray et al., 1977; Williams 
and Blattner, 1980) were plated on E. coli strain ED8654 (hsdR, metB, 
supE, supF) (Borck et al., 1976), and recombinant lambda NM1149 
phages (Murray, 1983a) were plated on NM514 (hsdR, Iyc7) (Murray, 
1983b). The host for M13 phages was NM522 (t,Iac-pro, hsdMS, 
F'/acZM15,/acl) (Gough and Murray, 1983). 

All Drosophila strains were from the Laboratoire de Genetique, 
Universite de Clermont-Ferrand. 

Enzymes and Isotopes 
Restriction enzymes were purchased from Boehringer Mannheim, 
Pharmacia, and Amersham International; E. coli DNA polymerase I 
was from Boehringer Mannheim; Klenow fragment was from Boeh-
ringer Mannheim and Pharmacia; T4 DNA ligase was from New En-
gland Biolabs, [a-32P]dCTP (3,000 Ci/mMol) was from Amersham In-
ternational; and Ea-35SIdATP was from New England Nuclear (500 
Ci/mMol) and Amersham International (410 Ci/mMol). 

DNA Preparation, In Vitro Labeling, Hybridization, 
and Autoradiography 
Phage DNA was prepared from liquid lysates as described by Will et 



Cell 
1014 

al. (1981). D. melanogaster DNA was prepared as described by Buche-
ton et al. (1984). 

In vitro labeling of DNA, hybridization, and autoradiography were 
carried out as described by Will et al. (1981). Hybridization filters were 
washed for 1 hr in 2x SSC and 0.1% SDS at 37°C, then for 1 hr in 2x 
SSC at room temperature. 

Construction of Libraries 
A library of cloned Hindlil fragments of wIR4  DNA was constructed by 
ligating 1 Vg of HindlIl-cut lambda NM1149 DNA with 1.5 pg of HindlIl-
cut wIR4  DNA. Ligation was carried out overnight at 10°C in 10 p1 
of 66 mM Tris-HCI (pH 7.2), 1 mM EDTA, 10 mM MgCl2, 10 mM 
dithiothreitol, 0.1 mM ATP, and 100 units 14 DNA ligase. Libraries of 
cloned Hindill fragments of w 6  and waS  DNA5 were constructed in 
a similar way. 

A library of wa7  DNA was constructed in lambda NM1149 as de-
scribed for Wa4,  except that EcoRl DNA was used. 

A library of waS  Hindlil fragments was constructed in the replace-
ment vector lambda NM762 by ligating 1 pg of HindIll-cut NM762 DNA 
with 1.5 pg of wa6  DNA partially digested with Hindill, using the con-
ditions described above. This was used to clone the right-hand end of 
this I factor. 

Following ligation, the libraries were packaged in vitro as described 
by Scherer et al. (1981) and screened with appropriate fragments of 
DNA from the white locus. 

DNA Sequencing 
The data in Figure 2 were obtained as follows. Plasmids carrying the 
DNA to be sequenced were sonicated (Deininger, 1983), and the ends 
of the fragments produced were repaired using DNA polymerase I. 
Fragments of 200-1000 bp were isolated by gel electrophoresis and 
cloned into the Smal site of M13mp9 or M13mp10. Templates were 
made and sequenced by the dideoxynucleotide chain termination 
method (Sanger et al., 1977) using 135S]dATP and were analyzed on 
buffer gradient polyacrylamide gels (Biggin et al., 1983). The se-
quences from the ends of I factors and from the wa7.8  deletions were 
obtained by cloning appropriate restriction fragments into M13 vectors. 
In some cases, oligonucleotide primers were synthesized to sequence-
specific regions. 

Sequence Analysis 
Random sequencing data were assembled using the DataBase pro-
grams of Staden (1982). DNA and protein sequences were analyzed 
using programs written by Devereux et al. (1984). The sequences of 
ORF1 and ORF2 of the I factor were compared with the NBRF data 
base by J. Collins and A. Lyall using the "Prelate" system (Collins and 
Coulson, 1986). 
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Introduction 

Transposable elements have been detected in the genomes of species repre-
senting virtually all forms of life. Amongst eukaryotes, by far the largest 
number and greatest variety have been found in the genome of Drosophila 
melanogaster (Table 1.1). They are all moderately repetitive sequences and 
make up about two-thirds of this fraction of the genome, that is, at least 10 
per cent of the mass of the DNA (Young 1979). D. melanogaster is probably 
unusual only in the proportion of its genome comprising transposable 
sequences, not in their variety, and it will be surprising if any of the trans-
posable elements found in this species do not have counterparts elsewhere. 

These elements can be classified according to their sequence organization, 
and, in general, this is how they are discussed in this review. We have tried to 
organize this review so that it will be useful to both the general reader and 
those seeking specific detailed information. In the text we discuss the proper-
ties of each class of transposable element and briefly consider some of the 
general problems raised by them. The appendix to this chapter contains 
detailed information about those elements which have been characterized. 
The book Mobile Genetic Elements, edited by Shapiro (1983), deals with 
transposable elements in general, and the reviews by Georgiev (1984) and 
Finnegan (1985) discuss transposable elements in eukaryotes. 

II. Copia-like elements—transposable elements with long termi-
nal direct repeats 

THE PROPERTIES OF COPIA-LIKE ELEMENTS 

The first transposable DNA sequences to be detected in D. melanogaster, or 
indeed any eukaryote, were members of the class of elements now referred to 
as copia-like elements (Rubin et al. 1976; Georgiev et al. 1977). These occur 
as families of repeated sequences, each family being named after the first 
member to be studied (see appendix). Each family has about 10-50 members 
per haploid genome, depending on the strain of flies in question. The number 
is generally greater in tissue culture cells where there are often over 100 copies 
per haploid genome (Potter et al. 1979; Ilyin et al. 1980a, b). The best-
characterized family is the copia family, and it is for this reason that similar 
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Table 1.1 
Transposable elements of D. melanogaster 
ordered according to size. More informa-
tion about these elements can be found in 

the text and/or the appendix. 

Element 	 Length (kb) 

Sancho2 2.6 
Jockey 2.8 
P 2.9 
hobo 3.0 
Doc 4.3 
1731 4.4 
Kermit 4.8 
Sancho 1 4.5 
copia 5.1 
1 5.4 
mdg3 5.4 
NEB 5.5 
3S18 6.5 
297 7.0 
Delta 88 7.0 
Cal vpso 7.2 
Harvey 7.2 
BEL 7.3 
HMS Beagle 7.3 
mdgl 7.3 
mdg4/gjpsy 7.3 
17.6 7.4 
412 7.6 
BS 8.0 
B104/roo 8.7 
springer 8.8 
F variable 
FB variable 
G variable 

elements are usually called 'copia-like' (Rubin et al. 1981), although some 

authors refer to them as mobile disperse genes, or mdg elements (Bayev et al. 
1980). 

The most characteristic feature of copia-like elements is that they have long 
direct repeat sequences at their termini (Finnegan et al. 1978). These are 
known as 'long terminal repeats' or 'LTRs'. The length of these repeats is 
constant within a family and varies from about 250 to 500 base pairs (bp) 
between families. The base sequences of the LTRs of several families have 
been determined and are given in the appendix. These sequences are well con-
served, and are usually identical at the ends of any particular copy of an ele-
ment (Levis et al. 1980; Will el al. 1981). There is no extensive sequence 



Transposable elements in Drosophila melanogaster 3 

homology between the LTRs of different families with the exception of the 
17.6 and 297 families, which appear to be evolutionarily related (Kugimya et 
al. 1983). 

There is no DNA sequence homology between members of different fami-
lies, except for the 17.6 and 297 families, but elements are very similar to each 
other within a family. This can be demonstrated by using an internal restric-
tion fragment of an element to probe an appropriate digest of genomic DNA 
in a Southern transfer experiment. A strong band of hybridization is seen 
corresponding to the internal fragment of the element. The intensity of hybri-
dization of this band gives a measure of the number of copies present. This is 
illustrated for the 412 family in Fig. 1. la. 

The first suggestion that copia-like elements might be transposable came 
from in situ hybridization experiments illustrating the chromosomal distribu-
tion of members of particular families. In each case there was hybridization 
to sites on the chromosome arms and centromeric heterochromatin, indicat-
ing that the elements were repeated and scattered throughout the genome 
(Rubin et al. 1976; Georgiev et al. 1977; Finnegan et al. 1978; Ilyin et al. 
1978). When these sites of hybridization were compared between strains, they 
were found to be very different (Ilyin etal. 1978; Potter etal. 1979). This can 
only easily be explained if the elements in question are able to change their 
chromosome location, that is, are transposable. 

This conclusion is supported by the results of Southern transfer experi-
ments in which digests of genomic DNA from different strains of D. melano-
gaster are probed so as to detect restriction fragments including the ends of 
each member of a family (Strobel et al. 1979). The size of end fragments will 
be determined by the position of restriction sites in the adjacent DNA and 
will usually differ from one copy of an element to another. The pattern of end 
fragments in DNA from any strain will depend on the chromosomal distribu-
tion of elements. When the patterns from several strains are compared they 
are found to be very different, reflecting differences in the distribution of ele-
ments from strain to strain. This is illustrated in Fig. 1.1 b for members of the 
412 family. Different hybridization patterns could, in principle, be produced 
by DNA from strains with identical distributions of elements, but with very 
heterogeneous restriction sites in adjacent DNA. This may be responsible for 
some of the differences seen, but is not generally the case. 

The only direct way to demonstrate that sequences are transposable is to 
observe their movement within the genome of a particular strain. This can be 
recognized most easily when elements transpose into genes causing muta-
tions. This was first demonstrated by Bingham and Judd (1981). They used a 
sophisticated combination of molecular and genetic techniques to show that 
a copia element is inserted within the white gene on chromosomes carrying 
the white-apricot mutation, wa. There are now many such examples (see 
appendix) and it appears that about one-half of spontaneous mutations in D. 
melanogaster are associated with insertion of copia-like elements (Zachar and 
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Fig. 1.1 Restriction digests of Drosophila genomic DNA probed with fragments of 
the copia-like element 412. (a) Genomic DNAs of the strains w1Rl,  1, and iso5, 2, were 
digested with both Hindlil and EcoRI, fractionated on a 1 per cent agarose gel, and 
then transferred to nitrocellulose. The DNAs were then hybridized with a sub-clone 
of the internal HindIII.EcoRI fragment, A, of a 412 element. Note that there is only a 
single band of hybridization. This corresponds to fragments of the same size as frag-
ment A, indicating that 412 elements are highly conserved in this region. (b) Genomic 
DNAs of the same strains as above were digested with EcoRI and fractionated on a 
0.7 per cent agarose gel. They were then transferred to nitrocellulose and hybridized 
with a sub-clone of the EcoRl.XhoI fragment, B, of a 412 element. Note that many 
fragments hybridize to this probe in the DNA of both strains, but that the two 
patterns are different. This indicates that the chromosomal distribution of 412 ele-
ments is different in these strains. These experiments were carried out as described by 
Bucheton et al. (1984). The restriction map of a 412 element at the bottom of the 
figure shows the two fragments used as probes. 

Bingham 1982; Bender et al. 1983a; Mattox and Davidson 1984: O'Hare et 

al. 1984). 
One of the most characteristic features of transposable elements is that 

they are flanked by direct repeats of a small number of bases. These bases 
occur only once at the target site for insertion prior to arrival of an element, 

and they are believed to be duplicated as a result of the mechanism of trans-

position. The number of bases duplicated is usually characteristic of a family 
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of elements, but their sequence may vary from one copy of the element to 
another. This is true of copia-like elements which transpose more or less ran-
domly, although 17.6 and 297 elements seem to insert preferentially at the 
sequence ATAT (Rubin 1983; Inouye etal. 1984) and possible hot-spots have 
been found for copia insertion in the white gene (Rubin et al. 1982), and for 
gypsy insertion in the scute gene (Campuzano etal. 1985). Some chromosome 
regions, particularly those which are heterochromatic, appear to have a high 
concentration of copia-like elements (Ananiev et al. 1978; Tchurikov et al. 
1980; Young and Schwartz 1981; Montgomery and Langley 1983). These 
could be preferential targets for insertion, either because of their DNA 
sequence or because of some feature of chromatin structure. Alternatively, 
they may be regions of the genome which can accumulate transposable ele-
ments without deleterious effect on the organism as a whole. 

The very heterogeneous distribution of copia-like elements in different 
strains of D. melanogaster indicates that they are lost by excision. The rate of 
excision must be about the same as that of insertion since the number of 
copies of any particular element is about the same in different strains (Young 
1979), but the two processes need not be related mechanistically. Recombina-
tion between the LTRs at the ends of an element will excise a circular mole-
cule containing one LTR and leave the second 'free' or 'solo' in the 
chromosome. Free LTRs do occur, and free 412 (Shepherd and Finnegan 
1984) and mdg3 (Mossie ci al. 1985) LTRs have been cloned, but they are 
rare (Levis etal. 1980; Kulguskin etal. 1981; Shepherd and Finnegan 1984). 
Presumably recombination between LTRs is a rare event, or it is followed 
soon afterwards by loss of the resulting free LTR. Mutations bx3  and bxd1  
are associated with insertion of members of the gypsy family of copia-like ele-
ments (Bender etal. 1983a). Members of this family had been described pre-
viously by Tchurikov et al. (1978) who called them mdg4 elements (Bayev et 
al. 1984). Phenotypic revertants of these mutations have been found which 
have lost the bulk of the gypsy elements, retaining only a single LTR. This is 
presumably the result of LTR—LTR recombination. A similar phenomenon 
has been found for mutations associated with gypsy insertions in the scute 
gene (Campuzano etal. 1985). 

Mutations associated with insertion of copia-like elements are generally 
stable, indicating that precise excision must be a rare event. This is not neces-
sarily true of LTR—LTR recombination, since the effect of a free LTR on 
gene expression will depend very much on its position with respect to the 
gene in question. Insertions within introns might be expected to give pheno-
typic revertants more frequently than those within exons, although the 
effects of DNA insertions in non-coding regions are difficult to predict. 
Carbonara and Gehring (1985) have studied four derivatives of the wa  muta-
tion. One of these, waR 59K1, retains a copia LTR at the original site of inser-
tion, presumably the result of LTR—LTR recombination.. This 
rearrangement has only partially reversed the phenotypic effect of wa,  even 
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though the original copia insertion was within an intron. The copia insertion 
itself affects the size of transcripts from the white gene (Levis et al. 1984; 
Pirotta and Brock 1984), probably because there is a polyadenylation signal, 
AATAAA, within the LTRs (see below). This should be present in the single 
LTR in waR59,  and may be responsible for its slight mutant effect. 

Most copia-like elements are transcribed into polyadenylated RNAs found 
in the cytoplasm of tissue culture cells and various developmental stages of 
the fly. These RNAs can represent up to 3 per cent of the cytoplasmic polyA 
RNA (Finnegan et al. 1978; Ilyin et al. 1978; Falkenthal and Lengyel 1980), 
and many copia-like elements were first identified as abundantly transcribed 
genes. At least some of these RNAs are about the full length of the element 
from which they were transcribed, and in the case of copia (Flavell et al. 
1980) and B104 (Scherer et al. 1982) these have been shown to have their 5' 
and 3' ends within the corresponding LTRs. Several smaller copia RNAs 
have been detected including a prominent 2 kilobase (kb) species (Flavell et 
al. 1980; Schwartz et al. 1982). A number of RNAs have been found for mdgl 
(Ilyin et al. 1980c), rndg3 (Ilyin et al. 1980a), 412 (Schwartz et al. 1982) and 
B104 (Scherer et al. 1982) elements. 

The transcripts from copia-like elements are not found on polysomes to 
any significant extent (Flavell et al. 1980; Ilyin et al. 1980c; Falkenthal and 
Lengyel 1980; Young and Schwartz 1981). Copia RNAs are translated ineffi-
ciently by heterologous in vitro systems (Flavell et al. 1980; Shiba and Saigo 
1983) to give a heterogenous population of polypeptides. The largest product 
of in vitro translation reported by Flavell et al. (1980) was 51 000 atomic mass 
units (u) and was stimulated by the 2 k RNA. Shiba and Saigo (1983) have 
found a prominent 31 000 u product using copia RNA prepared in a different 
way. 

The level of transcription of several copia-like elements has been found to 
vary during development. Schwartz et al. (1982) measured the level of copia 
and 412 transcripts in total cellular RNA from embryos, larvae and adults of 
three different wild-type strains of D. melanogaster. The levels of both copia 
and 412 RNAs varied during development but was not co-ordinate. Copia 
expression was highest in adults and larvae, whereas 412 RNA was most 
abundant in embryos. These patterns were the same for each of three differ-
ent wild-type strains. This result suggests that copia-like elements regulate 
their transcription autonomously, rather than being controlled by adjacent 
sequences, since the chromosomal distribution of copia and 412 elements was 
probably very different in each of these strains. The picture is not entirely 
clear since Flavell et al. (1980), using another strain, could detect copia RNA 
in larvae but not embryos or adults. Most copia-like elements are expressed 
at high levels in tissue culture cells. 

The idea that expression of copia-like elements is controlled by the ele-
ments themselves, rather than by surrounding chromatin, is supported by the 
observations of Meyerowitz and Hogness (1982) concerning an element near 
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an abundantly transcribed gene. They found a strain of D. melanogaster in 
which a member of the B104/roo family of elements is present close to the 
glue protein gene sgs3. This gene is expressed at high levels in salivary glands 
of late third instar larvae. Meyerowitz and Hogness could detect roo tran-
scripts in embryos of this strain but not in RNA isolated from larval salivary 
glands, even when sgs3 was expressed and the chromosomal region contain-
ing both sequences was puffed. Either this particular roo element is incpabIe 
of expression, or it is regulated independently of sgs3. 

Studies of the expression of copia-like elements are complicated by the fact 
that there is as yet no information to indicate how many members of any par-
ticular family are expressed at any one time. One way of investigating this 
question would be to transform flies with a marked element and to follow its 
expression during development. The effect of chromosome position on 
expression could be studied by assaying transformants with the marked ele-
ment integrated at different sites. 

Expression of some copia-like elements appears to be modulated by trans-
acting products coded by genes elsewhere in the genome. The recessive muta-
tion su(Hw) (Lewis 1949) can suppress the mutant effects of alleles of genes 
scattered throughout the genome. Bender et al. (1983a) noticed that muta-
tions of the Bithorax complex which are suppressed by su(Hw) are associated 
with gypsy insertions, and Modelell et al. (1983) suggested that this might be 
true of all mutations affected by su(Hw). They tested this by hybridizing a 
gypsy probe to chromosomes carrying mutations suppressible by su(Hw). 
They scored 14 mutations at eight loci, and in all but two cases were able to 
find hybridization to the chromosome position corresponding to the gene in 
question. The exceptions were two alleles of the rudimentary gene which are 
fully suppressed by su(Hw) at 18 C but only partially suppressed at 25 C. 
These could be associated with insertions of gypsy ITRs, which might not 
have been detected in this experiment. Alternatively, suppression may be in-
dependent of gypsy. These results support the suggestion that most, if not all, 
mutations suppressible by su(Hw) are associated with gypsy insertions. They 
do not indicate what proportion of mutations caused by gypsy insertions is 
suppressible by su(Hw). 

The effect of su(Hvr) has been investigated for gypsy insertions in the 
forked,f, and Hairy-wing, Hit', genes. Accumulation of transcripts believed to 
be required for the wild-type forked phenotype is reduced in pupae carrying 
the!' mutation (Parkhurst and Corces 1985). This allele has a gypsy element 
inserted within the DNA coding for these transcripts, but it is not known 
whether this is within an intron or exon. These RNAs return to near normal 
levels in pupae carrying bothf' and su(Hw). This is also true of I' pupae 
carrying the su(f) mutation, another extragenic suppressor. 

Parkhurst and Corces (1985) suggest that the gypsy element associated 
with /1  affects transcription from the forked promoter, possibly because of 
an enhancer within the gypsy LTRs. The wild-type su(Hw) product may 
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interact with a regulatory element in gypsy to increase its effect on forked. 
The simplest interpretation would be that this product stimulates gypsy tran-
scription and as a result forked transcription is reduced. The developmental 
pattern of gypsy expression is not affected by the su(Hw) or su(f) mutations, 
but this is not necessarily at odds with this model (Parkhurst and Corces 
1985). 

The Hairy-wing mutation, Hw', is expressed by su(Hw), and is associated 
with a gypsy insertion in the achaete part of the achaete—scute complex 
(Campazano et al. 1986). It is a dominant mutation and results in an in-
creased level of transcripts from this region. In this case the transcripts are 
truncated within the gypsy insertion. They return to near wild-type levels in 
the presence of su(Hw), again suggesting that the su(Hw) product can 
modulate transcription of gypsy and adjacent sequences. The opposite effects 
of gypsy elements onforked and achaete expression may be explained by their 
orientation. Transcription of the gypsy element inf' would be opposed to 
that of the forked gene, whereas transcription of the Hit,' element would be 
the same as that of achaete. 

The gypsy/su(Hw), su(f) system is not the only interaction of this type in 
D. melanogaster. Searles and Voelker (1986) have found that alleles of ver-
million which are strongly suppressed by the extragenic suppressor su(s) are 
associated with 412 insertions. They have shown by in situ hybridization, that 
alleles of purple and speck which are suppressed by su(s) may also be asso-
ciated with 412 elements. The phenotypic affect of the white—apricot muta-
tion is reduced by suppressor of white—apricot, su(wa),  and increased by su(f) 
(Green 1959). This presumably reflects interactions between the products of 
the suppressor genes and the copia element in wa  (Levis et al. 1984; Pirotta 
and Brockl 1984). Similar effects have been found in other organisms. Some 
of the mutations due to Iv insertions in Saccharomyces cerevisiae are sup-
pressed by mutations at other loci (Roeder and Fink 1983; Roeder et al. 
1985), and the dilute mutation in mouse, which is associated with insertion of 
an endogenous retrovirus, is suppressed by the unlinked recessive mutation 
dilute suppressor (Copeland et al. 1983; Sweet 1983). 

B. COPIA-LIKE ELEMENTS AND RETROVIRUSES 

The structure of copia-like elements is very similar to that of the DNA pro-
viruses of vertebrate retroviruses. Both have a central region several kb long 
flanked by LTRs of a few hundred bases. This structural similarity, and the 
fact that both types of element can insert into chromosomal DNA in a semi-
random manner, encouraged several groups to investigate possible relation-
ships between them. 

The retroviral genome is a long single-stranded RNA with short direct re-
peats at each end. After a virus has infected a cell, this single-stranded RNA 
is converted to double-stranded DNA by the action of reverse transcriptase 
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incorporated in the virus particle. Synthesis of the first DNA strand is primed 
by a specific tRNA, also present in the virus particle. The last 18 bases of this 
tRNA pair with a unique sequence, the primer binding site, PBS, near the 5' 
end of the viral RNA. It is not certain how synthesis of the second strand is 
primed, but it is believed to require a purine-rich sequence found near the 3' 
end of the viral RNA. The molecules generated by reverse transcription are 
linear double-stranded DNAs with LTRs at each end. These repeats are com-
posite structures containing sequences from three different parts of the viral 
genome (Fig. 1.2), a unique sequence from the 3' end, U3, one copy of the 
sequence repeated at both ends of the viral RNA, R, and a unique sequence 
from its 5' end, US. This process is discussed in detail by Varmus (1983) and 
in Weiss et al. (1984). Some of this linear double-stranded DNA is trans-
ported to the nucleus where it circularizes to give two predominant forms. 
Both contain all the DNA between the LTRs of the linear molecule, but one 
has a single LTR while the other has two LTRs in tandem. Some of these cir-
cular DNAs then integrate into the chromosomes of the infected cell to 
generate the proviral genome which resembles linear precursor DNA in hav-
ing LTRs at both ends. The life-cycle of the virus is completed by synthesis of 
genomic RNA, starting at the beginning of the R sequence in one LTR and 
terminating at the end of R in the other. 

Two lines of evidence suggest that integration takes place at the junction of 
the tandem LTRs. Molecules containing tandem LTRs can integrate into 
chromosomes at this junction (Panganiban and Temin 1984a), and integra-
tion requires a viral encoded endonuclease which cuts preferentially at this 
site (Duyk etal. 1983). The LTRs at the ends of cytoplasmic linear DNA are 
believed to be four bases longer than those of integrated provirus (Scott etal. 
1981). These four bases separate the tandem LTRs in the large circular mole-
cules. Two of them are encoded immediately 5' to the PBS while the other 
two are present just 3' of the purine-rich sequence. These bases are lost dur-
ing integration. 

The similarity between copia-like elements and retroviruses is far greater 
than simply the presence of LTRs. All copia-like elements for which there is 
sequence information, except mdg3, have purine-rich sequences adjacent to 
their right-hand LTRs, and sequences similar to primer binding sites follow-
ing their left-hand LTRs. The LTRs themselves contain likely promoter and 
polyadenylation signals, and in many cases start with the sequence TG and 
end CA (see appendix) as do all known retroviral LTRs (Weiss et al. 1985). 
The PBSs of 412, mdgl, 297 and 17.6 are similar to that of avian leukosis 
virus (Kugimya et al. 1983), while that of B104 is similar to that of Moloney 
sarcoma virus (Scherer etal. 1982). 

The full extent of the relationship between copia-like elements and retro-
viruses has come to light with the publication of the complete nucleotide 
sequences of one 17.6 (Saigo etal. 1984) and two copia elements (Emori etal. 
1985; Mount and Rubin 1985). The central regions of most retroviruses have 



10 David J. Finnegan and Diana H. Fawcett 

Fig. 1.2 Intracellular life-cycle of a retrovirus, and likely mechanism of transposition 
for copia-like elements. The structure of genomic viral RNA is shown in (a). The filled 
boxes indicate a sequence repeated at both ends of the RNA. The hatched and 
stippled boxes indicate unique sequences, U5 and U3, from the 5' and 3' ends of the 
RNA, respectively. This RNA is reverse transcribed into extrachromosomal linear 
double-stranded DNA, (b). Synthesis of the first DNA strand requires a tRNA 
primer bound to a PBS adjacent to U5. Synthesis of the second strand is thought to 
require a purine-rich sequence, PR, adjacent to U3. Linear DNA formed in this way 
has long terminal repeats, LTRs. These are made up of the sequences U3, R and US 
as shown in (f). These linear molecules can circularize to give molecules with a single 
LTR, or with two LTRs in tandem, (c). Circular molecules with two LTRs can inte-
grate into chromosomal DNA, and in doing so duplicate a short target site sequence 
indicated by open boxes, (d). LTRs contain promoters, TATA, and polyadenylation 
signals, AATAAA, (f), allowing the integrated provirus to direct synthesis of full-
length genomic RNA to start another cycle, (e). Copia-like elements could transpose 
as the result of a similar series of events, starting with full-length RNA. 
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three open reading frames known as gag, pa1 and env, each of which codes for 
polyproteins. The gag gene product is cleaved into four or five products 
which make up most of the core of the virus particle. One of the products of 
the Rous sarcoma virus (RSV) gag protein, p15, has protease activity and is 
probably involved in cleavage of viral gene products. It is encoded at the 3' 
end of gag. The pa1 gene product, reverse transcriptase, is translated as a 
large molecule fused to the gag polypeptide. This results from a small splice, 
a translational frameshift or nonsense suppression. The polymerase is then 
processed from this large precursor. The reverse transcriptases of avian 
leukosis-sarcoma viruses (ALSV) are dimeric enzymes, one subunit of which 
can be cleaved to give a C-terminal polypeptide, p32, with endonuclease 
activity. The N-terminal end remains part of the polymerase. This nuclease is 
believed to cut at the junction between two tandem LTRs in circular viral 

I DNA as described above (Duyk et at. 1983). It must play a role in integration 
since this is blocked by mutations near the 3' end of the pa1 gene (Donehower 
and Varmus 1984; Panganiban and Temin 1984b; Schwartzberg et al. 1984; 
Panganiban 1985). The third open reading frame in the viral genome, env, 
overlaps the end of poi and is translated from a spliced sub-genomic message. 
It codes for another polyprotein which is processed into several membrane 
proteins forming major constituents of the viral envelope. More details on 
the structure of the retroviral genome can be found in Varmus (1983) and 
Weiss etal. (1984). 

The sequence of the 17.6 element has several features in common with a 
retroviral genome. It contains three open reading frames (ORFs) which over-
lap slightly. The first, ORFI, has some amino acid sequence homology with 
the gag product of Moloney leukaemia virus suggesting that they may be 
equivalent. More striking similarities can be seen between ORF2 of 17.6 and 
p0! of ALSV. Patarca and Heseltine (1984) have compared the reverse tran-
scriptases of several retroviruses, cauliflower mosaic virus and hepatitis B 
virus, and have found regions of similar amino acid sequence. The ORF2 of 
17.6 has considerable homology to a region believed to be important for 
polymerase activity, and there is also homology with the p32 region of ALSV 
and Moloney murine leukaemia virus (MoMLV) (Fig. 1.3). The relative 
positions of the putative polymerase and endonuclease regions in 17.6 are the 
same as those of their counterparts in MoMLV and ALSV (Fig. 1.4). No 
amino acid sequence similarities have been detected between ORF3 of 17.6 
and the retroviral env genes. 

Copia elements are about 2 kb shorter than proviruses and most other 
copia-like elements. The entire base sequences of the two different copia ele-
ments have been determined (Emori et al. 1985; Mount and Rubin 1985). 
They are remarkably similar and differ by only four silent single-base substi-
tutions in coding regions, and three single-base deletion/insertions in the 3' 
untranslated region. These sequences contain a single ORF of 4227 nucleo-
tides. The N-terminal region of this ORF has some similarities to gag genes, 
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REVERSE TRANSCRIPTASE 

HTLV 	(152) 	VLPQ]F -25-- 	TI   MODIL AP 

RSV 	(145) 	VLPOIG1 - 24 - 	CMILIHYMDDLL A&IS 
MoMLV 	(307) 	0 PQHF -25-- 	0L)jO VDDLLLAr 

17.6 	(323) 	P PFIGIL -21- 	HCILIVYLDDII FSIT 
(OPIA 	10 19 	RLPQI]1 -58- 	YVJL_vDDvvIAjG 

INTEGRASE 

HTLV (154) LVERSNGILK 

RSV 7271 VERANR LKD jI 

MoMLV (1110) 0 ER NRTIKE 

COPIA (584) VS RMIRTI A 

17.6 (9 11) D100LHKTI 
** 

Fig. 1.3 Comparison of amino acid sequences coded by retroviruses and copia-like 
transposable elements. The sequences shown are believed to be associated with re-
verse tanscriptase or integrase activity. The sequences are as follows: HTLV, human 
adult T-cell leukaemia virus (Seiki et al. 1983); RSV, Rous sarcoma virus (Schwartz et 
al. 1983) MoMLV, Moloney murine leukaemia virus (Schinnick et al. 1981); copia 
(Mount and Rubin. 1985: Emori etal. 1985); 17.6 (Saigo etal. 1984). The numbers in 
brackets indicate the distance from the start of the appropriate protein or ORF. The 
numbers not in brackets indicate the number of residues separating the two sequences 
from the reverse transcriptase-like polypeptides. Positions at which all five elements 
have identical, or similar, residues, are boxed. Asterisks indicate positions with 
invariant residues. Amino acid residues are indicated as follows; A, alanine; C, cys-
teine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; 
I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P. proline; Q, gluta-
mine; R, arginine; 5, serine; T, threonine; V. valine; Y, tyrosine. Amino acids were 
grouped as follows for making these comparisons: P,A,G,S,T—neutral or weakly 
hydrophobic: Q,N.E.D—hydrophylic, acid amine: H,K.R—hydrophylic, haic: 
L.T V.M -hydrophobic: FY.W—hvdrophohic. aromatic: C —cross-link forming. 

end in puruculu: LO u region of tg bcltc\ cd LO code lot a nucleic acid hi nding 
protein. The amino acid sequence downstream of this putative nucleic acid 
binding domain is similar to that of the p15 region of RSV, and contains the 
tripeptide Asp-Ser-Gly found in the active site of trypsin proteases (James 
1980). 

Shiba and Saigo (1983) have found particles that morphologically 
resemble retroviral core particles, in D. melanogaster tissue culture cells. 
These particles contain a heterogeneous population of RNAs including a 
prominent 5 kb species complementary to copia DNA. Emori et al. (1985) 
have determined a composite cDNA sequence for this RNA. It is equivalent 
to that of copia DNA and differs by only a few bases. One base is missing 
near the end of the long ORF of copia DNA and as a result the cDNA 
sequence contains two ORFs. This may indicate that most of the copia RNA 
from which the cDNA was made had been transcribed from a defective copia 
element(s). The cDNA sequence starts within the left-hand .LTR and, like 
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ALSV 	
GAG 	 POL 	 ENV 	D 

PT 	INT 
NB P 

176 	E 	ORF1 	 ORF2 	 ORF3 

P 	PT 	INT 
NB 

COPIA 	0 	 ORF1 

NB INT 	PT 

Ty 	
ORF1 	 ORF2 

-P INT 	 PT 
NB 

Fig. 1.4 Comparison of the genomes of an avian leukosis sarcoma virus, ALSV, the 
copia-like elements 17.6 and copia, and the yeast transposable element Ty. The boxes 
indicate LTRs. ORFs are indicated by horizontal lines below each map. The gag, pa1 
and env genes of ALSV are described in the text. The region of the ALSV genome 
coding for amino acid sequences with particular properties are indicated as follows: 
NB, nucleic acid binding; P, protease; RT, reverse transcriptase; TNT, integrase. The 
regions of the transposable elements believed to be associated with similar functions 
are indicated in the same way. 

cellular copia RNA, has variable 5' ends. The 3' end of the sequence is within 
the right-hand LTR. 

The RNA from these virus-like particles can be translated inefficiently in a 
heterologous in vitro system to give several polypeptides including a promi-
nent 31 000 u species (Shiba and Saigo 1983). This appears to be a structural 
component of the virus-like particles since it reacts with antisera raised 
against the particles themselves. Emori et al. (1985) have reported that a par-
tial amino acid sequence of the 31 000 u translation products corresponds to 
that of the N-terminal region of the copia ORF. This would include the puta-
tive nucleic acid binding domain noted by Mount and Rubin (1985), consis-
tent with the idea that this is a gag-like region. 

The C-terminal segment of the copia ORF has regions which, like ORF2 of 
17.6, have some homology with the reverse transcriptase and endonuclease 
domains of retroviral poi genes (Fig. 1.3), but in this case their relative posi-
tions are reversed (Mount and Rubin, 1985) (Fig. 1.4). The product of this 
long ORF may be cleaved into gag and pol-like regions by the protease ativ- 
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ity of the p15-like sequence. The copia sequence does not have any region 
which could correspond to env or ORF3 or 17.6. 

This sequence organization is not unique to copia elements. The trans-
posable Ty elements in S. cerevisiae are very similar to copia elements (see 
review by Roeder and Fink 1983). They are about the same size and have 
LTRs at both ends. Clare and Farabaugh (1985) have determined the base 
sequence of one Ty element Ty912. It has two ORFs which overlap slightly. 
Segments of the first ORF are reminiscent of DNA binding proteins, while 
the second shows homology to the protease, reverse transcriptase and endo- 
nuclease regions of retroviral p0l genes, and is partially homologous with the 
corresponding regions of copia (Mount and Rubin 1985) (Fig. 1.3). Again 
there is no region equivalent to env or ORF3 of 17.6. Copia elements are thus 
more like Ty elements in yeast than 17.6 elements in D. melanogaster even 
though all three are clearly similar to retroviruses (Fig. 1.4). 

Long before the coding capacities of copia-like elements and retroviruses 
were known in detail several authors suggested that these elements might 
transpose by similar mechanisms. The DNA—RNA—DNA cycle of a retro- 
virus provides a means of transposition without recourse to extrachromo-
somal viral particles. This is almost certainly true of Ty elements. Boeke et al. 
(1985) have followed the behaviour of a marked Ty element containing an 
intron. This element was able to transpose, and in doing so regenerated an 
element lacking the intron, as would be expected if transposition were to take 
place via a truncated retroviral life-cycle. 

There is, as yet, no direct evidence that the same is true of copia-like ele-
ments, although this seems very likely. Circular molecules containing copia, 
412, mdgl, mdg3, mdg4/gypsy and 297 elements have been found in extra- 
chromosomal DNA from D. melanogaster tissue culture cells and embryos 
(Flavell and Ish Horowicz 1981; Ilyin et al. 1984; Junakovic and Ballario 
1984; Shepherd and Finnegan 1984; Mossie etal. 1985). The number of circu- 
lar molecules per cell, for any particular element, depends on the cells being 
tested. The average number is about one or less per cell, but there may be 
considerable variation between cells. Circular B104/roo and HMS Beagle 
molecules have been looked for in tissue culture cells but were not found 
(Junakovic and Ballario 1984; Mossie et al. 1985). 

Flavell and Ish Horowicz (1983) have cloned individual circular copia 
molecules isolated from K. tissue culture cells (Echalier and Ohanessian 
1969). The majority contained all the sequences from the body of a copia ele- 
ment, plus one LTR or two LTRs in tandem. The latter molecules seem to be 
peculiar to K. cells since they have not been found in two other cell lines 
(Ilyin et al. 1984, Mossie et al. 1985). Shepherd and Finnegan (1984) have 
cloned circular 412 molecules from the K. line and have found that, in this 
case, the majority of molecules contained only a single LTR. They could de-
tect no molecules with two LTRs in tandem. Both groups found circular 
molecules with deletions, inversions or other rearrangements. 
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Circular copia-like elements could be formed in several ways. Recombina-
tion between the LTRs at the ends of a chromosomal element will generate 
circular molecules with a single LTR, while recombination between the short 
direct repeats flanking an element will generate molecules with two LTRs in 
tandem. The LTRs in copia circles of this type should be separated by 5 bp 
since this is the length of the target site duplication characteristic of these ele-
ments. Flavell and Ish Horowicz (1983) have sequenced the junctions 
between the tandem LTRs of several cloned circular molecules. The number 
of bases separating them varied between 0 and 15 bp, but in no case was it 
5 bp. If these molecules had been formed by excision of chromosomal ele-
ments, then these must have been aberrant excision events. 

Circular molecules could also be formed from linear DNA produced by re-
verse transcription of full-length RNA. Flavell (1984) has used density label-
ling techniques to show that many circular copia molecules incorporate label 
faster than the bulk of chromosomal DNA and are probably not produced 
by recombination. He grew K. cells in medium containing bromodeoxyuri-
dine, and compared the rate at which this was incorporated into chromo-
somal and extrachromosomal elements. Circular elements incorporated the 
label into both strands more rapidly than did chromosomal elements. He was 
also able to find full-length linear copia molecules in extrachromosomal 
DNA which had incorporated label in both strands. The formation of these 
linear molecules was not affected by an inhibitor of the major cellular DNA 
polymerase, consistent with the idea that they were formed by reverse tran-
scriptase. 

Ilyin et al. (1984) have found circular mdgl and mdg3 elements in two cell 
lines, and in one of these Arkhipova el al. (1984) have identified mdgl and 
mdg3 molecules in the form of RNA/DNA hybrids. The structure of these 
molecules suggested that they had been formed by reverse transcription. 

Whatever the origin of circular copia-like elements it is unlikely that many 
of them are transposition intermediates. Circular molecules with two LTRs 
in tandem have been found only for copia elements in one cell line, and even 
then their structure was not that expected for retroviral circles. These data do 
not rule out the possibility that copia-like elements transpose by a retroviral 
mechanism. The frequency of transposition is usually very low (Rubin et al. 
1981; Tchurikov et al. 198 1) and transposition intermediates may be corres-
pondingly rare. This is not necessarily at odds with the high levels of full-
length copia RNAs. Many of these transcripts may come from defective 
elements, and any or all of the subsequent steps in transposition may be in-
efficient. These would include primer binding, reverse transcriptase synthesis 
and activity, formation of linear and circular DNAs, and integration of the 
appropriate precursor. Mossie et al. (1985) have found that the abundance of 
circular copia-like elements is not related to the levels of the corresponding 
RNAs. The amplification of copia-like elements in tissue culture cells is prob-
ably not related to high levels of transcription in these cells but may reflect 
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FOLD BACK ELEMENT 

Fig.  1.5 Formation of fold-back structures as a result of denaturation and renatu-
ration of a fragment containing an inverted repeat sequence. The regions of genomic 
DNA which form the loop, stem and tails of the fold-back structure are designated 1, 
2, and 3, respectively. 

reduced selection against high copy number as compared with the whole 
organism. 

Boeke et al. (1985) have been able to increase the level of Ty transposition 
one-hundred fold by increasing the level of expression of a particular Ty ele-
ment. This was done by fusing it to an inducible promoter. The frequency of 
transposition to a particular site was still low, of the order of one in 106  cells, 
but the overall level of transposition was high and could be detected easily 
without selection. Similar experiments with copia-like elements should allow 
the structure of newly transposed elements to be compared with the donor 
element, and might raise transposition intermediates to a detectable level. 
The difficulty with such an experiment is to be certain of finding a functional 
element to manipulate. 

III. Transposable elements with long inverted repeats 

A. FOLD-BACK ELEMENTS 

All eukaryotic genomes so far tested contain closely spaced inverted repeat 
sequences. These can be detected by denaturing high molecular weight DNA 
and allowing it to reanneal at low concentration. The first sequences to 
renature will be inverted repeats. The structures formed in this way are 
usually referred to as 'snap-back' or 'fold-back' molecules (Fig. 1.5). These 
contain a double-stranded stem comprising the inverted repeats themselves, a 
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single-stranded loop containing the sequence separating the inverted repeats 
and single-stranded tails containing adjacent DNA. There are estimated to 
be 2000-4000 inverted repeat structures in the D. melanogaster genome, and 
DNA from all frequency classes are represented in their stems, loops and 
tails. About 3 per cent of the mass of the genome is contained in the stems 
which are slightly enriched for moderately repetitive sequences (Schmid et al. 
1975). 

Potter and his colleagues have studied one family of fold-back elements, 
the FB family, in detail. Potter etal. (1980) prepared a fraction of the genome 
enriched for inverted repeat sequences and used this as a probe with which to 
screen a library of genomic DNA cloned in a plasmid vector. One of the plas-
mids hybridizing to this probe, pDmFB1, contained a complete inverted re-
peat structure, FBI, and was used to isolate further clones containing related 
sequences. Nine fold-back elements, FBI—FB9, have been isolated in this 
way. They are related in sequence but, unlike members of a family of copia-
like elements, are very heterogeneous in structure. The length of the inverted 
repeats and the length and sequence of DNA separating them differ from ele-
ment to element, and some have no loop region at all (Potter et al. 1980; 
Truett et al. 1981). The sequence of these inverted repeats is present at the 
chromocentre, and about 20-30 sites on the arms of salivary gland chromo-
somes, although they do not necessarily occur as inverted repeats at each site. 
The exact locations of these sequences varies from one strain to another, sug-
gesting that FB elements are transposable (Levis etal. 1982). 

The inverted repeats themselves are made up of tandemly repeated short 
sequences in a pattern reminiscent of satellite DNA. This was first indicated 
by the pattern of restriction sites within the inverted repeats. Most enzymes 
do not cut at all, whereas TaqI cuts frequently with many of the sites being 
regularly spaced 155 bp apart (see appendix). The outer ends of the inverted 
repeats are highly conserved and contain the only Hinfi sites within the 
repeats (Truett et al. 1981). Potter (1982a) has determined the entire base 
sequence of F134, a fold-back element with a 1.7 kb loop region, and Truett et 
al. (1981) have obtained information for parts of FB3. The bulk of the 
inverted repeats are made up of short repeat sequences with some variation 
from one copy to another. Near the outer ends of an element this repeat is 
10 bp long. This is expanded first to a 20 bp repeat present in multiple copies 
separated by variable A+ T rich regions, and then to a 31 bp sequence which 
is repeated many times in tandem. There are five main variants on this 31 bp 
theme, and these occur in a cyclical pattern giving a larger repeat unit of 
155 bp containing a single TaqI site. The same pattern has been found in the 
partial sequence of FB3 (Truett etal. 1981). 

There are more copies of the 31 bp repeat in the right-hand portion of FB4 
than in the left. Restriction mapping data from other elements suggest that 
this is often the case, and in many instances the loop region may be made up 
entirely of excess repeat sequences. 
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All but 95 bp of the loop of FB4 is bounded by nearly perfect inverted 
repeats 33 bp long. The sequence between these repeats is repeated about 20 
times in the genome, and Brierley and Potter (1985) have called these HB 
elements, the HB element in F134 being HB1. These elements appear to be a 
fairly stable component of the genome since very similar patterns of hybridi-
zation are seen when digests of genomic DNA from different strains are 
probed with HB DNA in a Southern transfer experiment. Brierley and Potter 
(1985) have isolated 23 plasmids containing HB DNA. None of these hybri-
dizes to the inverted repeat sequences of FB4, indicating that HB elements 
are rarely part of FB elements. They have compared four HB elements, 
including HB1, and have found that they are poorly conserved but are all 
flanked by related inverted repeats 29-33 bp long. Brierley and Potter (1985) 
think that HB sequences are transposable elements in their own right because 
they have terminal inverted repeats, they contain moderately repeated 
sequences, and they are not usually part of FB elements. They suggest that 
FB4 may have been formed by transposition of HB 1 into an FB element. 

These data are indicative, but not conclusive. The similar patterns of 
hybridization of HB probes to genomic DNA from different strains indicates 
a low frequency of transposition. The differences which are seen could be due 
to sequence variation within, or adjacent to, HB elements, or to transposition 
of FB4 itself. More convincing evidence might be obtained from in situ hybri-
dization experiments or by direct demonstration of transposition of an HB 
element into, or close to, a gene. No HB element has been found with flank-
ing direct repeats as might be expected of a transposable element. 

An FB element has been found associated with white—crimson, WC,  an un-
stable derivative of the mutation white—ivory, w1  (Green 1967; Collins and 
Rubin 1982). The w mutation is due to tandem duplication of 2.9 kb of white 
DNA, while WC  has a 10 kb FB element, FBwC,  inserted near the junction of 
the two repeats (Collins and Rubin 1982; Levis et al. 1982; O'Hare et al. 
1984). Somewhat surprisingly the WC  allele determines a darker eye colour 
than does w'. Collins and Rubin (1983) have analysed FBwC  in detail. It is 
flanked by a 9 bp target site duplication, like FB3, and the 31 bp at the outer 
ends of its inverted repeats are identical to each other, and to the termini of 
FB3 and FB4. 

The wc  mutation produces w or w1  derivatives with a frequency of about 
10 (Green 1967), and Collins and Rubin (1982, 1983) have examined the 
structure of some of these. The w derivatives have lost one copy of the dup-
licated white DNA plus FBwC,  presumably as the result of recombination 
between the 2.9 kb repeats. The w derivatives retain the white duplication, 
but have lost FBwC.  This has excised precisely since all FB sequences have 
gone, together with one copy of the 9 bp target site duplication. Precise 
excision of FBwC  is probably stimulated by the FB element itself since it 
occurs more frequently than would be expected for recombination between 
9 bp direct repeats. The inverted repeats of the FB element may occasionally 
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pair with each other to bring the 9 bp direct repeats into close proximity. 
Alternatively an FB-related function might stimulate recombination between 
flanking sequences. Recombination between the 2.9 kb repeats of white DNA 
also occurs more frequently in chromosomes carrying the WC  mutation than 
in those carrying w. Again this could be stimulated by an FB-related func-
tion, or the presence of FBw may simply allow these repeats to pair more 
easily. 

Not all DNA rearrangements stimulated by FB elements are simple in-
sertions or excisions. The it mutation occasionally produces derivatives 
which determine a bleached white phenotype. Collins and Rubin (1984) have 
analysed 10 of these. Six were deletions of DNA to the left of the insertion, 
and could be explained by recombination between FBwC  and a second FB 
element lying about 14 kb to the left of it on the ivc chromosome. Three of the 
four remaining white alleles had small rearrangements of sequences within 
FB t c .  It is not clear how these were formed. The altered FB elements may 
have been produced from FBwC  as a result of the activity of a protein nor-
mally involved in transposition. Alternatively, they may be the result of 
recombination/gene conversion within FBwC,  or between FBwC  and other FB 
elements elsewhere in the genome. This would not necessarily change the 
loop sequence since this is repeated a few times in the genome and is usually 
associated with FB sequences (Levis etal. 1982; Paro etal. 1983; Brierley and 
Potter 1985). 

These rearrangements are not peculiar to FBwC.  Potter (1982b) has found a 
similar change in the FB4 element. This could also be the result of either 
intra-element events, or recombination/gene conversion between elements. 

The frequency with which FB elements can excise seems to be affected by 
their structure. Collins and Rubin (1984) have found a stable derivative of 
FBv,' which apparently differs from it only in having a duplication of the cen-
tral region. Its stability was not due to lack of any destabilizing product 
coded by FBw', since the derivative was not affected by the presence of a 
second, unstable, FBwC .  

Nothing is known about the mechanism of transposition of FB elements 
nor what proportion of these elements are transposition proficient. The 
structure of FB elements suggests that they do not transpose via an RNA 
intermediate. The fact that FBwC  can excise precisely does not necessarily 
mean that excision is part of transposition. 

B. TE ELEMENTS—COMPOSITE TRANSPOSABLE ELEMENTS 

Fold-back elements can form part of compound transposable elements. The 
first of these to be discovered, the TE elements, were detected genetically by 
Ising and Ramel (1976). They found a strain of D. melanogaster in which the 
white and roughest genes, which normally reside close together on the X chro-
mosome, had moved to the second chromosome. They were not stable at this 
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new site but transposed again, or were apparently lost altogether, at a 
frequency of about l0- 3  (Ising and Block 1981). The amount of DNA trans-
posing must be several hundred kilobases, and in favourable cases several 
polytene chromosome bands can be seen inserted at the site of a TE (Ising 
and Block 1981, 1984). The element responsible for the first transposition 
event is called TEL About 150 transpositions have been identified, the TE 
element being renumbered after each event, and about 90 have been mapped 
cytologically (Ising and Block 1984). TE elements can change their genetic 
content, and this is often associated with transposition. They have been 
found to have a near wild-type allele, instead of the white apricot allele 
carried by TEl, to have duplicated or lost the entire white gene, or to have 
incorporated new genes (Ising and Block 1981, 1984; Paro et al. 1983). 

Paro et al. (1983) have examined both ends of TE77 and TE98 and one end 
of TE28. Both TE77 and TE98 have FB elements at each end. The FB ele-
ments at the two ends of both TE77 and TE98 are not identical. There is also 
an FB element at the end of TE28, which was examined. This has been called 
FB-NOF, and appears to be the same as FBwC  (Paro et al. 1983). 

Although the genetic markers carried by TEs may be lost, the TEs them-
selves probably do not excise precisely. Ising and Ramel (1976) have found 
several examples of transpositions of a TE element being associated with 
induction of a recessive mutation at, or near to, the site of insertion. These 
mutations may remain even after the white gene has been lost. This suggests 
that part of a TE element can be lost without the element excising precisely. 
An alternative, but less likely, explanation is that these mutations arose inde-
pendently of TE insertion. 

Chia et al. (1985) have studied excision of TE146 at the molecular level. 
This element carries two copies of the white gene and is inserted near the no-
ocelli gene, floe, resulting in a noc mutation. Chia et al. (1985) selected 
chromosomes which had lost both the w alleles of TE146. They cloned 
DNA spanning the insertion site of this element and used it to probe DNA 
from these derivatives in Southern transfer experiments. All eight chromo-
somes tested had DNA inserted at the TE146 target site, and in situ hybridi-
zation experiments indicated that at least some of this was FB sequences. 
They interpret these results as indicating that most of TE146 has excised as a 
result of recombination between inverted repeat sequences in the FB ele-
ments at the ends of TE146. The loss of the w alleles was accompanied by 
reversion of the noc mutation, suggesting that TE146 had inserted adjacent 
to, rather than within, the noc gene. 

The loss of the bulk of TE146 occurred at a frequency of about 5 x 10 
(Gubb et al. 1986) whereas loss of only one copy of w was about 10 times 
more frequent. Chia et al. (1985) suggest that this is the result of recombina-
tion between one of the terminal FB elements and an FB element within 
TE146. These derivatives are still noc but throw off noc chromosomes 
which are indistinguishable from the single-step revertants described above. 
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Fig. 1.6 A possible mechanism for generation of new TE elements. An element, TEl, 
containing an internal FB element, has inserted between two chromosomal FB ele-
ments. Transposition events could generate six new TE elements. TEII—TEVII, each 
containing at least part of TEl. 

The presence of FB elements within a TE element could explain how their 
genetic constitution changes during transposition. If a TE element, TEl, con-
taining an internal FB element, transposes to a site flanked by other FB ele-
ments, as will often be the case, then several new TEs could be formed by 
subsequent transpositions using different combinations of FB elements (Fig. 
1.6). Two of the new TEs would also have internal FB elements. One, TEll, 
would have the FB element within TEl at its right-hand end, and the other, 
TEIII, would have this at its left-hand end. Four TEs, TEIV—TEVII, could 
be formed without internal FB elements, and there are more complex possi-
bilities. The probability of any particular structure being formed may depend 
on the distance separating FB elements, although some FB elements may be 
unable to transpose themselves and/or to form an end of a TE. 

Another transposable element flanked by FB sequences has been found 
inserted just upstream of the start of the white gene (Bingham 1980, 1981; 
Levis etal. 1982; O'Hare et al. 1984), and is responsible for the unstable white 
mutation DIL  This element is 13 kb long and has FB elements surrounding 
a 6.5 kb sequence. The DNA of this central region is not repeated in the 
genome and comes from near the tip of the second chromosome (Levis et al. 
1982). This element is unstable and can rearrange to give w derivatives with 
a frequency of 102103  (Bingham 1981), the majority of which are simple 
in that they are not associated with gross chromosomal rearrangements. 

Levis and Rubin (1982) have analysed the white locus in 12 simple rever-
tants, 11 of which retain some DNA inserted at the site of the wDZL element. 
Most of the residual insertions are less than 4 kb long and appear to have lost 
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all of the central region of the w°ZL   element. The remaining DNA pre-
sumably includes FB sequences, and could have been formed by recombina-
tion between the inverted repeats at the ends of the DZL  element. Many of 
these w derivatives are themselves unstable and throw off mutant w alleles. 
This is consistent with there being FB sequences near the white gene. 

TE elements almost certainly transpose because of the FB elements at their 
ends, and possibly any sequence flanked by FB elements is potentially trans-
posable. The size and structure of TE elements make it unlikely, if not im-
possible, that they transpose via an RNA intermediate. No one has 
compared the structure of a TE element before and after transposition to de-
termine whether or not its terminal FB elements are altered, nor has anyone 
examined a target prior to TE insertion. All the rearrangements associated 
with TE instability, and some of those due to FB elements, can be explained 
by recombination events involving sub-repeats of the FB inverted repeats. 
These could take place within or between FBs, depending on the nature of 
the rearrangement concerned. Potter (1982) has suggested that these sub-
repeats bind a transposase, and recombination between sub-repeats might be 
stimulated by the same enzyme. It is not inconceivable that transposition of 
TEs is the result of recombination between the FB elements at the ends of a 
TE, and an FB element already at the target site. We have already pointed 
out that the sequence organization within the inverted repeats of an FB ele-
ment is like that of satellite DNA. Perhaps FB elements evolved from these 
highly repetitive sequences, with variants of a satellite DNA binding protein 
becoming a transposase. 

IV. F elements transposable elements without terminal inverted 
repeats 

The F elements of D. melanogaster are disperse repeat sequences which re-
semble retroposons (Rogers 1983), a class of transposable sequences found in 
many other species. These include Alu sequences in human DNA (Houck et 
al. 1979; Jelinek ci al. 1980) and the corresponding short repeated sequences 
in rodents (Kramerov etal. 1979; Krayev ci al. 1980; Haynes etal. 1981), the 
long interspersed sequences, or LINES, in mammalian genomes (Singer and 
Skowronski 1985), pseudogenes complementary to rat and human small 
nuclear RNAs (van Arsdell et al. 198 1) and human tubulin and immuno-
globulin pseudogenes (Hollis et al. 1982; Wilde ci al. 1982). These sequences 
are flanked by target site duplications but are distinguishable from the trans-
posable elements we have discussed so far in that they have no terminal re-
peats, either direct or inverted. The length of the target site duplications 
varies from one copy of an element to another, and there is an (A)-rich tract 
at the 3' end of one strand. This is conventionally taken as the right-hand end 
of an element. Sequences of this type have been discussed in detail by Rogers 
(1985). 
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The first F element to be discovered was found inserted into one of the 
non-nucleolar copies of the type I sequence found inserted in many 28 S 
rRNA genes (Dawid etal. 1981). Dawid etal. (198 1) suggested that this was a 
transposable element as it was flanked by direct repeats of the target se-
quence. This element, called 10 IF, is 4.7 kb long. It has no terminal repeats 
but has an 18 base polyA sequence at the end of one strand. This is preceded 
by two overlapping copies of the polyadenylation signal AATAAA. There 
are about 50 copies of sequences related to 10I17 in the D. me!anogaster 
genome. About half of these are on the chromosome arms, and half in cen-
tromeric DNA. Dawid et al. (1981) and Pardue and Dawid (1981) have 
found very different sites of F element hybridization on chromosomes from 
different strains, which is consistent with the idea that these are transposable 
sequences. 

Di Nocera etal. (1983) have compared the base sequence of lOIF with that 
of three other F elements which they had cloned using 10 IF as a probe. All 
four elements are flanked by target site duplications which range from 8 to 
13 bp long. All have polyA at the 3' end of the same strand and in each case 
this is preceded by at least one polyadenylation signal. The left-hand ends of 
these elements are variable. One has a long deletion at this end while the 
others have small length differences and regions of non-homology. A fifth F 
element has been found inserted at the white locus in a chromosome carrying 
a derivative of the w mutation, w' 	(O'Hare etal. 1984). This is similar to 
the others but has a large deletion at its left-hand end (Di Nocera etal. 1983). 

The properties of F elements, and other retroposons, suggest that they 
may transpose by integration of double-stranded molecules made by reverse 
transcription of polyadenylated RNAs, although there is no direct evidence 
to support this. The short polyA sequence at their right-hand ends are taken 
as being relics of the terminal polyA, and the variability at their left-hand 
ends could be due to premature termination of reverse transcription. The 
polyadenylated RNAs used for transposition probably come from a few 
master copies of the element which are transcribed either because they are ad-
jacent to RNA polymerase II promoters, or because they contain an internal 
polymerase III promoter. A transposed copy of the sequence will only be able 
to generate further transposition events if it has inserted adjacent to a suit-
able promoter, or if it carries with it an internal promoter. Neither is true of 
101F, the longest F element so far described. This distinguishes F elements 
from cop/a-like and Ty elements, and retroviruses which probably also trans- 
pose via reverse transcription. These elements have polymerase II promoters 
within their LTRs, and can direct synthesis of RNAs from which full-length 
elements can be regenerated. The F elements found at variable sites in the 
genome might more correctly be described as transposed elements than 
transposable elements. Dawid et al. (198 1) were unable to detect any polyA + 
transcripts complementary to F elements in embryos, larvae, pupae, and 
adults. 
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Di Nocera etal. (1983, 1986) have found another family of potential retro-
posons which they call G elements, which resemble F elements in that they 
have a polyadenylation signal and polyA tract at the 3' end of one strand. 
They were found inserted in some of the F elements interrupting non-
nucleolar copies of the 28S rDNA insertion sequence. There are 10-20 G ele-
ments in the genome. This interdigitation of repeated and possibly trans-
posable sequences is not unique. Wensink et al. (1979) have described 
clusters of scrambled repeat sequences and Tchurikov et al. (1981) have 
found stretches of DNA containing several different dispersed repeat 
sequences. 

V. Transposable elements in hybrid dysgenesis 

HYBRID DYSGENESIS 
Hybrid dysgenesis is the production of abnormal characteristics in the 
progeny when particular strains of flies are crossed in an appropriate fashion. 
These traits include partial or complete sterility, increased mutation frequen-
cies, chromosome rearrangements, distorted transmission ratios and male 
recombination. There are two independent systems of hybrid dysgenesis, 
P-M and I-R. P-M dysgenesis is produced by crossing M, maternal, strain 
females with P. paternal, strain males. In the I-R system R, reactive, strain 
females must be crossed with I, inducer, strain males. The progenies of the 
reciprocal crosses are apparently normal in each case. 

The biological properties of the P-M and I-R systems are not identical. 
The most obvious differences are in the nature of the induced sterility, and 
the fact that P-M dysgenesis affects both sexes, whereas I-R dysgenesis 
affects only female progeny. The gonads of both male and female progeny of 
a P-M dysgenic cross fail to develop. The gonads of I-R dysgenic females 
appear normal, and the flies lay normal numbers of eggs, but these embryos 
die at a very early stage of development. Dysgenic events are believed to be 
confined to the germ-line in both systems, since somatic mutations are rarely 
seen. 

The characteristics of P strains and I strains are controlled by transposable 
elements called P factors and I factors. These elements are dormant until they 
are introduced into the cytoplasmic background of an M strain, in the case of 
P factors, or an R strain in the case of I factors. This is believed to be due to 
regulatory molecules which are produced by P or I factors, and which are not 
present in the nuclei of M or R strains. A detailed discussion of the genetic 
and biological aspects of hybrid dysgenesis can be found in Kidwell (1983), 
Bregliano and Kidwell (1983) and O'Hare (1985). 

P-M DYSGENESIS AND P ELEMENTS 

Many P-M induced mutations are unstable in P-M dysgenic individuals 
(Engels 1979; Rubin etal. 1982) and several people suggested that they might 
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be due to insertion of P factors into the genes in question (Golubovsky et al. 
1977; Green 1977; Simmons and Lim 1980). This has been confirmed by 
Rubin and his colleagues (Rubin et al. 1982). They compared the structure of 
the wild-type white gene with that of seven P-M induced white mutations. 
Each mutation was associated with a DNA insertion in the white gene. Two 
of these insertions were of copia elements, while the other five were of 
sequences related to each other and ranging in size from 0.5-1.4 kb. When 
chromosomes carrying these mutations were subject to P-M dysgenesis, 
those associated with copia elements were stable whereas the others reverted 
to wild-type. Southern transfer analysis of these revertants suggested that the 
inserted sequences had excised precisely, and this has been confirmed subse-
quently by DNA sequencing (O'Hare et al. 1983). The elements associated 
with the unstable mutations were considered too short to be functional P fac-
tors, and Rubin et al. (1982) suggested that they might have been derived 
from complete P factors by deletion. O'Hare and Rubin (1983) searched for 
longer, related sequences using one of the short elements as a probe. They 
screened a library of clones P strain DNA and recovered several fragments 
containing a conserved 2.9 kb sequence. 

Spradling and Rubin (1982) have confirmed that these longer elements are 
active P factors by showing that one of them could stimulate hybrid dys-
genesis when injected into embryos of an M strain. They used an M strain 
carrying a mutation of the singed gene, 	which had been induced by P-M 
dysgenesis and is extremely unstable in dysgenic flies (Engels 1979). If the 
injected DNA were to induce hybrid dysgenesis this would be revealed by 
mutation of Sfl'  to an almost wild-type allele, or a more extreme singed muta-
tion. This was scored in the progeny of flies resulting from the injected 
embryos. Injection of the putative P factor did destabilize 	in this way. 
The P factor was itself affected by dysgenesis and transposed from plasmid 
DNA to chromosomes of the injected embryos. It integrated by transposition 
rather than recombination since the complete P factor inserted into the 
chromosomes without any flanking sequences. This has since proved to be an 
effective transformation system for Drosophila (Rubin and Spradling 1982). 

The fact that two of the P-M induced white mutations were due to copia 
insertions does not necessarily mean that P-M dysgenesis can stimulate copia 
transposition. These insertions could have occurred fortuitously, or could 
have been stimulated by crossing the strains used in the experiment but not 
by P-M dysgenesis itself. P-M dysgenesis can only be invoked if copia trans-
position were to increase in the progeny of a cross between M strain females 
and P strain males, but not in the progeny of the reciprocal cross. 

O'Hare and Rubin (1983) have determined the base sequence of one com-
plete P factor and four of the shorter P elements isolated from the P-M 
induced white mutations. The P factor has 31 bp inverted repeats at each end, 
and is flanked by a target site duplication 8 bp long. The shorter P elements 
share these features, and differ from the 2.9 kb elements by internal deletions. 
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P elements do not transpose at random, and three of the five P elements in the 
white gene had inserted at exactly the same position. O'Hare and Rubin 
(1983) have compared the 8 bp site duplications of several P elements and 
have been able to deduce a weak consensus sequence from them. This may 
account for the target site specificity. 

The genomes of most P strains contain 30-50 P elements distributed on all 
chromosomes (Bingham et al. 1982), only about 10 of which are complete 
(O'Hare 1985). The simplest explanation for the genetic differences between 
P and M strains would be that P elements are present in P strains but not M 
strains. This is true of some, but not all, M strains (Bingham et al. 1982). 
Many M strains, particularly those recently isolated from the wild, contain 
about as many P sequences as do P strains (Fig. 1.7a) (Kidwell 1983; 
Anxolabehere etal. 1984, 1985), but these are of genetically inactive P ele-
ments (Engels 1984). Strains of this type are sometimes called M' strains. The 
fact that some strains of D. melanogaster lack P sequences altogether suggests 
that P elements have been incorporated into the genome relatively recently. 
Studies of the distribution of P sequences in other Drosophila species support 
this conclusion (Brookfield et al. 1984; Daniels etal. 1984). 

One strand of the P factor contains four ORFs of 297, 714, 792 and 654 bp. 
Karess and Rubin (1984) have made mutations in each of these separately, 
and have tested the ability of the resulting mutant P factors to destabilize the 
SflV mutation after being introduced into M strain embryos. Mutations in any 
one ORF blocked the trans-acting function of P required for transposition, 
but did not affect the ability of the mutant P element to transpose when 
coinjected with a complete P factor. These ORFs must determine a single 
function since the mutant P factors were unable to complement each other in 
any pair-wise combination. Presumably the information in these ORFs is 
joined by RNA splicing, and codes for a function required for transposition. 
Laski et al. (1986) have recently obtained evidence that this splicing may be 
confined to the germ cells of dysgenic individuals, explaining the tissue speci-
ficity of P-M dysgenesis. 

Karess and Rubin (1984) have looked for P factor transcripts in polyA 
RNA from P strain embryos, and from embryos obtained from a P-M dys-
genic cross. They found RNAs ranging in size from 0.5 kb to more than 4 kb 
in each case, with a prominent band of 2.5 kb. Many of the shorter tran-
scripts could come from incomplete P elements, while those longer than 
2.9 kb could initiate and/or terminate in flanking sequences. They have also 
tested RNA from an M strain, lacking P sequences, into which a complete P 
factor had been introduced by injection and transposition. This strain con-
tained a much simpler pattern of P factor RNAs, and Karess and Rubin 
could detect only a 2.5 kb band and a less abundant RNA of about 3 kb. 
These transcripts both start at about nucleotide 87 and the larger RNA seems 
to contain sequences at its 3' end which are not in the 2.5 kb species. Neither 
of these RNAs has been associated with any function. 
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Fig. 1.7 Hybridization of P and I lactor sequences to genomic DNA from different 
strains of D. melanogaster. (a) Genomic DNAs of the strains listed below were 
digested with Hindlil and fractionated on a 0.7 per cent agarose gel. The DNA was 
transferred to nitrocellulose and hybridized with a probe made from the plasmid pm 
25.1. This carries a complete P factor (O'Hare anc Robin 1983). The phenotype of 
each strain, with respect to P-M dysgenesis, is indicated above each track. The band 
of hybridization common to all strains does not represent P DNA. It is due to hybridi-
zation of chromosomal sequences adjacent to the P factor in pm 25.1. Note that this is 
the only signal from M strain DNA. The M' strain, track 7, does contain some P 
sequences. The strains are, 1, se2014; 2, seF; 3, HJ330; 4, HJ325; 5, 132'; 6, Luminy; 
7, Beanne; 8, Canton S. (b) The same filter as in (a), hybridized with a probe made 
from the plasmid p1771 containing 2.9 kb of DNA from the right-hand end of an I 
factor (Bucheton etal. 1984). The phenotype of each strain, with respect to I-R hybrid 
dysgenesis, is indicated above each track. Note that there are I factor sequences in the 
DNA from both I and R strains, and that the patterns of hybridization shown by dif-
ferent R strains are very similar. This suggests that these strains contain similar sets of 
I elements. Many of these elements appear to be present in each of the I strains as 
well. (c) Genomic DNAs from strains HJ325, 4, and 32', 5, were digested with 
Hindill and PstI, and fractionated on a 0.7 per cent agarose gel. The DNA was trans-
ferred to nitrocellulose, and hybridized with a probe made from the internal 2.3 kb. 
HindIII.PstI fragment of the I factor (see appendix). The prominent band of hybridi-
zation seen in I strain DNA comigrates with this internal fragment. It is present in 10-
15 copies per haploid genome in this strain, but only 0-1 copies in ihe R strain. This 
supports the idea that complete I factors are only present in I strains. These hybridiza-
tions were carried out by H. Sang using the experimental conditions described by 
Bucheton etal. (1984). 
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The mechanism of P factor transposition is not known. One of the ques-
tions to be answered is whether transposition is replicative or whether it in-
volves excision and reinsertion. These are not necessarily mutually exclusive 
since one could imagine replication taking place after excision and before 
insertion. 

Many casual observations (Bregliano and Kidwell 1983; Kidwell 1983) 
suggest that during dysgenesis the overall increase in P-containing sites is 
greater than their loss. This has been confirmed by the careful measurements 
of Benz (quoted in Engels and Preston 1984). This suggests that transposition 
is replicative, and is only compatible with non-replicative transposition if 
chromosomes from which P elements excise are frequently lost. Unfortu-
nately this is difficult to exclude unequivocally. P-M dysgenesis does stimu-
late excision of P elements, whether or not this is part of transposition, as 
well as the production of gross chromosomal rearrangements. These 
excisions are not always precise (Voelker etal. 1984) and may result in loss of 
internal P sequences. O'Hare and Rubin (1983) and O'Hare (1985) have sug-
gested that these internal deletions result from slippage of the replication 
fork during DNA synthesis associated with replicative transposition. 

Engels and Preston (1984) have made a detailed study of several hundred 
chromosome rearrangements stimulated by P-M dysgenesis. Most of the 
break-points occurred at, or close to, P elements which were often lost during 
the rearrangements. The frequencies with which different complex rearrange-
ments were recovered could best be accounted for by random rejoining of 
ends created by several chromosome breaks occurring simultaneously, rather 
than by a series of events each involving two breaks. Roiha et al. (quoted in 
O'Hare 1985) have studied one P-M induced inversion in detail. This 
occurred between two P elements and appears to have resulted from chromo-
some breaks at one end of each element. The sequences flanking both ends of 
each element are entirely conserved, but one end of one of the P elements has 
been lost. These results suggest that dysgenesis stimulates chromosome 
breaks at the ends of P elements. Precise excision could result from breaks 
taking place simultaneously at both ends of the same element (Engels and 
Preston 1984). 

C. l-R DYSGENESIS AND I ELEMENTS 

The transposable elements controlling I-R hybrid dysgenesis are quite dis-
tinct from P elements. Bucheton et al. (1984) and Sang et al. (1984) have 
analysed molecular lesions associated with eight white gene mutations 
induced by J-R dysgenesis. Two determine a bleached-white phenotype and 
have been found to be deletions. The remaining mutations determine a 
coloured eye phenotype and are associated with insertions of apparently 
identical 5.4 kb elements. These lie within introns or the 3' untranslated 
region of the gene, and presumably allow a reduced level of white gene 
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expression. There is good reason to believe that the insertion associated with 
at least one of these mutations, w1R1,  is of an active I factor. It is very tightly 
linked to I factor activity, and the two have never been separated by recombi-
nation (Pelisson 1981). 

Bucheton et al. (1984) have cloned the entire I factors associated with two 
of these mutations, including wIR1,  and have used them to investigate the dis-
tribution of these sequences in the genomes of I and R strains. All R strains 
so far tested contain I factor sequences, and in Southern transfer experiments 
DNAs from unrelated R strains show remarkably similar patterns of hybridi-
zation to I factor probes (Fig. 1.7b). These sequences must represent non-
functional, defective I elements. The pattern of hybridization shown by DNA 
from I strains contains most of the bands common to different R strains, plus 
additional bands, many of which differ from one I strain to another (Fig. 
1.7b). The DNA from I strains can be easily distinguished from that of R 
strains by digests probed to reveal large internal fragments of the I factor. 
These can only be seen in DNA from I strains (Fig. 1.7c). The intensity of 
hybridization of these internal fragments suggests that there are about 10 to 
15 complete I factors per genome. 

I factor probes hybridize to the chromocentric regions of polytene 
chromosomes from R strains, and to the chromocentre and about 15 sites on 
the arms of chromosomes from I strains. The positions of these euchromatic 
sites differ from strain to strain, suggesting that they represent transposable 
sequences (Bucheton et al. 1984; Pelisson personal communication). When 
taken together, these results indicate that the genomes of I and R strains con-
tain similar arrays of non-functional I elements located near centromeres, 
and that I strains contain, in addition, functional and transposable I elements 
at sites on chromosome arms. This suggests that I elements, in contrast to P 
elements, are very old components of the D. melanogaster genome. 

Vaury, Crozatier, and Bucheton (personal communication) have studied 
incomplete I elements from both I and R strains. The relationship between 
complete and incomplete I elements is more complex than that between com-
plete and incomplete P elements. Some I elements have lost one or other end 
of the I factor, or some internal sequences. One has an internal region substi-
tuted by unrelated DNA and some have more than one rearrangement. 

Fawcett et al. (1986) have determined the complete base sequence of the I 
factor from w. It is flanked by a target site duplication, but does not have 
terminal repeats (see appendix). They have sequenced the ends of the five 
other I factor insertions within the white gene, and this pattern is common to 
all of them. The length of the target site duplication varies from one insertion 
to another and ranges from 12 to 14 bp (see appendix). There is a hot-spot for 
I factor insertion within the white gene, and three of the insertions are at 
exactly the same position. This differs from the hot-spot for P element inser-
tion. The ends of these I factors are well conserved. At the 3' end of the puta-
tive coding strand there is a short run of TAA triplets, the length of which 
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varies from one I factor to another. Runs of four to seven copies have been 
found. 

All of the coding information of the I factor is within one strand which has 
two large ORFs. The first is 1278 bp long and has an ATG as the fourth 
codon. The second is 3258 bp long and has ATGs as the second and fourth 
codons. 

Transposition of I factors is probably replicative since they increase in 
number during transposition (Bregliano and Kidwell 1983), but again it is 
impossible to rule out entirely the possibility of excision followed by chromo-
some loss. There is no evidence that I factors can excise precisely during hy-
brid dysgenesis, although they are unstable under these conditions. Pelisson 
(1981) has found that the w 1  mutation does not revert in dysgenic individ-
uals, but can give rise to other mutant alleles. Some of these have deletions a 
few kilobases long. They start at one end of the I factor and remove adjacent 
white locus sequences (Lynch, Walsh, and Kellet personal communication). 

The structure of I factors resembles that of mammalian LINES and F 
elements on D. melanogaster, since each lacks terminal repeats and has an 
A-rich sequence at the 3' end of one strand. This suggests that all these ele-
ments may transpose by similar mechanisms. It is unlikely that the A-rich 
sequence of I factors is degraded polyA as the repeating TAA motif is con-
served absolutely, and is not preceded by an appropriate polyadenylation 
signal. I factors are known to determine a function required for their own 
transposition, and this information is presumably contained within one, or 
both, of the ORFs mentioned above. The second of these encodes a polypep-
tide with homology to viral reverse transcriptases, reinforcing the idea that I 
factor transposition involves an RNA intermediate (Fawcett etal. 1986). 

VI. Hobo—a transposable element with short inverted repeats 

The first hobo element, hobo101, was found as a 1.3 kb insertion 33 bp 
upstream of the start of an sgs-4 allele segregating in the Stromsvereten 8 
strain of D. me!anogaster (McGinnis et al. 1983). The results of Southern 
transfer experiments, in which genomic DNAs of several strains were 
digested with XhoI to reveal internal fragments of hobo elements, indicated 
that there are 20-50 copies of this element per haploid genome. The sizes and 
number of elements varied from strain to strain, except that DNA from all 
strains gave a prominent band of hybridization corresponding to hobo ele-
ments of about 3 kb. 

Streck, MacGaffey, and Beckendorf (personal communication) suggest 
that smaller hobo elements, such as hobo101, may be related to these 3 kb ele-
ments by internal deletions/insertions, just as incomplete P factors are related 
to complete P factors. They have cloned one 3 kb element, hobol08, and have 
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determined its complete base sequence, as well as that of hobol0l (McGinnis 
et al. 1983). Both elements have terminal inverted repeats 12 bases long, and 
are flanked by 8 base direct repeats. This direct repeat is known to be a dupli-
cation of the target site in the case of hobol0l. The sequence of hobol08 con-
tains one long ORF extending 1932 bp from the first ATG. This is preceded 
by a potential promoter region containing sequences closely related to the 
consensus TATA and CAAT boxes characteristic of polymerase II pro-
moters. Streck et al. (personal communication) suggest that this ORF may 
code for a transposase. 

The sequence of hobol01 is very similar to that of hobo 108 except for a 
single deletion/insertion of 1.7 kb including two-thirds of the long ORF. The 
ends of three other short hobo elements have been sequenced and are identi-
cal to those of hoho101 and hobol08. These elements are also flanked by 8 bp 
direct repeats. There is no obvious homology between these putative target 
site duplications except that in four out of five cases the last two bases are 
AC. This sequence occurs as base 7 and 8 of the terminal inverted repeats of 
these elements, but there is no evidence to suggest that this is anything but 
fortuitous. 

McGinnis etal. (1983) have isolated a derivative, S813, of the Stromsvere-
ten 8 strain, which is homozygous for the sgs4 allele associated with hobo101. 
Expression of sgs4 is reduced 50— 100 fold in this stock but its time of expres-
sion in development is unaltered. This reduction in sgs4 expression probably 
reflects the fact that hobo 101 has inserted between the TATA box of the sgs4 
promoter and any upstream regulatory sequences. This may reduce the effi-
ciency of either RNA polymerase binding or initiation of transcription. 
McGinnis et al. (1983) have found two size classes of sgs4 transcripts which 
seem to initiate within hobo101 in S8D, and are associated with DNAseI 
hypersensitive sites. These probably result from fortuitous initiation events 
since the truncated long ORF in hobo101 is in the opposite orientation to that 
of sgs4. They could detect no other hobo transcripts. 

VII. Unanswered questions 

Many questions remain to be answered concerning transposable elements in 
D. melanogaster, despite the large amount of descriptive information already 
available. Except for copia-like elements, very little is known about mecha-
nisms of transposition. This can now be investigated directly by introducing 
mutant elements into flies by transformation. A start has been made with P 
elements, and no doubt others will follow shortly. 

Nothing is known, at the molecular level, about factors which control 
transposition frequencies. Transposition of P and I elements is increased in 
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the progeny of appropriate dysgenic crosses, but the molecular basis of this is 
unknown. Gerasimova and her colleagues have found strains of flies in which 
several different transposable elements are unstable, suggesting that trans-
position may occur in bursts (Gerasimova 1983; Gerasimova et al. 1984). 
This could explain the apparent paradox that, within any particular strain, 
the rate of transposition of most elements is very low (Tchurikov et al. 1981; 
Young and Schwartz 1981), and yet between strains the chromosomal distri-
bution of elements is different. 

Little is known about the origin of transposable elements, or about the role 
they play in genome evolution. Copia-like elements are clearly related to 
retroviruses, but has one evolved from the other, or do they have similar 
evolutionary histories without any direct connection? From what sequences 
do transposable elements evolve? Some elements, such as the copia-like and I 
elements, appear to be very old components of the genome since they are 
found in all strains of D. melanogaster and in its sibling species (Martin et al. 
1983; Bucheton, personal communication) while others, such as P elements, 
may have entered D. nielanogaster recently, and have originated in a distantly 
related species (Daniels and Strausbough, 1985). 
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Appendix 

Detailed information on all the transposable elements listed in Table 1.1. is 
given on the following pages. The elements are described in order according 
to size. Restriction maps are given for each element and, where possible, the 
base sequences of their termini. We have tried to orient the maps of copia-like 
elements so that transcription of RNAs analogous to retroviral genomic 
RNA would be from left to right. There is insufficient information to do this 
for the following elements: 1731, NEB, 3S]8, BEL and springer. The LTRs of 
copia-like elements are indicated by boxes. If two restriction sites are shown 
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above a T symbol, then their order is not known. We have indicated which 
enzymes are known not to cut each element. 

Sancho 2 

Length: 2.6 kb (1). 
Map: From the map published by Campuzano etal. (1). There are no sites 

for the enzymes BglII and Sail. 
Approximate copy number: 30 (1). 
Comments: First described as an insertion on a chromosome carrying the 

Hit" mutation, although it probably does not contribute to the mutant 
phenotype. Only one copy of the element has been cloned. The 1.7 kb 
EcoRi—Hindlil fragment is repeated about 30 times in the genomes of strains 
Oregon R and Vallecas. It cross-hybridizes with Sancho 1(1). 

Reference: (1) Campuzano etal. (1985). 

C 

— 
XCo 

IIV 
Co 

I. 	I 

kb 

Jocke i 

Length: 2.8 kb (1). 
Map: From the map published by Mizrokhi etal. (1) and Georgiev (2). The 

Sail site is only present in a few Jockey elements (1). There are no sites for the 
enzymes BgllI, KpnI and XhoI (2). 

Comments: Only one Jockey element has been described in detail (1). It was 
found inserted within the mdg4/gypsy element associated with the ctMR2N10 
mutation. This was derived from ct11l2.  Jockey elements are moderately re-
peated within the genome, and have different chromosomal locations in dif-
ferent strains. The structure of Jockey elements themselves is well conserved. 
No homology has been detected between the ends of the element which has 
been cloned. 

References: (1) Mizrokhi etal. (1985). 
(2) Georgiev (personal communication). 

3 kb 
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P 

Length: 2907 bp (1). 
Map: From the sequence of a complete P factor published by O'Hare etal. 

There are no sites for the enzymes BamHI, HpaI and Smal. 
Terminal inverted repeat: 31 bp (1). 
Target site duplication: 8 bp (1). 
Approximate copy number: 0-50 (2). 
Comments: First described by Rubin et al. (3) as being associated with 

white gene mutations induced by P-M hybrid dysgenesis. This sequence was 
reported by O'Hare el al. (I). This map is of a complete P factor; many 
shorter P elements have been described. These are mostly related to the com-
plete P factor by internal deletions (1). P elements have been found asso-
ciated with P-M induced mutations at many loci. An 8 bp consensus target 
sequence, GGCCAGAC, has been proposed by O'Hare etal. (1). 

References: (1) O'Hare etal. (1983). 
Bingham etal. (1982). 
Rubin et al. (1982). 

0 

? 
- 	.--  -_ 	 .. 

W 

II 	 I 

3kb 

Ends of a P factor. 

Left-hand end 

	

1 	CATGA 1 GAAATAACAIA4GG 122 TCCCGTCGAAAGCCGAAGCITACCGAA 	50 

Right-hand end 

	

2858 	21042262412 TtTCT TGCCGACGGGACCACCT IATGTTATTTCATCATG 	290? 

hobo 

Length: 3016bp(1). 
Map: From the sequence determined by Streck et al. (1). There are no sites 

for the enzymes BamHI, HpaI, KpnI, Sacl and Smal. 
Terminal inverted repeats: 12 bp (1, 2). 
Target site duplication: 8 bp (1, 2). 
Approximate copy number: 20-50 (2). 
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Comments: First described by McGinnis ci al. (2) as being associated with 
an sgs4 gene in the strain Stromsvereten 8. The sequences given above are 
from hobol08 (1). This orients the whole element so that the long ORF reads 
from right to left. 

References: (1) Streck, R. D., MacGaffey, J. E. and Beckendorf, S. K. (per-
sonal communication). 
(2) McGinnis ci al. (1983). 
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0 	 1 	 2 	 3 k 

Ends of a hobo element. 

Left-hand end 

1 CAGAGAACTGCAGCCCGCCACTCGCACTCTACGTCCACCCGATAAACACT 50 

Right-hand end 

1224 TGTAGGGT020AGTCGAGTGGTAAAAAAGTGCCACCCTTGCAGTTCTCTG 	1 213 

Doc 

Length: 4.3 kb (1). 
Map: From the map published by Bender etal. (I). 
Comments: Only one Doc element has been described. It was found 

inserted in the Bithorax region on a chromosome carrying the bx 3  mutation, 
but not in the corresponding position on other chromosomes. It is not re-
sponsible for the bx3  mutation, which is associated with a gypsy insertion, 
since bx3  and Doc have been separated by recombination (1). 

Reference: (1) Bender et al. (1 983a). 

- -; 
3 . 3. .s 3 
LU LII LU4I)= LU 

I 	I 	II 	I 

0 	1 	2 	3 	4 	5kb 
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1731 

Length: 4.4 kb (1). 
Map: This map was determined by F. Peronnet (1). There are no sites for 

the enzymes EcoRl, Hindlil and XbaI. 
Comments: The first 1731 elements were identified because their transcrip-

tion in tissue culture cells decreases after the addition of ecdysone (2). 
Heteroduplex experiments between fragments containing the ends of a 1731 

element indicate that it has LTRs about 350 bp long (1, 2). The number of 
copies of 1731 elements is higher in tissue culture cells than in whole flies. In 
tissue culture cells they are transcribed into full-length RNAs, and are com-
plementary to extrachromosomal circular DNAs (2). For these reasons they 
are regarded as being copia-like elements (2). 

References: (1) Peronnet (personal communication). 
(2) Peronnet etal. (1986). 

= - 
0 	Q. Q< 

I 	Yl! 	1EJ 

5kb 

Kermit 

Length: 4.8 kb (1). 
Map: From a map provided by Bender (2). There may be additional EcoRI 

sites at the ends of the element. There are no sites for the enzymes BamHI, 
HindlIl and Sail. 

Approximate copy number: 30(1). 
Comments: Only one copy of this element has been described. This was 

found within the 87E1-6 region in Canton S DNA, but not in Oregon R 
DNA (I). 

References: (I) Bender etal. (1983b). 
(2) Bender, W. (personal communication). 

5 kb 
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Sancho I 

Length: 4.5 kb (1). 
Map: From the map published by Campuzano et al. (1). There are no sites 

for the enzymes EcoRl and Xhol. 
Approximate copy number: 50 (1). 
Comments: First described as an insertion in a chromosome carrying the 

sc D1  mutation, although it probably does not contribute to the mutant 
phenotype. Only one copy of the element has been cloned. The 1.45 kb 
Hindill fragment is repeated about 50 times in the genomes of strains 
Oregon R, Canton S and Vallecas. It cross-hybridizes weakly with gypsy and 
with Sancho 2(1). 

Reference: (1) Campuzano etal. (1985). 

5 kb 

copia 

Length: 5146 bp (1, 11). 
Map: From the sequence of a copia element published by Mount and 

Rubin (1). There are no sites for the enzymes Aval, BamHI, BglII, KpnI, 
Sad, Sall, Smal and XhoI. 

Terminal inverted repeat: 13/17 bp (2). 
Target site duplication: 5 bp (3). 
Approximate copy number: 60 (4, 5). 
Comments: First described by Finnegan et al. (4) as a sequence comple-

mentary to abundant polyA RNA in tissue culture cells. This sequence was 
reported by Levis et al. (2). The region containing the initiation sites for copia 
transcription are underlined (10, 11). The most probable major initiation 
sites are marked by "p'  above the bases concerned (10,11). Emori etal. (11) 
have suggested that the boxed sequence contains the polyadenylation signal. 
Copia insertions are associated with the following mutations, Wa  (6, 7) 

hd81b11 and Whd81b25  (8), and Bx46  (9). 
References: (1) Mount and Rubin (1985). 

Levis etal. (1980). 
Dunsmuir et al. (1980). 
Finnegan et al. (1978). 
Potter et al. (1979). 
Gehring and Paro (1980). 
Bingham and Judd (1981). 
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Rubin etal. (1982). 
Mattox and Davidson (1984). 
FIavell etal. (1981). 
Emori etal. (1985). 

- 
o 	z 

0 	1 	2 	3 	4 	5 	6kb 

LIP of a c021a element. 

I 	TGITGGAATATACTATTCAACCTAcAAAAG TAACGTTAAACAACACTACT 	50 

SI TIATAT1TGATAT040TGGCCACACCTTTTATGCCATAAAACATATTGTA 100 

101 AGAGAATACCACTCTTTTTATTCCTTCTTTCCTTCTT5TACGTTTTTTGC ISO 

151 TGTAAGTAGGICGTGGTGCTGGTGITGCAGTTGAAATAACTT46AATATa 200 

201 AAT IAAAACTCAAACATA6AC1TGACTATTTATTTATTTATTAAGAAA 250 

251 000AATATAAATTATAAATTACAACA 216 

I 

Length: 5371 bp (1). 
Map: From the sequence reported by Fawcett et al. (1). There are no sites 

for the enzymes BamHI, EcoRl, Sad, Sall, Smal and XhoI. 
Terminal inverted repeat: None. 
Target site duplication: Variable, 12-14 bp duplications have been 

observed (1). 
Approximate copy number: 0-15 complete I factors, plus 30 I elements (2). 
Comments: First described by Bucheton et al. (2) as insertions associated 

with white gene mutations induced by I-R hybrid dysgenesis. This sequence 
was reported by Fawcett et al. (1). The number of copies of the 3' terminal 
TAA is variable. I factors have been found associated with other I-R induced 
mutations (3), and with the spontaneous mutation bxF3 l (4). 
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References: (1) Fawcett etal. (1986). 
Bucheton ci al. (1984). 
Sang etal. (1984). 
Peifer, M. and Bender, W. (personal communication). 

6kb 

Ends of an I factor. 

Left-hand end 

I CATTECCACTTCAACCTCCGAAGAGATAAGTCGTGCCTCTCAGTCTAAAS 50 

Right-hand end 

5323 AGTTAGTCTAGT TTTGIAAACT4T TCTATCTATCATAATAATAATAATAA 	5312 

mdg3 

Length: 5.4 kb (1). 
Map: The reverse of the map published by Ilyin etal. (1). There are no sites 

for the enzyme BamHI. 
Terminal inverted repeat: 4/5 bp (2, 3). 
Target site duplication: 4 bp (2, 3). 
Approximate copy number: 15 (1). 
Comments: First described by Ilyin ci al. (1,4) as being complementary to 

double-stranded RNA from tissue culture cells. This sequence is the reverse 
complement of that published by Bayev et al. (5). This orients the complete 
element so that the most likely primer binding site is next to the left-hand 
LTR and the putative purine-rich sequence is next to the right-hand LTR (6). 
The reported direction of major transcription would, however, be right to left 
(I). Bayev etal. (5) reported the sequence of the LTRs of one mdg3 element. 
They interpreted their data as indicating that 5 bp of the target site DNA had 
been duplicated and that the LTRs were 268 bp long, with 18 bp inverted re-
peat sequences at the ends of the whole element, but not at both ends of each 
LTR. This could not be confirmed because the corresponding target site had 
not been cloned. Mossie et al. (2) have cloned a free mdg3 LTR, plus a com-
plete element together with its empty target site. They interpret all the avail-
able sequence information as indicating a 267 bp LTR with 4/5 bp terminal 
inverted repeat and a 4 bp target site duplication. Bayev ci' al. (3) have cloned 



40 David J. Finnegan and Diana H. Fawcett 

and sequenced the ends of four more copies of mdg3. Their data support 
these conclusions. 

References: (1) Ilyin etal. (1980a). 
Mossie etal. (1985). 
Bayev et al. (personal communication). 
Ilyin etal. (1980d). 
Bayev etal. (1980). 
Kugimya etal. (1983). 

0 	1 	2 	3 	6 	5 	6kb 

LTR of an mdg3 element. 

I 	TGTAGTAGGCTGCTCCTTCTACCCTCTTCCT I TACICT TAGTCATACATA 	50 

51 CCTAATTATACATAGCCAATCTAGTCATAAGCTTATACACTCATACACCC 100 

101 ATCCTTAACATACAAATATTAICGAGAAACTTATCGACTAATCGACTCGC 150 

151 CACTCTGCAGAGAGCGCGGCAGTCAOTCGCTGTTGAACCAAGCTAAAGGA 200 

201 CAGATCAAAAATAAAAGAGACACGTGAAATTGTATTAGAATATTAACTTC 250 

251 TGTAAACGGCGGCTAAA 261 

Length: 5.5 kb (1). 
Map: From the map published by Pare, etal. (1). There are no sites for the 

enzymes BamHI and XhoI. 
Comments: Only one copy of the NEB element has been described. It was 

found on the large transposable element TE98 near the end carrying the 
roughest gene. The ends of this element cross-hybridize, but no inverted re-
peats could be detected by electron microscopy. This suggests that NEB is a 
copia-like element. NEB elements occur at multiple dispersed sites in the 
genome and are located at different positions in different strains. An incom-
plete NEB element has been found near one end of the large transposable ele-
ment TE77 (1). 

Reference: (1) Paro etal. (1983). 

II 	I 	 II 

0 	1 	2 	3 	4 	5 	6 k 
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3S18 

Length: 6.5kb(1). 
Map: From the maps published by Bell et al. (1) and Mattox and Davidson 

(2). There are no sites for the enzymes BglII, Smal and XbaI. 
Terminal inverted repeats: 5 bp (3). 
Approximate copy number: 15(1). 
Comments: First identified as an insertion within the non-transcribed 

spacer of an rDNA repeat (1, 4). Restriction and Southern hybridization 
data suggest that this element is flanked by direct repeats about 500 bp long 
(1). A 3S18 probe hybridized to 12 euchromatic sites and the chromocentre 
of salivary gland chromosomes from larvae from a cross between the gt' and 
gtX1  1 strains. The distribution of sites was different in these two strains (1). 
These data suggest that 3S18 is a copia-like element. 3S18 elements have been 
found associated with the Bx (2) and w (3) mutations. Little, if any, RNA 
complementary to an internal fragment of 3S18 could be found in embryos, 
larvae, and adults, or in Schneider line 2 tissue culture cells (1). 

References: (1) Bell etal. (1985). 
Mattox and Davidson (1984). 
O'Hare etal. (1984). 
Fabijanski and Pellegrini (1982). 

— —. -- 
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7kb 

297 

Length: 6995 bp (5). 
Map: From the sequence of a 297 element determined by Saigo et al. (5). 

There are no sites for the enzymes BamHJ, PstI, Sad, Sall, Smal and XbaJ. 
Terminal inverted repeat: 4/5 bp (1). 
Target site duplication: 4 bp (1, 2). 
Approximate copy number: 30 (3). 
Comments: 297 elements were first described by Potter c/ al. (3) but had 

been identified by Wensink and Rubin (personal communication) as comple-
mentary to an abundant po1yA RNA in tissue culture cells. This sequence 
was reported by Ikenaga and Saigo (1). Insertions are preferentially at the se-
quence ATAT (2). It is closely related to 17.6 elements. The sequences of the 
LTRs of 297 and 17.6 elements are similar, and heteroduplexes between 297 
and 17.6 elements show a region of 1.7kb of homology at the right-hand 
ends of each (4). 
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References: (1) Ikenaga and Saigo (1982). 
Spradling and Rubin (1981). 
Potter etal. (1979). 
Kugimya etal. (1983). 
Saigo (personal communication). 
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LTR of a 291 element. 

	

I 	AGTGACGTCTTTGGGTGGACCAAACCAGCCACT ICCATTATTTC4CAGAA 	50 

SI ATCAGTAATGCACTCTAGTAATTTTCCATAACTGTATCCCAGCTGCGCAG 100 

101 ACTCGTTTACCTTTTGCAGCGCAGCGTTCTTTGTAAACATCCTAAAGACC 150 

151 TGCCTAAGCAGATTTGACTGCCCTCTTTCAACGCT#CCTAATCCTAAGAA 200 

	

201 	CCCAAGAGCGAGGCTCTCCCGAAATACAAATAT TGTTCAAATACT0055C 	250 

251 TTCTCCTCAATCCAATTTGCATTTGATTTTTAGTCTTAAGCTGAGATCCA 300 

301 AAGAATAAAGTCGTGAAACTATTTCTCCTAAAAACTATTTTTTATTTCTT 350 

	

351 	GGCGTTGTCCTIAGTCAACIGACGGGACAT ¶AGTTCAGACTCA1ACATAA 	400 

401 AACAACAATTTTACT 415 

Delta 88 

Length: 7 k (1). 
Map: From the map published by Karch etal. (1). 
Comments: First described by Karch et al. (1) as an insertion associated 

with the tuh-3 mutation. This is a moderately repetitive element. 
Reference: (1) Karch etal. (1985). 

	

V) W Ui 123 	 Ui 

0 	1 	2 	3 	4 	5 	6 	7 k 

Calypso 

Length: 7.2 kb (1). 
Map: From the map supplied by Bender and Curtis (1). 
Approximate copy number: 10-20 (1). 
Comments: First described as an insertion associated with the ry301  muta- 
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tion (1). Three other copies have been cloned. They are identical to the ry301  
element as judged by heteroduplex analysis, but show some small variations 
in their restriction maps (1). 

Reference: (1) Bender, W. and Curtis, D. (personal communication). 

0 	1 	2 	3 	4 	5 	6 	7 	8kb 

Harvey 

Length: 7.2 kb (1). 
Map: From the map supplied by Bender and Peifer (1). 
Comments: First described by Bender and Peifer (1) as being associated 

with the bx8  mutation. The results of whole genome Southern experiments 
indicate that this element is repeated in the genome, and that the internal 
SalT—Sall fragment is conserved in length. There is some homology between 
the ends of the element. 

Reference: (1) Bender, W. and Peifer, M. (personal communication). 

8 	 8 	 o 
(flu 	 LU 	 LU 	 t/n 

0 	1 	2 	3 	4 	5 	6 	7 	8kb 

BEL 

Length:7.3 kb (1). 
Map: From the map published by Goldberg et al. (1). 
Approximate copy,  number: 25 (1). 
Comments: A BEL element has been found associated with the w'4  

mutation (1). BEL elements are located at about 25 sites throughout the D. 
melanogaster genome, and their distribution differs from strain to strain (1). 
On the basis of these data, and the fact that the ends of a BEL element cross-
hybridize, Goldberg et al. (1) have suggested that these are copia-like ele-
ments. It is not clear whether the terminal repeats are direct or inverted. 

Reference: (I) Goldberg et al. (1983). 
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HMS Beagle 

Length: 7.3 kb (1). 
Map: The reverse of the map published by Snyder et al. (1) There are no 

sites for the enzymes Aval, BamHI, Hindlil and Kpnl. 
Terminal inverted repeat: 6/7 bp (1). 
Target site duplication: 4 bp (1). 
Approximate copy number: 50 (1). 
Comments: First described by Snyder ci al. (1) as an insertion within the 

promoter region of the cuticle protein gene CP3 (1). This insertion is asso-
ciated with loss of CP3 activity. The sequence above is the reverse comple-
ment of that published by Snyder ci al. (1). This puts a possible primer 
binding site next to the left-hand LTR and a putative purine-rich sequence 
next to the right-hand LTR. Only one copy of this element has been 
described. 

Reference: (1) Snyder et al. (1982). 

.c 	o 
>( 	v 

lit 

0 	1 	2 	3 	1 	5 

LTR of an H. M. S. Beagle element. 

I AGTTATTSCCCTGCAATTGATTCTCTAACATCTTGTGGTTCCACATAGTC 50 

51 TCCSCTGCCATCAACSCCAACGAACGGTTAAGCGCGACATCGACACTTCT 100 

101 GCGCTGCSCCGCGGCCSACGCCT0CTGCGCCACTGCCGACGACTTCACTT ISO 

151 GATTGCTAGGGACTTASSGCAACATTTTGTACGCTAGATTT6GTTTCGAA 200 

201 TGATAAATTGCAATAAACSGTCGCTTGCSATCTTCAAAATCAAATCGATA 250 

251 ACTSTAATTATTAACT 266 

mdg 1 

Length: 7.3 kb (1). 
Map: The reverse of the map published by Ilyin etal. (1). 
Terminal inverted repeat: 13/16 bp (2). 
Target site duplication: 4 bp (2). 
Approximate copy number: 25 (1). 
Comments: First described by Ilyin ci al. (3, 4) as being complementary to 

abundant polyA RNAs. The sequence given above is the reverse comple-
ment of that published by Kulguskin et al. (2). This puts a possible primer 
binding site adjacent to the left-hand LTR, and a purine-rich sequence ad-
jacent to the right-hand LTR. The direction of major transcription is left to 
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right (5). Fourteen of the 18 bases of the putative primer binding sites of 
mdgl and 412 elements are identical. The 27 bases immediately adjacent to 
the left-hand LTRs of these elements are also identical (6). 

References: (I) Ilyin et at. (1980b). 
Kulguskin et at. (1981). 
Ilyin et at. (1978). 
Georgiev et at. (1978). 
Ilyin ci at. (1980c). 
Will ci at. (1981). 
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LIP of an rndql element. 

	

I 	IGTAGIT041TT0440TCTAAIACT TCIGATGTAGTTAATAASGTCTCAA 	50 

51 AACGCAGTTGGTCAITTTAICTTTATTTGGTTTTTATTAAGC040TGTAC 100 

101 AITCCTGATCTAITCCTGATTTATAAC004TCTTAGTGTG0TCTACAGGG 150 

151 AGATCTCTT6104CAGCCAAGIGCIGACACTAGCAAATTCIGCAAT010I 200 

201 ATGTATGAAGTICATACTCGATAACCAA1550AGTCGAGTCCGACCCCTA 250 

251 AA0GCGTACATCC150ATTCGCATATTTAGTATTAGGI500TPICTAAAGA 300 

301 ICTACTAGGGTGACCCTAA0500TTA000TGGTCCTAAGTTIACTTATTA 350 

351 GTTGACTTATTATTATGAITCATATTATAATTATTATTAATATTAITAIT 000 

401 ATTATTGTTATTATIAITGITAITA0ATTCGIAIATACTACP 442 

mdg4/gypsv 

Length: 7.3 kb (1, 2). 
Map: From maps published by Bayev et at. (1) and Mattox and Davidson 

(2). There are no sites for the enzymes BamHI and Sail. 
Terminal inverted repeat: 4/5 bp (1, 3). 
Target site duplication: 4 bp (1, 3). 
Approximate copy number: 10 (4, 8). 
Comments: Described by Ilyin ci at. (6) as mdg4, a sequence complemen-

tary to double-stranded RNA from tissue culture cells, and by Bender et at. 
(5) as gypsy, an insertion associated with the mutations bx3, bx34e,  bxd 1 , 
bxdSSl and bxd51 . Gypsy insertions are also associated with the mutations 
ct 6  (4),f 1  (7), Bx2  (2), y2  (9) and Hw 1  and HwBS   (10). Mutations sc', sc DI, 

5' 2 , se L3  and Sc 38  are associated with gypsy elements inserted at apparently 
the same site and in the same orientation (9). Modelell et at. (4) have shown 



46 David J. Finnegan and Diana H. Fawcett 

by in situ hybridization that gypsy insertions are associated with many muta-
tions suppressed by su(Hw). This sequence was reported by Bayev et al. (1). 
Freund and Meselson (3) have reported an equivalent sequence of 482 bp. 

References: (1) Bayev etal. (1984). 
Mattox and Davidson (1984). 
Freund and Meselson (1984). 
Modelell etal. (1983). 
Bender etal. (1983a). 
Ilyin etal. (1980d). 
Parkhurst and Corces (1985). 
Tchurikov etal. (1981). 
Campuzano et al. (1986). 
Campuzano etal. (1986). 
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LTR of an mdg4/oyosy element. 

I AGTTAACAACTAACAATGTATTGCTTCGTAGCAACTAAGTAGCTTTGTAT 50 

51 GAACAATGCTGACGCGCCAGAATT055TTCAACGCTCCACGCGAAGAATG ISO 

101 CC156CAGCGGAAAGC000CACTTCCTACC400AGTGTTGCTTCACGCTG 150 

151 CAAGAAATGCTGGCGGCTGCCGACTTGTGGCGGCGCGATGCATTGCTCGA 200 

201 	005TACACTTAGTTTTCAATATTGTCTTCTACTCAGTTCAAATC T1GTGT 	250 

251 CGAAATAAACCACAGCTTGCTCCGGCTCA1IGCCGTTAAACATCAIT000 300 

301 CTTATTTACAATCAAATCGCTATCGCCACAAGGCTAGTGAIAATAACTAA 350 

351 C.GGGGCGAAGTCAAGCCCTCCAACCTAA1CTCCATAAACAGTGTCTAAGA 400 

401 CGAACCTCAGCGAAAGAAGGAAGATCTCTAGACCTACTGGAAATAACAIA 450 

451 ACTCTGGACCTATTGGAACTTATATAATT 419 

17.6 

Length: 7439 bp (1). 
Map: From the sequence of a 17.6 element published by Saigo et al. (1). 

There are no sites for the enzymes Aval, KpnI, Sad, Smal and XhoI. 
Terminal inverted repeat: none (2). 
Target site duplication: 4 bp (2, 3). 
Approximate copy number: 40 (2). 
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Comments: First described by Saigo et al. (4) as a sequence inserted into 
histone genes and hybridizing to 297 elements. This sequence was reported 
by Kugimya et al. (2). The sequences of the LTRs of 17.6 and 297 elements 
are similar. Heteroduplexes between 17.6 and 297 elements show a 1.7 kb 
region of homology between the right-hand ends of each (2). All insertions 
studied so far are associated with duplications of the target site sequence 
ATAT. As a result 17.6 insertions are preferentially within the consensus 
promoter sequence TATATA (3). 

References: (1) Saigo etal. (1984). 
Kugimya etal. (1983). 
Inouye et al. (1984). 
Saigo etal. (1981). 
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LTR Of a 17.6 element. 

I 66700CATATTCACATACAAAACCAC0746C070600TAAACATATT500 SO 

SI AAGCCGCATACGT006CAATAAGTGACCACCATGC000TGTGGATCAA#T 100 

lot AACAAAAATATCCACTCTGCATT7070CACCCCCATACTGTATGCCATCT 150 

IS I GCGCAGTATGCATTCTAATAAACAAATTCTT700CAGCGGCACO200CCA 	200 

201 TTCTTGTAAAC4407CT260600CTGCCTGCTCTCTC70000CTTCTCCT 250 

251 CCACTT660AATCCAOGAGC6600CTCTCCCAAAAACACTAACATATTCT 300 

301 	TTAAGCAAGCACA5070CTTC TCCTCATTTTCAC TIICATTTGATTTTCA 	350 

351 GTCTTAAGCTGA.00GTTAATCAAIAAACOACACAATCGATACCGAAATTT 400 

601 06011c712TT6rr1100cAAAAcTcAaTTTrcAGcGrTGGTcTTOGTTc 650 

651 ATATTCGGAACGGTCCATTTAATAGACTCAAAACTATTTATTGCAACCAT 500 

501 TTATTTGCAATT 510 

412 

Length: 7.6 kb (1). 
Map: From the map published by Shepherd and Finnegan (1). There are 

no sites for the enzymes BamHI, Sacl and Sall. 
Terminal inverted repeat: 5/6 bp (2). 
Target site duplication: 4 bp (2). 
Approximate copy number: 40 (3, 4). 
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Comments: First described as being complementary to abundant polyA 
RNA in tissue culture cells (6). This sequence was reported by Will ci al. (2). 
Rare 412 elements have 571 bp LTRs, the first 482 bp of which correspond to 
the sequence shown (2). Shepherd and Finnegan (I) have suggested that 412 
elements insert preferentially at the sequence NTNG. This is based on analy-
sis of four elements only. Finnegan et al. (2) reported that the direction of 
major transcription in K. tissue culture cells is right to left. Prosser and 
Finnegan (unpublished data) have found that both strands are about equally 
represented in polyA RNA from adults. A 412 element is associated with 
the following mutations bx' (5), v', v2  and 1,k  (7). Fourteen of the 18 bases of 
the putative primer binding sites of 412 and mdgl elements are identical. The 
27 bases immediately adjacent to the left-hand LTRs of these elements are 
also identical (2). 

Refrrences: (1) Shepherd and Finnegan (1984). 
Will etal. (1981). 
Finnegan etal. (1978). 
Potter et al. (1979). 
Bender etal. (1983a). 
Rubin etal. (1976). 
Searles and Voelker (1985). 
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LTR of a 412 element. 

I TGTAGTAT010CCTATGCAATATTAAGAACAATTAAATAAAATAGCATAT 50 

51 TAACTTATGGCAGCACTTTGTTGCTATGTTTTGTTTATGTTTATGCACG 100 

101 CAGTTAGGCCAGGGCGGATGTAACATGtTCACCCACTCGAAGGCAAAAAG 150 

151 TATAAGTGCATGGICAGCATTCACACGCCGACCAAATACATATTACATAC 200 

201 GTACATACATATCTCGCTCTCCCGAT000CCTA0ATA1010000TATACA 250 

251 TAA000CGCCGCTCCGCTGCTGGCGTACCCGGCAGCGCAGCTACGC0000 300 

301 TAGCCTAAGTCCAAATATATT00000CTG10000TC00000GACTCTGTA 350 

351 GACGTT000C000CAGAACCATTTCTGCCTACTCTA000TCAAAAGAAGA 400 

401 AATTGAATAAATATATGTCAGCCCGACGGCTGCCTTCAACTTAAAAC00 0  450 

451 CTTGTGTTCTGAATTGGAGTTCATCATTACA 481 
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BS 

Length: 8 k (1). 
Map: From the map published by Campuzano et al. (I). There are no sites 

for the enzymes BamHI, EcoRl and Sall. 
Terminal inverted repeat: About 2.5 kb for the only BS element so far de-

scribed (I). 
Approximate copy number: 15 (1). 
Comments: First described as a sequence inserted within the gypsy element 

associated with the HuHS  mutation (1). It has long inverted terminal repeats 
as judged by hybridization and restriction analysis. The internal 1.7 kb PstI 
fragment is repeated about 15 times in strain Oregon R (1). 

Reference: (1) Campuzano et al. (1986). 

B kb 

B104/roo 

Length: 8.7 kb (1). 
Map: From the maps published by Scherer ci al. (1) and Swaroop et al. 

(5). 
Terminal inverted repeat: 3 bp (1). 
Target site duplication: 5 bp (1). 
Approximate copy number: 80 (1). 
Comments: Described as B104 by Scherer et al. (1, 2), and as roo by 

Meyerowitz and Hogness (3). B104 elements were found because they are 
complementary to abundant po1yA RNA in embryos (2), while a roo ele-
ment was found inserted near the sgs3 gene (3). This sequence was reported 
by Scherer et al. (1). The boxed sequence is the probable polyadenylation sig-
nal. The base marked '*' is the last base before polyA in a B104 eDNA (1). 
B104/roo elements have been found associated with the following mutations, 
wbf 1 and iv 	(4), GI (5), Ant (6), V361  (9) and Bx' and Bx 3  (7). McGinnis 
and Beckendorf (8) have described deletions with end points in, or near, roo 
elements inserted near the sgs4 gene. These deletions are associated with 
Notched mutations. 

References: (1) Scherer et al. (1982). 
Scherer et al. (1981). 
Meyerowitz and Hogness (1982). 
O'Hare etal. (1984). 
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Swaroop et al. (1985). 
Scott etal. (1983). 
Mattox and Davidson (1984). 
McGinnis and Beckendorf(1983). 
Searles and Voelker (1985). 

C 
>( - - 

<. 	>( Ln 

H 

a. < M 

'I( 	I 
>( coo fl 

TI 
a. 

III 

0 	1 	2 	3 	4 	5 	6 	7 	8 	9 k 

LTP of a 0104/mo element. 

1 	TGTTCACACATGAACAC000T000T TTAAAGACT I OCAAI I 1100010CC 	50 

51 GTTCATATCITATGT000IGAAICGAGAGCGATAAATTATAIITAGGAII 100 

101 TTGTTATCT0400CGACATGGGIGCATTGCTCAAAAACAIGTAATITAAG 150 

Ill IGCACaCTACAT000TCAGTCACI10000ICGTTCCCCGCCICCIA4000 200 

201 TAGTCCCTIAGT000400CCAC000T0000ICCTCGCCGCTCAAGAT000 250 

251 CAGAIGTGCCCGAGCGI000ACCTCGATAAGGC00000CTATTTACGTAG 300 

301 GCCTCTGCGTAGGCCATTTACTTTA0001GCGAITCTCATGTCACCTATT 350 

351 TAAACCGAAGATATTTCCAAATAAAAICAGTIICTTACAAAOACTCAACG 400 

401 AGTAAAGTCTTCTTATTTGGGATTTTACA 429 

springer 

Length: 8.8 kb (1). 
Map: From the map published by Karlik and Fyrberg (1). There are no 

sites for the enzyme BamHI. 
Terminal inverted repeat: 6/10 bp (1). 
Target site duplication: 6 bp (1). 
Approximate copy number: 6 (1). 
Comments: First described by Karlik and Fyrberg (1) as an insertion 

within the gene for IFM-specific tropomyosin isoform. This is associated 
with the mutation Ifm(3)3. Only one copy of this element has been described 
in detail. This sequence was reported by Karlik and Fyrberg (1). The length 
of the target site duplication is uncertain. The 6 bp target site duplication 
deduced for this copy of the element is the sequence TATATA. Since this is 
the same when read on either strand, all, or part, of it could belong to the 
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inverted repeats at the ends of the LTRs, rather than being part of the target 
site. 

Reference: (1) Karlik and Fyrberg (1985). 
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LIP of a wringer element. 

I AATIAATIAAAIGTAT0010CAGOTCCCICGCCGCGGICICCGGCGTAGG 50 

SI TTGCAGGIAAC0000001ICCTCIGICACI000000C0000CGGITGCCG 100 

101 CAGACCICTICICCI000T0000AGATAIGGT060A000CGTCICTCC0I ISO 

151 IGTTGACIGCCCT1000GCTAGCCAACCAAITCAAIGAIAACAGGCAGII 200 

201 AGCTGGAGIT000TIGA406CGCGAIGCGCICITTIAIT0000IACAAAI 250 

251 CAAACTGACIATAAGCTACAAG0000AACATCATAGCGGCCTCIGCCAAI 300 

301 GCGC000GCTICTGCC0GCIATGCAI000CITCCGGCCAAAIGCITGGIC 350 

351 AGCAAIIIGACC001I3C150TGIGCGGACGATCA0TCCGGIIAACTIAGT 400 

401 IAACI 405 

F 

Length: variable, but consensus element is 4.7 kb (1). 
Map: From the consensus map of an F element published by Di Nocera et 

al. (1). There are no sites for the enzymes Clal, PvuI and XhoI. 
Terminal inverted repeat: None (I). 
Target site duplication: Variable, F elements have been found associated 

with duplications of 8-13 bp (1). 
Approximate copy number: 50 (1). 
Comments: First described by Dawid et al. (2). JOIF was found inserted 

into a copy of the type 128 S rDNA insertion sequence (2). This sequence was 
reported by Di Nocera et al. (1) for JOJF. An Felement is associated with the 
mutation 05i+A  (3). The w 1  mutation is associated with insertion of a 6 k ele-
ment having interrupted homology with F elements (4). The element LJinhiny  
which was identified within the Bithorax complex by Bender et al. (5), is 
probably an F element. 

References: (I) Di Nocera et al. (1983). 
(2) Dawid et al. (1981). 
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O'Hare etal. (1984). 
O'Hare etal. (1983). 
Bender etal. (1983a). 

4 	5 k 

Ends of an F element 

Fill left-land end 

I ATGAAGCATTTCGATCGCCGACGTGTG0000CGTTTITATCGAGCTCCGC 50 

51 ACAAAATCGGTTGTTTTGAGTGAAGTAAACGCCAAATAAAGTAAACTAAA tOO 

Fill right-hand end 

712 TACAACTGTTCAAAAAATAGTTAAGTTTTTAAACTTATTGTTAGT1CTTA 161 

762 TACAAGAAGATTCAATAAATAAAAITAAAGTAAAAAAAAA&AAAAAAAAG 811 

FB 

Length: variable (2). 
Map: From the sequence of the FB4 element reported by Potter (1). There 

are no sites for the enzymes Aval, BamHI, EcoRI, HpaI, PstI, Sad, Sall, 
Smal and XhoI. The only Hinfi and Taqi sites shown are those which lie 
within the inverted repeats. 

Terminal inverted repeat: The length of the terminal inverted repeats of FB 
elements varies. The inverted repeats of FB4 are about 1 kb long (2). 

Target site duplication: 9 bp (1, 2,3,4). 
Approximate copy number: 30 (2). 
Comments: First described by Potter (7) as elements containing inverted re-

peat sequences. This sequence was reported by Potter (1). The putative trans-
posable element HB1 lies between coordinates 1.1 and 2.75. An FB element is 
associated with the mutation WC  (5). FB elements flank DNA transposed by 
TE elements. A small TE element is associated with the mutation w1 	(6). 
This is 13 kb long and has FB elements 2.2 and 3.8 kb long at its ends. 

Reft'rences: (I) Potter (1982a). 
Truett etal. (1981). 
Collins and Rubin (1982). 
O'Hare et al. (1984). 
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Collins and Rubin (1982). 
Levis and Rubin (1982). 
Potter et al. (1980). 

a.  o 	 —aE 	 a 

I 	II 	 III 	I 	II 
I 	 I 

EI 

2 	2 	2 	 2 

0 	 1 	 2 	 3 	 4 	45kb 

Ends of on FE element. 

FOE left-hand end 

	

1 	AGCICAAAGAAGCT5000TCGGAAAAATCGAATTTTTGAAATT TGAAAGC 	50 

51 TGGAATCGTTTGCCCATTTTTTGCCCATG0000CCCACCAATTAGTTTTT IOU 

01 TTTGCCCACGTCCAGTTTTTGAGATATGGATTTTCGAAAAAGTTCGAAAA 150 

	

SI 	101TCGAAAATCAAAAATTICGCT I TTTTCAAAT ITT ITT TTTTTTAAAT 	200 

F84 roOSt-SofiA end. 

	

3890 AT TTAAAAAAAAAAAATTTTGAAAA000CGAAAT ITT TOoT IT ICGAAAA 	3939 

	

3900 TTTTCGAACT TITTCGAAAAITCAIAICICAGAAACIGGACGI000CAAA 	3909 

	

3990 90808CTAAI TGGT050CAAACAT500CAAAAAATGGGCAIACGAT TCCA 	0039 

	

0000 Ut IT TCAAATI TCAAAAATTCGAII I IICC0ACCCCAGC TI CII T095CT 	4089 

G 

Length: variable, the longest element so far is about 4 kb (1, 2). 
Map: Taken from the map of the G 1 element published by Di Nocera and 

Dawid (I). There are no sites for the enzyme Smal. 
Target site duplication: 9 bp (2). 
Approximate copy number: 10-20 (1, 2). 
Comments: First described by Di Nocera and Dawid (I) as a sequence 

inserted within an F element. Three G elements, GI-3, were found inter-
spersed with F sequences, probably the result of tandem duplication events. 
There is an oligo(A) sequence at the 3' end of one strand of G 1, and this at 
the right of the map above. The elements G2 and G3 are apparently identical 
to each other and lack the left-hand part of GI. They also have an extra 
400bp sequence, including an Hindul site, between the SalI/XhoI and 
BamHI sites. G elements have been found in tandem arrays inserted in the 
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non-transcribed spacer sequences of rDNA units. The chromosomal distri-
bution of G elements is fairly stable by comparison with other transposable 
elements, as assayed by Southern transfer experiments, and they are concen-
trated in the chromocentric regions of polytene chromosomes (2). No 
polyA transcripts complementary to G elements have been found in 
embryos, larvae, pupae, or adults (3). 

References: (1) Di Nocera and Dawid (1983). 
Di Nocera etal. (1986). 
Dawid etal. (1981). 

3kb 
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