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ABSTRACT
A few foldback (FB) transposable elements have, between their long

terminal inverted repeats, central loop sequences which have been shown to be
different from FB inverted repeat sequences. We have investigated loop
sequences from two such FB elements by analyzing their genomic distribution
and sequence conservation and, in particular, by determining if they are
normally associated with FB elements. One of these FB loop sequences seems
to be present in a few conserved copies found adjacent to FB inverted repeat
sequences, suggesting that it represents an integral component of some FB
elements. The other loop sequence is less well-conserved and not usually
associated with FB inverted repeats. This sequence is a member of another
family of transposable elements, the HB family, and was found inserted in an
FB element only by chance. We compare the complete DNA sequences of two HR
elements and examine the ends of four HB elements.

INTRODUCTION

Transposable elements, units of DNA which can move to new locations in

the genome, have been studied in many procaryotic and eucaryotic systems (for

reviews see 1, 2). In Drosophila melanogaster several families of these

elements have been characterized (3) including the foldback (FB) family (4).
Foldback elements are among the most interesting transposable elements both

because of the many activities associated with them and because of their

unusual structures. They can, of course, insert into genes and inactivate

them. These mutations are particularly interesting because they revert at a

high frequency by precise excision of both the element and one copy of the
DZL

target site duplication (5). Also, study of the w mutation (6,7) and
c

derivatives of the w mutatiion (8) suggest that FB elements can generate

rearrangements of adjacent DNA . Furthermore, two FB elements can cooperate

to move large blocks of DNA around the genome (9).

Structurally, the FB elemnents have long inverted terminal repeats and

sometimes a central loop between the repeats. The lengths of these repeats

and loops vary from element to element. We have previously shown that the

© I R L Press Limited, Oxford, England. 485



Nucleic Acids Research

inverted repeats carry a peculiar organization of sequences with highly

conserved complex sequences at the termini which gradually change into simple

31 base-pair (bp) tandem repeats as one moves toward the center of the

element (10, 11).

The FB loops are perhaps even more unusual. Restriction mapping data

suggest that often a loop structure seen by electron microscopy is simply

caused by the conjunction of a longer inverted repeat with a shorter one in

the same FB element (10). The excess tandem repeats from the longer end

constitute the loop structure. Very few FB elements have been demonstrated

to carry loop sequences that are different from FB inverted repeat sequences

(11, 7).

We have investigated the nature of the loop sequences contained in two

such FB elements. One of these elements is the FB which Levis et al (7)
c

associated with white crimson (w ), an unstable allele of the white locus; we
c

designate this element FBw . Levis et al (7) had previously shown that the
c

loop of FBw was not homologous to FB inverted repeats or to the loop of FB4.

The other FB element reported on is FB4; its DNA sequence revealed an

interesting structure within the loop (11). There is an open reading frame

with characteristic gene punctuation signals in a region flanked by short

inverted repeats. The presence of this structure raised questions concerning

the conservation of this potential gene region and its distribution in the

genome. Is this structure an integral part of certain FB elements or is it

an independent transposable element? We investigated each of the two FB loop

sequences with respect to its genomic distribution and its association with

FB inverted repeat sequences to determine if the sequence was usually between

FB inverted repeats or if it was found there only by chance.
c

Our data suggest that the FBw loop sequences are indeed integral

components of some FB elements and not themselves independent elements. Some

interesting observations concerning the structure and evolution of FB

inverted repeat sequences also came from this study. Our investigation of

the FB4 loop sequence, however, indicates that it represents a member of an

independent family of transposable elements which we designate HB elements.

Many other homologous members have been found without any associated FB

inverted repeat sequences. FB4, therefore, is an unusual composite structure

with one transposable element (an HB) inserted into another (an FB). In this

report we compare the complete sequences of two HB elements and analyze the

ends of four HB elements. Furthermore, we describe an example in which

internal HB sequence is repeated in a flanking region near an HB element.
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MATERIALS AND METHODS

Materials

Enzymes were purchased from New England Biolabs. Isotopes were from New

England Nuclear. Nitrocellulose filters were from Schleicher and Schuell.

Agarose was from Sigma, and acrylamide was from Biorad.

DNA Preparation and Filter Hybridization

The construction of the recombinant pBR322-Drosophila melanogaster DNA

library and the preparation of the filters for screening this library have

been previously described (12, 13). Plasmid DNA was prepared by the rapid

boil method of Holmes and Quigley (14) with previously described

modifications (15). Restriction site mapping was done by size analysis of

segments generated by single and double digests. DNA segments were prepared

by using low-melting agarose as previously described (10). Transfer of DNA

from agarose gels to nitrocellulose filters was done in the manner of

Southern (16). Sometimes one gel was used to make two filters by placing

additional nitrocellulose and blotter paper below the gel and eliminating the

20X SSC supply (17).

DNA segments were nick translated in the manner of Rigby et al (18)
32

using j - P]dNTP from NEN. The labelled DNA was either passed over a

Sephadex G50 column or ethanol precipitated in the presence of 0.2 M sodium

acetate. Filters were presoaked in IX Denhardt's solution (19) (1X = 0.02%

polyvinylpyrrolidone, 0.02% bovine serum albumin, 0.02% ficoll) and 4X SSCP

(1X = 0.015 M sodium citrate, 0.12 M NaCl, 0.02 M sodium phosphate (pH 7))
0

for at least 4 hours at 65 C. The nick-translated DNA was allowed to

hybridize to the filters in 1X Denhardt's, 4X SSCP, and 0.1 mg/ml sonicated
0

salmon sperm DNA for 15-24 hours at 65 C with agitation. The filters were

washed extensively in 1X Denhardt's and 4X SSCP, with multiple wash changes,
0 0

at 65 C with gentle agitation. The second to last wash was done at 55 C, and

the final wash was done in 2X SSC (1X = 0.015 M sodium citrate, 0.15 M NaCl)

at room temperature.

DNA Sequence Analysis 32
DNA segments were 3 end labelled with [ - P]dNTP by using the large

fragment of E. coli DNA Pol I (20) in the manner of Levis et al (21). DNA

sequencing was done by the procedure of Maxam and Gilbert (22); the chemical

reactions for G, T+C, C, and A>C were used. 75 cm long gels of 4-20%

acrylamide were used. The Stanford University SEQ computer program was used

in the sequence analysis.
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Figure 1. Restriction maps of FBwC clones (pCl0.2 and pC7.6) and homologous
clones. Homologous regions are shaded similarly. The striped regions are
loop segments, and the stippled regions contain FB inverted repeat sequences.

RESULTS
c

FBw Loop Sequences

An FB element with a loop which is not homologous to either the loop of

FB4 or the FB inverted repeats has been associated with the white crimson
c

allele by Levis et al (7). If the loop sequences of this element, FBw , are

integral components of FB elements, one would predict that they would

generally be found within FB elements rather than independent of them. Two
c

segments from the FBw loop, the 0.8 kilobase-pair (kb) Sac I-Bam HI segment

from pC1O.2 and the 1.5 kb Bam HI-Sal I segment from pC7.6 (top of figure 1),

were used to screen a pBR322-D. melanogaster DNA library for homologous

clones. This library was constructed previously using partially Bam

HI-digested DNA from wild type Oregon R flies (12). The results of this

screen indicated that in the Drosophila DNA from which this library was made
c

sequences homologous to the FBw loop were present approximately two times

per haploid genome (6 positive clones/42,500 screened clones). DNA from

hybridizing clones from this screen was digested, electrophoresed through
c

agarose, and Southern blotted. Each of the two FBw loop segments and the

1.4 kb Pvu II-Hind III segment containing the right inverted repeat from FB4

(top of figure 5) were nick translated and separately hybridized with the

Southern blot filters.

The resulting maps are shown in figure 1. The segments with homology to

the FBw loop segments were bordered by the same restriction sites and of the

same size as the probe segments. Each of the clones with homology to one of

the loop segments also contained adjacent homology to FB inverted repeat
c

sequences. Thus, at least within the limits of these experiments, these FBw

loop sequences were conserved and always associated with FB inverted repeat
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Figure 2. Restriction digests
of an FBw -homologous clone,
'b" in figure 1, were
electrophoresed through 1.27
agarose, Southern blotted, and
hybridized with nick-
translated FB inverted repeat
sequences from FB4. A
different digest was run in
each lane; the enzymes used
were: Bam HII + Sac I (lane
1), Pvu II + Sac I (lane 2),
Sac I (lane 3), Sac I + Sal I
(lane 4), Sal I (lane 5), Pvu
II + Sal I (lane 6), Bam HI +
Sal I (lane 7), Bam HI (lane
8), Bam HI + Pvu II (lane Q),
Pvu II (lane 10).

1. 1 -

0.9 -

sequences. The restriction sites in the flanking DNA vary among the clones,
indicating different chromosomal positions. Each clone contains only one

c
half of an element because Bam HI segments were cloned and the FBw loop
contained a Bam HI site.

In autoradiographs from the hybridization of the FB inverted repeat
c

probe to Southern blots of the FBw -homologous clones, we observed ladder

patterns in certain lanes. An example is given in figure 2; the other

ladders were similar in appearance. Stained with ethidium bromide, the gels
from which these Southern blots were made did not show bands corresponding to

those in the ladders. However, we did notice that in those lanes which

showed ladders on the autoradiographs the DNA segments which contained the FB

inverted repeat sequences gave bands which were of relatively weak intensity

for the segments sizes. The ladders appeared in Sac I and Pvu II digests of

two clones, pC10.2 and "b" in figure 1, which contain the left sides of
c

FBw -homologous elements. The third clone containing the left side of one of

these elements, "a" in figure 1, gave ladders in only the Sac I digests. The

two clones, pC7.6 and "c" in figure 1, which contain the right sides of
c

FBw -homologous elements did not give ladders. It has been previously shown

by DNA sequencing that the FB inverted repeats have a hierarchical structure

in which five slightly different types of 31 bp repeats are arranged such

that every fifth repeat is of the same type (11). This gives these sequences
a periodicity of 155 bp. The spacing of the bands in the ladders of the
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kb Bam Hi Pvu 11 Figure 3. Total genomic D.melanogaster DNA was digested
with either Bam }II or Pvu II,
electrophoresed through .8%

6-64 ft| * * ^agarose, Southern blotted, and
6.6- hybridized with nick-
4 - translated 1.6 kb Pvu II loop

* 5k segment from FB4. The
5 arrowhead indicates bands of

the same size as the probe

2.3- segment. In the two sets ofdigests DNA from four strains
2.0- was used; these strains were

9 *i - ."< (left to right) Samarkand,
W E Canton, Amherst, Swedish.

c
FBw -homologous clones is approximately equal to this 155 bp repeat length.

In an additional set of experiments DNA from each of the five clones was

digested separately with Sac I and with Pvu II. The digests were

electrophoresed through agarose, Southern blotted, and hybridized with the FB

inverted repeat probe. The results of these experiments confirmed those of

the earlier experiments. Since the agents responsible for the ladders seemed

possibly to be different contaminants of Sac I and Pvu II, a similar set of

experiments was done using Sac II and Pvu I. This set of experiments yielded

neither ladders nor DNA bands near 155 bp in size.

FB4 Loop Sequences

The loop of FB4 includes an open reading frame which might code for a

transposition factor. The 1.6 kb Pvu II segment from this loop (top of

figure 5) contains this potential gene region. In order to study the genomic

organization of the FB4 loop sequence, the Pvu II segment was nick translated

and hybridized to Southern blots of digested, total genomic D. melanogaster
DNA. In one case the DNA was digested with Pvu II; in another it was

digested with Bam HI, which does not cut within FB4. The results (figure 3)
showed: 1) homologous sequences in genomic Pvu II segments of several

different sizes in addition to the size of the probe segment, indicating that

the probe sequence was not strictly conserved, and 2) homologous sequences in

genomic Bam HI segments in a range of sizes, indicating that the probe
sequence was present in a number of different sites in the genome. The

patterns of hybridization varied only slightly among the four strains of
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HB2
HSI
-330 aggsaga*s aAACTAGAGACGAGGAAAAACATATAAAGAAATTCAAAAAAGCCTTCAGTGTTCTGCCAAAATGTAATCCAATTCCATTAAACCATTA4Ta

-230 tttaatat tastat t tagctcgaaaaacatat tgecatagtgccatgcaaagecagaaaaacaaaggatcgcacataat tcctttcagtaaggttaa tc
-188 ... taastacatttcgattcecacct tttaaaactaaataatttcgtttgcccatccttta

-130 cttttgcatcggggacctacagctcgttcttat tctaatactccacgagtaacaggtattaaatttg tacaaaaccgt tgctataaagggatataaacaa
-130 *aattcatttttaacgt ttgccoaccc tttaaattctgtctt tgtaagatgtggcgccaa ttcagatattttaggatcggcggatagaagcac ttacttat

** Pvu II **
-030 at ccaagaaaga gt taaaataaa c ttgcggAAATACAGCTGTGTTCAGAAAAATACCAGTGCOAAGGGAACTAAGTAATACAAAGGTATTTTTCCATGCT
-030 atgatgatgat gaacatacatagacataa tATGTACAGCTGTGTTCAOAAAAATACCAGTQCGAAGGAAACTAAGTAATACAAAGGTATTTTTCCATGTC

0071 CCTTTTCGGAATCGACCTTTTATTCCACTTATTTT-GTTAAATGGAATGTGTACATAGGGGAAAAAGAAAATCCGGCTAGTTTTTCTTGTTATCCTTTT
0071 C CTTTTC GGAATC GACTTTTTATTC CTCTTATTTTTGTTAAATGGAATGTGTAGATAGGG AAAAAAAGAAAATCCGGTCAGTTTTTCTTCTTATC CTTTT

0170 TT-ATTTTCATTCTT---------------------------------------------------------------------------- TCAATATTT
0171 TTTATTTAC AT TCTTGAG CAAAATC ACAASTTTTTAGGCTGTTCATAAGAATAGCAGTGTCTGGTTCTGAC CAACGTAAAGTC CCGAAATG ATCAATATTT

019 3 TCTAAAAAGTGAGTTTGCSSAAGSTTAATTCGTATATTTAAAAGGGCAATAAATTAAAAAAAAAAA-TAAAAA^ATTATATTTTA GTGGCTAGAGGACAG C
0271I TCTAAAAvAGTGAGTTTGGTTAAGTTAATTCGTATATTTAAAAGGACAATAAATTAAAAAAA ----TTAAAAAAATTTTATTTTAGTGGGTAGAGGACACC

a* ca Met a a a '* *a
0 2 92 ACSG CTC CCAGCAGAAAAGAATCT TAATTCTTAAGCTAAGAAATCAA^GGAAAAACATATAGGG ACATTTAAAAAACCCTTG AAAGTTCAGCCAAAATGGT
0 3 67 ACTA CTCCCAGCCCGAAAAGAATGTTAATTCTTAAGCTTAGAAAGGAACGAAAAAC ATATAAGGAC ATTCAAAAAACC CTTAAATGTTCTG CCAAAATG GT

0 3 92 ATCCAATG CCAT TAAATATG,AATCGAAGCCCGAAAACCGTGG TACCAAACAA^AAAACCGCAGATATAGAGGATCGACGCATAGTTCGTTAGAG CAAAGCCC
0467 ATCCAATGCCATTAAATATAAjGGAAOCCCGAAAACCGTGGTACCAAACATAAAACCACAGATATAGAGGATCGACGCATTGTTTCTTACAOCAAAGTC

0492 TATC------CATACTCTAGGGACATAAAATCTGAGCTOAACTTGGGAATCAGTGACCTTACTATTCCGAGACOACTACTCAATAAAAATTTCAGTGCGA
0 56 7 TATCGCTTTTGCATCCTTTAGGGACAT AAAGTCTGAG CTGAACTTGGCGAATCAGCGACGT TACTATTCGTACACGACTACTGAATCAAAATTTCAGTGCGA

05S86 GGACTC CACGAAAGGTTCC CCCACTTACCCCAACGGCTTATTTAGCGCAAGGTTAAC CTTCCGCTAAAACCTACCGAkACTGC CCA-TCTCCAAATG GTGTAA
0 6 67 GGAGTC CACGAAAGGTTCCCCTACCTAGCCCCAAGGCATATTAAGGCAAGGTTAACCTTAGCCAAAACCTACCTAAACTCCCCAGCTCCCAAATGGCCGTAA

06 85 TATCCTTTGGACTGATGGGTCAAAAAAAGTGCTATTTGGTGGAACTGGTTCACTACAGTATATCTGACGACCTCCAAACACGGACTACCACCCAAAACAC
076 7 TATCCTTTGGACTGATSGGGTCAAAAATCATGCTATTTGGTGGAACTGGTTCACTACAGTATATCTGACGCACCTCCAAACACGGAGTATCAC CCAAAACAC

0785 CCACTGAAGACTTTCAATCACGGTCGACCTAAAA^TCCTGGTATGGG CATkT -----------------GTATGAG--TCCATAACkT--ATGATTTATGG
0667 CCACTCAACACTTTCAATCACGCTCGACCTAAAATCATGGTATGGGC----STTGTTTSTTTTATAATGGTATGAGTCATGCTATGGATTATGATTTATGG

0864 TATTATAGACCAAAAsCGCATATGTAAATATACTTAGTG ATGTCTAAAATA--------------------------------------------------
0963 TATTATACACCAAAACCCATATGTAAATATACTTAGTGATGTCT------TATTGTCATATTCTGAATAAAATATACCCTTAAAATGGACATTCCAACAG

105S7 GATAATGATCAGAAACGCAGATGTAAATCGG CTAAGAATAG GTTCACCCAAAATAGAATAGATGCAATGCC GTGGCAAGCACCAC CTTCCCATTTAAAC C

1 15 7 CG ATTCAAAAC CTGTATGGGGACAT TAAACAGTTTGTGTCGAAGAAGCSCCCCGACGTCTAAGACTCACATTTGG CAAGTTGTGCACCATA CATGCC CAAA

125S7 AAT TCCTCCCAAAC CTTCGCTAGGACTTCGTGGACT TCATGCCGCCGTGGGTGTAAGGCTGTG CTGGCTAACAAAGG CTATCCAGCCCAAGTATTAGG CCCGA

13 57 ATTAAC ATATTA^AACAAGAAAACTAAGTTCGTTCTAG GTCAAGTTAAATTTTGTTACTATTTTTTCATAGCA CTGCTATTTTATTGAACACCAGAATTTC

09 14 ------------------------------------------- AAATAAAACTGAAACATTTCTTC AATTCTTTGA AATTAAATACCTAAT:ATATTAT-
I145S7 TGCCTATTTATTGT TTTAATCTATATTTTCGAAACTATTGAAGAAATAAAAGTGAAACATTTGTTAAATTGTTTG AAATGAAATACCTAATGATATTATT

* * * * P~~~~~~~~~~~~~~vtlII * *
0970 AAAsAAA-TTTCCCATTAAAACTGTAAATCATAG ------------------------GTCCGAAGCACTGCTATTTTTATGAACACAGCTGTATAAgag
155S7 bA^AAAAAATTC CCATTAAAACTGT -AATCATAGGAATTTTTTATCTTAAACTCTG AAGTCCAAAGACTGCTATTATTCTGAACACAGCTGTACAT *ac

+004 aatata*t t tactggt taattcagttaactccgcet^gaaatgttaaattaaat taatgataaetttaaaaaact tattattcaactcctat tataat c
+004 &a&staat tta*tt tt taaagggtgggcsac^cgt ta*aaatgaat tt taaaggatgoscaat cgaaattatt tast t t taagagtgggscaaacgaaa..

Figure 4. The DNIA sequences of elements HB2. and HB1 are compared. T-he HB
sequences are capitalized. Where a base dif fers in the two elements this is
indicated by an asterisk (*); where a base is absent from one element this is
indicated by a dash (-) . The ten bases marked of f by the i's are inverted in
HB2 relative to those in HB1. The bold shorter arrows under:Line the HB
terminal inverted repeats; the precise outside ends are not known. The thin
longer arrows underline sequences which are contained within the elements and
are directly repeated externally to the left of HB2. Some f lanking sequences
are given in lower case, including 100 bp of each of FB4's inverted repeats
outside of HB1. The Pvu II sites near the ends of the HB elements are
indicated, as well as the start codon for the open reading frame in HlB1. The
first translation termination signals start at base 36() in HB2 and at base
831 in HB1.
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D. melanogaster that were tested (figure 3).

The FB4 Pvu II loop segment was also used to select an homologous clone

from a previously constructed pBR322-D. melanogaster DNA library (12). On

this selected clone the primary homology was localized to a 1.0 kb Pvu II

segment, instead of a 1.6 kb one as in FB4. The restriction maps differed

outside this Pvu II segment also, and this second clone did not contain

homology to FB inverted repeat sequences.

The sequence of the entire FB4 element had been determined previously

(11) so, in order to more closely analyze the relationship of the two

homologous clones, the 1.0 kb Pvu II segment from the second was sequenced.

Much of the two Pvu II segments is homologous. Short inverted repeats flank

the homologous regions within each of the Pvu II segments. These homologous

elements with short inverted repeats have been designated HBl (inside FB4)

and HB2. A comparison of the sequences of HBl and HB2 is given in figure 4.

The primary difference is that one large section (493 bp) and several smaller

ones present in the HBl sequence are deleted from the HB2 sequence. There

are also many individual base differences between the two sequences. One

such change introduces a stop signal in HB2 only 48 bases after the start

signal; the open reading frame in HB 1 continues for an additional 396

bases.

To further investigate the nature of the association of HB sequences

with FB inverted repeat sequences and the possible relationship of HB
c

sequences with the FBw loop sequences, we used the 1.0 kb Pvu II segment

from HB2 (figure 5) to thoroughly screen the pBR322-D. melanogaster DNA

library. The results of this screen indicated that sequences with homology

to this segment were present in approximately 20 copies per haploid genome

FB4/HB1 E
C X IL

HB2 IL_-r___IL

HB3 f f**a.**..-

ILHB4 IL,

500 bp

Figure 5. Restriction maps of regions containing HB elements. The element
HB1 is within the loop of the element FB4. Homologous Pvu II segments are
shaded; the Pvu II sites which bound them are near the ends of the HB
elements. The arrows indicate the locations of FR4's inverted repeats. Hind
III sites are only indicated in the top map.
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(40 positive clones/42,500 screened clones). DNA from randomly selected

hybridizing clones was prepared, digested, electrophoresed through agarose,

and Southern blotted. Quadruplicate filters were used in four separate

hybridizations with four nick-translated segments. These probes were the 1.0

kb Pvu II segment from HB2 (figure 5), the 1.4 kb Pvu II-Hind III segment

containing the right inverted repeat from FB4 (figure 5), the 0.8 kb Sac

I-Bam HI segment from pC10.2 (figure 1), and the 1.5 kb Bam HI-Sal I segment
c

from pC7.6 (figure 1); these last two segments were from the FBw loop.

The Pvu II segment hybridized to 23 selected clones, but the FB inverted

repeat segment hybridized to none of these 23 new clones. This indicated

that HB sequences were generally not associated with FB inverted repeat

sequences. The segments from the FBw loop did not hybridize to any of the
c

selected clones. This suggested that the loop sequences from FB4 and FBw

were not related.

DNA from several of these new homologous clones was digested,

electrophoresed through agarose, and Southern blotted. These clones were

restriction mapped, and the Southern blot filters were used in a

hybridization to localize the regions of primary homology to the 1.0 kb Pvu

II segment. On many of the analyzed clones the regions of homology are Pvu

II segments with approximate sizes of 1.0, 1.4, and 1.6 kb. We have

sequenced parts of two of these new clones to better understand the ends of

the homologous regions. It should be noted that on a few clones the HB

homologous Pvu II segments were larger than 1.6 Kb, but restriction mappings

and Southern blot hybridizations showed that these HB elements were no longer

bordered by Pvu II restriction sites and these clones were not studied

further. Restriction maps of the regions containing four HB elements with

homologous Pvu II segments are given in figure 5. Elements HB3 and HB4 were

shown by sequencing to have short terminal inverted repeats. The sequences

of the ends of four HB elements are listed in figure 6. These ends are not

outside inside Figure 6. DNA sequences of

HB1 left GACATAATATGTACAGCTGTGTTCACAAAAATACCAGTGCIGA the ends of four HB elements.
right TAAAGCAATACATGTCGACACAAGTCTTATTATCGTCACGIAA Both left and right end

HB2 lef t ACTTGCGGAAATACAGCTGTGTTCAGAAAAATAGCAGTGCIGA sequences are from the same
right TATAAGAGAATATCTCGACACAACTATTTTTATCGTCACGIAA strand. The vertical lines

mark the inside ends of the HR
11g3 lef t TTTAAAGAATATTCAGCTGTGTTCAATGAAATAGCAGTGCICA

right CACGTACATATATGTCGACACAAGTATTTTTGTCCTCACGIAA inverted repeats. The precise
outside ends have not been

HR4 lef t TCGTACATATCTACACCTGTGTTCAGAA AATACCAGTGCICA defined. The bottom row
right GATCTATATACATGTCGACACAATTCTTTTTATCGTCACGIAA indicates the number of bases

3534433577487888888888878577688788888888 44 out of the eight that agree at

each position.
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HB1I

HB2 k - 1 ii I HH-I

HB4 -

HBe4 ................................................................................................................. .....

100 bp

Figure 7. H1B2 and those portions of 11B3 and HB4 which have been sequenced
are compared with HBl. hlorizontal lines in the bottom three maps represent
sequences which are also present in the corresponding locations in HB1.
Dotted sections have not been sequenced. A gap between two short vertical
lines represents a deletion of sequences which are present in the
corresponding location in HB1. An open triangle indicates an insertion of
sequences not present in HB1; the length of the base of the triangle
indicates the length of the insertion. The line segment between two short
vertical lines and containing an arrowhead represents an inversion in HB2
relative to HB1. Sequence differences of 5 bp or more in length are
indicated.

fully conserved. The innermost base of the inverted repeats is apparent, but

the outermost base is not obvious. The inverted repeats may be 29-32 bp in

length, and there may or may not be direct target site repeats. Those

portions of HB3 and HB4 that were sequenced are diagrammed in figure 7 which

compares four HB elements. The data presented in this figure indicate that,

different JIB elements have different deletions when compared to HB1l. The HB

elements also have many base changes with respect to one another.

In both Southern blot analysis and sequence data we noticed an

interesting secondary homology on the clone containing 11B2. Approximately
250 bp outside of the left end of the element there is an imperfect direct

repeat of about 90 bp of sequence found inside ttEe element (figure 4). This

external repeat has 78% homology with the internal copy and 83% homology with

the corresponding copy inside HB1. The two internal sequences themselves

share 91% homology in this region.

DISCUSSION

Many FB elements contain only FB inverted repeat sequences without any

detectable different loop sequences, as shown by electron microscopy and

restriction mapping (10). Such FB elements may be deletion products of other

larger FB elements, and certain FB loops may contain a gene for an

FB-specific transposase which also acts on incomplete FB elements. A

situation similar to this has been described for P elements by O'Hare and

Rubin (23). To better understand the loop sequences found in FB elements we
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have investigated two different loop sequences from FB elements as to their

genomic representation and their association with FB inverted repeat

sequences.
c

We isolated three clones with homology to the FBw loop (figure 1). In

these clones the restriction sites external to the elements and, therefore,
c

the elements' genomic locations vary from those of FBw . This is as expected
c

since the library we screened was made with DNA from flies without the w
c

phenotype. We estimated that FBw loop sequences were present approximately
c c

twice per haploid genome in non-w flies. For the w strain Levis et al (7)
c

reported four, or possibly five, sites with FBw loop sequences while Paro et

al (9) reported six sites.
c

The sizes of the segments homologous to the FBw loop segments and the

patterns of the restriction sites in the central loop regions imply that the
c

FBw loop sequences are conserved. This apparent conservation and the fact

that these sequences were found only in association with FB inverted repeats

indicate that the FBw loop sequences may be functionally important to FB
c

elements. We suggest that the FBw loop may code for functions involved in

the regulation of FB transposition. Paro et al (9) have associated both the
c

FB inverted repeats and the FBw loop sequences from FB-NOF with several

(historically related) white locus transposons. It should be noted that the

FB inverted repeats on the FBw -homologous clones may not extend the full

length of the segments shown to contain them in figure 1. Levis et al (7)
c

report that those of FBw do not. The central loop region may exceed the

homologous segments indicated in figure 1, and the outer ends of the inverted

repeats may be well inside the restriction sites which bound the segments

homologous to the FB inverted repeat sequences. On the left side, however,

the outer ends of the repeats may reach the Sac I sites since Sac I sites are

often present at such junctions.

Ladder patterns of hybridization of FB inverted repeat sequences to
c

FBw -homologous clones were observed in specific cases. Only the three

clones containing the left sides of the elements showed these patterns, and

only when they were digested with Sac I or, for two out of the three, with

Pvu II. The right side clones and Bam HI- or Sal I-digests of the left side

clones did not give ladders. These interesting results suggest that the two

sides of an FB element can be quite distinct, with particular sequence

patterns evenly distributed on one side and completely absent from the other

side. Figure 2 shows hybridization patterns from one of the left side

clones, "b" in figure 1; ladders are present in the lanes where Sac I or Pvu
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II was included and are absent from the other lanes. The DNA of the ladder

bands which hybridized to FB inverted repeat DNA must have come from the

primary segment containing the FB inverted repeat. On the gels from which

the Southern blots were made the small amount of DNA in each ladder band was

not visible, but the absence of the total of this DNA from the the primary FB

inverted repeat-containing band was observable. This FB inverted repeat DNA

band was less intense than expected when compared with the other DNA bands in

the same lane. Evidently partial digestion of some of the FB inverted repeat

sequences occurred, and because of the tandem repeat construction of these

sequences, this generated ladders of restriction segments.

The specificity of this phenomenon indicates that different agents, with

different recognition sites, contaminating the enzymes Sac I and Pvu II were

responsible since one clone ("a" in figure 1) was sensitive to one of these

agents and not to the other. The enzymes Sac I and Pvu II themselves do not

seem to be responsible, since conditions of 100-fold over digestion failed to

reduce the ladders to monomer size. We tested the obvious possible

contaminants Sac II and Pvu I, but the results implied that these were not

responsible for the ladders. Perhaps other as yet uncharacterized

contaminating enzymes were involved.

FB inverted repeat sequences have been found to have a complex structure

which some distance in from the outside ends is made up of tandem 31 bp

direct repeats. Slightly different types of these direct repeats are

organized in sets of five such that a 155 bp repeat length may be established

(11). Taq I sites with this 155 bp spacing have been noted in FB inverted
c

repeats (10), and in the FBw -homologous clones the ladder bands have

approximately this spacing.

The specificity observed for the ladders also indicates that there are

differences among FB inverted repeats, even between two FB inverted repeats
c c

on the same element (FBw ). The left inverted repeat of FBw shows the

ladder pattern in Sac I or Pvu II digests, whereas the right one does not.

This implies that the inverted repeats are generated individually and do not

often exchange information by recombining with each other. This contrasts

with the previous study of an FB4 rearrangement which indicated that

"flip-flop" recombination between inverted repeats of a single element could

occur (15). However, FB4, with its composite construction, might represent a

special case.

When the potential gene region was discovered on the loop of FB4, one

proposal was that this might be an FB transposase gene. Another proposal was
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that the FB4 loop segment might be an independent transposable element since

the loop segment had its own short terminal inverted repeats, distinct from

the FB inverted repeats. The genomic Southern blots were done to begin to

study the distribution and conservation of this loop segment.

The pattern of the hybridization of the Pvu II segment from the FB4 loop

(HBI) to the Bam HI-digested, total genomic D. melanogaster DNA, showing

multiple bands (figure 3), indicated that homologous DNA was present in a

number of different sites in the genome. Hybridization to the Pvu

II-digested DNA indicated that the Pvu II segment containing the potential

gene was not strictly conserved since, although the band corresponding to the

size of the probe is darkest, there are several additional bands (figure 3).

Some of these additional homologous Pvu II segments could have been due to

simple base changes affecting the Pvu II recognition sites; the loss of a

site would result in a larger segment extending to the next flanking site.

Significant divergence affecting the potential gene could have produced other

additional bands; in the case of the Pvu II segment from HB2, sequence

analysis indicated that the region of the potential gene was actually altered

considerably.

Three lines of evidence suggest that the sequences homologous to the FB4

loop segment represent independent transposable elements: 1) the sequences

have their own short terminal inverted repeats, 2) the sequences generally

are found independent of FB terminal inverted repeats, and 3) the sequences

are moderately repetitive in copy number. We have designated this group of

repetitive elements the HB family. In the hybridization of the Pvu II

segment to the genomic Southern blot (figure 3) the patterns of homologous

segments are similar across the four strains. This similarity suggests that

the repetitive sequences predate the isolation of these strains and that the

elements have transposed infrequently since then. Alternatively, these
elements entered these strains separately and had specific target sites.

This seems less likely; the DNA sequences surrounding the analyzed elements

are not obviously related.

Although two FB elements apparently can mobilize other segments of DNA

between them (9), there is no evidence that a single FB element can "pick up"

DNA between its inverted repeats. The best explanation for the structure of

the loop in FB4 is the insertion of HB1. The very low frequency of HB

transposition suggested by the cross-strain similarities could be due to any

of several possibilities. If the potential gene in the sequence of HB1 codes

for an HB transposase, very little of this transposase may be made since

497



Nucleic Acids Research

other HB elements contain deletions and multiple base changes affecting this

region. Even the potential gene in HBi may contain sequence changes such

that it no longer encodes a functional transposase, or the gene may code not

for a transposase but for a repressor. Base changes in the inverted repeats

of the HB elements may have caused them to be no longer recognized by

transposition factors. Also, the presence of other unfavorable conditions

might account for the positional stability of the HB elements.

Two other families of Drosophila transposable elements with short
terminal inverted repeats are the hobo (24) and P elements (23). The hobo

element which inserted near a glue protein gene had 12 bp perfect inverted

repeats and generated an 8 bp target site duplication (24). P elements have

31 bp perfect inverted repeats, the sequence of which is conserved from one

element to the next, and these elements generate 8 bp direct repeats of

target site DNA (23). In the sequences of the ends of four HB elements

listed in figure 6, the inner end of the inverted repeats is well defined

and, therefore, is marked by the vertical lines. The outer end is less

apparent due to base changes in the inverted repeats and the lack of obvious

direct repeats, or possibly due to variability in the lengths of the

elements. The inverted repeats may be 20-32 bp in length, as judged by the

homology among the 8 end sequences. If the inverted repeats are taken to be

30 bp long, then there could be 2 bp direct repeats just outside of them.

Longer direct repeats are not found consistently on the four elements. These

elements may have inserted into their sites long enough ago that the sequence

changes since then have made any direct repeats once present no longer
apparent.

The size heterogeneity of the HB elements is similar to that of hobo

(24) and P elements (23). However, the numerous sequence changes and

multiple deletions from one HB to another (for example see figure 4) indicate

a situation different from that described for the P elements. Each P element

differs from the full length element only by a single deletion and very few

other changes (23). The different size classes of homologous Pvu II segments

in the HB elements are generated by different sets of internal deletions.
The homologous segments which are not bordered by Pvu II sites are probably

due to both simple base changes in the Pvu II recognition sites and larger

rearrangements. HB elements may cause instabilities and rearrangements which

involve the adjacent sequences as well as the element. This is suggested by

the structure of the clone containing HB2; a direct repeat of part of the HB

sequence is found a short distance outside of the element.
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If the sequence in the middle of FB4 is a transposable element

independent of FB elements, then the gene may still code for a transposase,

or other function, for these HB elements. There may be a transposase encoded
c

elsewhere in the genome which acts on FB elements, or perchance the FBw loop

sequence or another yet undiscovered FB loop sequence encodes such a

function.

Many P transposable elements are apparently related to one another by

being different deletion products of larger complete P elements (23). If FB

elements were related in a similar manner, one would expect two nonhomologous

FB loops to have come from a loop containing both sequences. With this model

in mind, we screened the clones with homology to the FB4 loop for homology to

the FBw loop. No clone with homology to both the FB4 loop segment and
c

either of the loop segments from FBw was found. In light of the apparent
nature of the FB4 loop sequence, this result is not surprising. If the FB4

loop sequence is an independent element, then it would not be expected to
c

have a common origin with the FBw loop sequence.
c

In summary, the FBw loop appears to represent an integral and conserved

component of several FB transposable elements and, therefore, might be

functionally important for the FB family. The FB4 loop, however, represents

a transposable element of the distinct HB family by chance found inserted

into an FB transposable element.
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