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Eight terminally deleted Drosophila melanogaster chromosomes have now been found to be ‘“healed.”” In
each case, the healed chromosome end had acquired sequence from the HeT DNA family, a complex family of
repeated sequences found only in telomeric and pericentric heterochromatin. The sequences were apparently
added by transposition events involving no sequence homology. We now report that the sequences transposed
in healing these chromosomes identify a novel transposable element, HeT-A, which makes up a subset of the
HeT DNA family. Addition of HeT-A elements to broken chromosome ends appears to be polar. The proximal
junction between each element and the broken chromosome end is an oligo(A) tract beginning 54 nucleotides
downstream from a conserved AATAAA sequence on the strand running 5’ to 3’ from the chromosome end.
The distal (telomeric) ends of HeT-A elements are variably truncated; however, we have not yet been able to
determine the extreme distal sequence of a complete element. Our analysis covers approximately 2,600
nucleotides of the HeT-A element, beginning with the oligo(A) tract at one end. Sequence homology is strong
(>75% between all elements studied). Sequence may be conserved for DNA structure rather than for protein
coding; even the most recently transposed HeT-A elements lack significant open reading frames in the region
studied. Instead, the elements exhibit conserved short-range sequence repeats and periodic long-range
variation in base composition. These conserved features suggest that HeT-A elements, although transposable

elements, may have a structural role in telomere organization or maintenance.

The ends of eukaryotic chromosomes analyzed to date
contain multiple repeats of very short, simple G-rich se-
quences (e.g., TTAGGG). These repeats are now considered
the telomere sequences. There is evidence that the G-rich
repeats can be added by telomerase, an enzyme that uses an
RNA template to add copies of the telomere repeat to the
chromosome end (5). Just internal to the telomere repeats,
eukaryotic chromosomes have more complex sets of repeats
(3, 4, 32) which are called telomere-associated repeats;
however, their constant association with chromosome ends
raises the possibility that telomere-associated sequences
may be responsible for some of the functions that cytologists
have suggested for the telomere. These possible functions
include mediation of telomere-telomere and telomere-nu-
clear lamina interactions (14, 24). Thus, there is a possibility
that telomere-associated sequences play a role in chromo-
some pairing at meiosis and/or in maintenance of the three-
dimensional organization of chromosomes within the nu-
cleus.

No simple telomerase-generated sequences have been
found on Drosophila chromosomes. The failure to find
simple repeats is not proof that they do not exist; however,
it is possible that Drosophila species have lost this part of the
ancestral telomere. On the other hand, Drosophila chromo-
somes do have larger, more complex telomere-associated
sequences which may be evolutionarily related to the telo-
mere-associated repeats of other organisms. It is possible
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that in Drosophila species, the telomere-associated se-
quences have assumed the entire function of the telomere.

D. melanogaster offers several advantages for the study of
telomere-associated sequences. The many mutants and re-
arranged chromosomes make genetic analyses possible,
while the polytene chromosomes offer cytological resolution
well beyond that seen with other kinds of chromosomes. A
family of telomere-associated sequences (the HeT DNA
family) has been identified in D. melanogaster. This family
was initially identified by a DNA fragment cloned in the
lambda phage AT-A (31). The 9.4-kb cloned fragment hybrid-
ized exclusively with the last band at the telomere of each of
the polytene chromosomes and with the pericentric beta
heterochromatin. The morphology of the most terminal
polytene bands cannot be unambiguously classified as either
heterochromatin or euchromatin, but these bands show
several properties of heterochromatin (27); therefore, the
DNA family that these regions share with pericentric hetero-
chromatin has been named HeT DNA (28).

HeT DNA is a family related by its heterochromatic
chromosomal locations. However, the DNA in AT-A ap-
pears to be a mosaic of several kinds of sequences (28), and
therefore the HeT DNA family may contain several se-
quence subfamilies. We now report sequence analyses that
identify one subfamily as a set of transposable elements
which we have named the HeT-A element. This element has
transposed onto the ends of the eight known ‘‘healed”
terminally deleted chromosomes in D. melanogaster (1a, 4,
26). The term ““healed” is initially placed in quotation marks
to emphasize that the addition of HeT-A may not completely
reestablish the telomere. It seems likely that this is only a
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first step in the process. Acquisition of the HeT-A element
gives the chromosome end homology to the telomere regions
of other chromosomes. This could set the stage for recom-
bination events that add other sequences.

In this article, we report sequences from two of the healed
telomeres and compare them with sequences from the ends
of unbroken chromosomes. Figure 1 presents a schematic
diagram of the sequences analyzed. This analysis allows us
to identify and partially define a novel transposable element,
HeT-A. This analysis compares five HeT-A elements, in-
cluding two that transposed onto the broken ends of X
chromosomes (in the RT473 and RT394 stocks) less than 3
years before they were sequenced. These newly transposed
elements are compared with elements from the ends of
unbroken chromosomes: one, A4-4, found in cloned DNA
from the subterminal region of chromosome 3R (16a) and
two, Al and A2, from the genomic clone AT-A, which
appears to have come from the tip of an X chromosome (28).

The HeT-A element has a number of unusual features.
First, transposition appears to be strictly limited to terminal
regions of the chromosome. Second, the healing events
show an invariant orientation of the element with respect to
the chromosome end. Third, the element contains >2 kb of
well-conserved sequence with an 80-bp repeat motif which
could affect the structure of chromatin containing HeT-A.
These special features of HeT-A elements suggest that the
elements may represent a novel class of transposable ele-
ments, a class which may play a role in the telomere.

MATERIALS AND METHODS

Isolation of HeT-A elements from the healed terminal
deficiency chromosomes RT394 and RT473 and from AT-A
has been described recently (4, 28). The A4-4 element was
isolated from genomic DNA of the A4-4 strain (16) cloned in
ADASH (Stratagene). Details of the construction and screen-
ing of the A4-4 library are being prepared for publication
(16a). The A4-4 stock has a P[w,ry] transposon near the
telomere on chromosome 3R. 3?P-nick-translated subclones
of HeT-A elements 394 and 473 were used as probes for
HeT-A-homologous sequences on Southern blots of cloned
DNA. Homology was detected in a 4.0- to 4.6-kb region
located 5.0 to 9.6 kb distal to the P[w,ry] insertion site. A
5.7-kb BamHI fragment containing the region of homology
was subcloned from phage AD17. A 0.35-kb BglII fragment,
the most proximal fragment cross-hybridizing to the HeT-A
probes, was then subcloned for sequencing.

DNA fragments were subcloned into Bluescript (Strata-
gene) or M13mpl8/mpl9 phage and sequenced by the
dideoxynucleotide termination technique. For double-
stranded sequencing, T4 DNA polymerase (Pharmacia) was
used. Klenow fragment of DNA polymerase I was used for
single-stranded sequencing of M13mp18/mp19. All regions of
sequences from RT394, RT473, and AT-A were sequenced
on both strands. The short HeT-A element on A4-4 was
sequenced on one strand only, and the sequence was ex-
tended 170 bp past the point at which the sequence diverged
from the consensus HeT-A sequence.

Computerized searches for similarity between HeT-A
elements and other known DNA sequences included trans-
lated searches with Genepro software (Riverside Scientific,
Seattle, Wash.). The conceptual translation products of all
six open reading frames (ORFs) of HeT-A DNA sequences
were compared with all of the sequences in the GenBank and
EMBL DNA data bases, each translated in all six possible
ORFs. In most cases, a window of 30 amino acids was used.
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FIG. 1. (a) Diagram of HeT-A elements showing regions in
which sequences have been aligned (blocks) and gaps have been
inserted (thin horizontal lines) to yield optimal alignment. Elements
473 and 394 are cloned from the recently healed chromosome ends
in the RT473 and RT394 stocks (4). Al and A2 are the two large
elements from AT-A (see panel b). A4-4 is cloned from telomere-
associated sequences on chromosome 3R. All gaps of >3 bp are
indicated. Because homology of the elements always begins with an
oligo(A) segment at the 3’ end of one strand and extends 5’ for
various distances, we have begun alignment with the first nucleotide
5’ of the oligo(A) segment. In order to present sequences 5’ to 3', the
strands depicted are the reverse complement of the oligo(A)-con-
taining strand. The oligo(T) complement of the oligo(A) segment is
indicated by (T),,, where n is the number of residues of T for each
element. The dashed box indicates the sequence in the sample
alignment shown in Fig. 2. Numbers on the right are the actual
numbers of nucleotides in each sequence. Arrows at the ends
indicate that the sequence continues past the end of homology to the
394/473 sequence (indicated by boxes). The large tandem duplica-
tion in element 394 is underlined by boldface arrows under the 394
diagram. The large inverted repeat in element A2 is underlined by
boldface arrows under the A2 diagram. The sequence of the repeat
on the right diverges sharply from the consensus sequences of the
other elements, and the box has been filled differently to indicate
this and to suggest that this is a replacement rather than an insertion.
(This sequence could have also been presented over gaps in the
other sequences if a reciprocal gap had been inserted in the A2
sequence to accommodate the sequences of the other elements.)
Several of the gaps in this alignment are identical for three se-
quences and presumably indicate an insertion in the fourth se-
quence. In several regions, gaps in one sequence include, wholly or
partially, gaps in one or more of the other sequences. Such nested
deletions may indicate regions particularly prone to rearrangement.
(b) Diagram of the HeT-A elements found in AT-A. The 9.4 kb of
cloned sequence is divided into segments A, B, and C by digestion
with HindIII (28). The arrows indicate the sizes and locations of
elements identified by sequence homology with the 394/473 se-
quence. Arrowheads indicate the end opposite the oligo(A) segment.
Elements A2, A3, and A4 each diverge from the 394/473 sequence
when they meet with another HeT-A element. The question mark at
the end of element Al indicates that its true end cannot be
determined because the sequence that we have from the 394/473
sequence ends at the site where we have placed the arrowhead. It is
possible that Al continues to the end of A4.
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Nucleotide sequence accession numbers. The GenBank ac-
cession numbers for the sequences are as follows: HeT-A2,
MB84197; HeT-Al, M84198; HeT-A4-4, M84199; HeT-A-
RT473, M84200; and HeT-A-RT394, M84201.

RESULTS

HeT-A elements are defined by the sequences transposed to
healed telomeres. The identification of HeT-A as a transpos-
able element is based on demonstrated transposition onto
the broken ends of chromosomes. At this point, the longest
DNA sequences that we have obtained of this transposed
DNA are from the new ends of the X chromosomes in the
RT394 and RT473 stocks. As discussed below, we do not yet
have sequences from the more distal part of any HeT-A
element. However, clones from the healed RT telomeres
have permitted us to define >2 kb of each of the elements
394 and 473. Their sequences have been compared with
DNA sequences cloned from stocks without broken chro-
mosomes. Regions with homology to the 394/473 consensus
sequence have identified several preexisting HeT-A ele-
ments, three of which, Al, A2, and A4-4, are analyzed here.
In these sequence comparisons, we have not detected sig-
nificant differences between recently transposed elements
and elements present in normal telomere-associated se-
quences.

One of the defining characteristics of HeT-A is an oligo(A)
segment of variable length (3 to 28 residues in the elements
studied thus far [4]) marking one end of each element.
Immediately 3’ of this segment, we find no sequence homol-
ogy between any of the elements studied (4). Immediately 5’
of the oligo(A) segment, all of the elements show very strong
homology. On the healed telomeres, this oligo(A) tract forms
the junction between the transposed DNA and the broken
chromosome end on the strand running 5’ to 3’ from the new
chromosome end. Elements 394 and 473 were cloned by
using a restriction site within the yellow gene (the gene in
which chromosome was broken in both stocks) and a second
site a few hundred base pairs from the distal end of the
HeT-A addition. Thus, we do not know the most distal
sequences of either of the added elements. Mapping by
Southern blot hybridization indicated that the distal HindIII
site used for cloning was ca. 500 bp from the end of element
394 and 600 bp from the end of element 473 at the time of
cloning (4). In those experiments, the DNA was mapped by
using several restriction sites in the adjacent yellow gene,
and the end of the chromosome was defined by the apparent
clustering of different restriction sites. However, the distal
ends of these additions change with time (see Discussion).

HeT-A elements in cloned DNA from telomere-associated
sequences of unbroken chromosomes were identified by
comparison with the consensus 394/473 sequence. The se-
quence in AT-A (Fig. 1b) has four such elements: two very
short elements, A3 and A4, which have been presented
elsewhere (28), and two longer ones, Al and A2, which are
discussed here. The A4-4 element was isolated from the right
end of chromosome 3 by a chromosome walk (16a) starting
from a P-element insert in transformant A4-4 (16). This
HeT-A element is located 5 kb distal to the P-element insert.
For all of these elements, homology to 394/473 begins
abruptly with an oligo(A) segment and continues 5’ on that
strand for various distances. The sequence of Al can be
matched to all of the 394/473 sequence and continues beyond
it. Therefore, it is very possible that Al contains a more
complete HeT-A element than 394 or 473. However, our
identification of HeT-A sequences depends on evidence of
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transposition, and at this point, we lack evidence that the
additional sequence associated with A1 has ever transposed.
The longest HeT-A sequence considered here is defined by
the sequence homology between Al and element 473 and
contains >2 kb.

Elements A2 and A4-4 have both been sequenced past the
points where their sequences diverge from the consensus
sequence. The A2 sequence diverges after 1,507 nucleotides,
only 3 nucleotides before the boundary of HeT-A element
A3 (28). The A4-4 element extends only 132 nucleotides 5’ of
its oligo(A) segment before diverging from the consensus
sequence. However, since HeT-A probes hybridized to
cloned DNA that is distal to the A4-4 element described
here, the A4-4 element may be interrupted by an insertion of
>170 bp (the amount of additional sequence obtained from
the clone containing A4-4). Alternatively, the cloned DNA
may contain a second element rather than an insertion, since
in situ hybridization suggests that most wild-type chromo-
somes have multiple copies of HeT-A (4).

HeT-A elements have highly conserved sequences inter-
rupted by small insertions, deletions, and duplications. The
nucleotide sequences of the five elements analyzed here are
generally colinear and show strong sequence conservation.
No two are absolutely identical, but the major differences lie
in small insertions or deletions. The deletions and insertions
are indicated schematically in Fig. 1, and a sample of the
aligned sequences is shown in Fig. 2. Because the shared
starting point for the five elements is the oligo(A) segment on
the 3’ end of one strand of DNA, we have chosen to present
the alignments as representations of the opposite strand of
DNA so that the common point of each element, the oligo(T)
complement of the oligo(A) segment, is at the 5’ end. In Fig.
1, the oligo(T) complement is indicated just before the boxes
representing the rest of the sequence and the number of T
residues for each element is given.

The sequence analyses show no obvious difference be-
tween the recently transposed elements 394 and 473 and the
other elements. Table 1 gives pairwise comparisons of
sequence identities between all elements (% identity =
number of identical bases/number of bases compared, omit-
ting bases over gaps). Table 1 also lists the numbers of gaps
introduced to yield the alignment. If allowance is made for
differences in the lengths of the elements, the two measures
of similarity, nucleotide identity and number of gaps, tend to
be consistent. The two most different sequences are those of
elements 394 and 473, with 77% nucleotide identity and 49
gaps. It should be noted that these are the two recent
transpositions. The two most similar of the long elements are
Al and A2, which are adjacent on the AT-A clone (87%
identity and 20 gaps). All sequences are generally more
conserved near the oligo(A) segment, as can be seen by the
comparisons with the very short A4-4 sequence. Within this
highly conserved region, there is a polyadenylation signal,
AATAAA, lying 54 nucleotides 5’ of the oligo(A) segment.

A more detailed examination of the sequence alignment
shows that a large portion of the nucleotide substitutions are
shared by more than one element. Surprisingly, these do not
give a clear indication of the relationships between the
elements, since substitutions are shared sometimes between
one set of elements and sometimes between other sets.

Insertion and deletion events seem to be as frequent in the
newly transposed elements as in the others (Fig. 1). There is
also a tendency for different events to occur in the same
region of more than one element, producing apparent nested
deletions and insertions in the aligned sequences. Figure 2
shows two examples of such nested events. One set is seen
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473 AACTTTGC TGGTGGA@TACGGAGACAGAGTGAATTCTGTTCCGCATCCACM’H‘TATTTTGCCTTTGATTACMTTTTTGTMTATATA&TACMTM 100
394 xxkwraaw G G*A*G**C* *T* 100
Al '“A'A kxx] G*G*G**C *rRpRRrr AT 100
A2 nt!itti!ttattt'qitttttt'ttthAQAtttt:lltttatnttttttGltnﬁtttA'ttttthttl G*G**C T* 100

Ad4-4

473
394

AxREAAE AR ARARE AR AR AKRR AR IR RRRRA AR GRGAGRHCH AR %% T+ 100

TTTGAGTTTTAGAGT TTAACAT TGCATGTGGTGAGT TTGGGAGTTGGACATAGT TAATGT TGTTAATGT TAATGTTAAAGTAGTTAGTATTTTTTGTAAT 200

AR AR ARAAATAGK A XA AN AR A AR AR ARGRA AR R XA KR KGR AR X XGHGRGRAGHGRTAGT ** * AEARRRARRRRAKXARASTE ]85
AR KKARRAATAR KR ARTAK KR A X AR AXNGRA XA AR XX XXX GOR* ARGAGRGR* X GRATAGT ** % ARQRARAKKRANKARCARGE 185

EEEARARXAAT AXT TG *TAGCH* *GRXGAG**GG* *TAGT*** ARARERXARERRRARCHAGE 184
Ad-4 T G*T KxARGERR 132
473 TTAGGCTTTT GACAGMATATGG'I'GTGGTAACATCCTCATATTGCACGGTTTGTTTACGTTTAACMTTGMAMATT'I‘TACWA’ITG\GATTT 299
304 CATAX XXX RRAXRKAK AT AGCAN XX ACAN XXX XN XTARRR A AR KX RAPQRRC T T A**x* 285
Al CATA**** kA XXXXXKTAXCANXXACRAR A AN A ATAR A * T T A**** 285
A2 CATA**** X XAKXXATAXCHAXXXACH AR XX * ¥4 *TAQ A * T TT HxerApNRRE 283
473 AAGACTAACATTGTTTAATTGATTTACTTTCA GGTACACCCGCCAGAAGGACGGAAGCACCAAGTCTA CTCAGGTGACATTGCAGGTGA 395
394 XGXATAAATHRXAAXAAXXATGARRCT R 24 * *GAT**GC***GA TH**C***G *A* 381
al AGRAXKANTRAARARRRNAXT c* ERARAG GC A Trap% A* 365
A2 AGRARARXTRRD TCH* ACT** 4 x *GGTGH ¥ *C# G ***GC AR AR RTHRARS A* 283
473 GTAAGTGTTGTACTTTGGCTGGGG CATGTTGCGGGCGATGGATGCGCGCCACTTGCAGTATGTATATGCAGCCAGCATTGCAGGTAGTTTATTCGTGGT 494
394 TRAGTAX RXRRRRAGRARARRRXCHARR AR RAQRRARC * AC*AA* *GGACHG* **GRAGA ¥ * % ¥ & T G 475
Al 2 2GT C Axxt THEARKARKRARACHEKXRXKRRARNRRREARRAC RARRRGACRAAAT A2G G G 462
A2 KRKGTHRXACANXXXAN T C AC GHCH ¥ **TG* *G G G 562
473 GGTTGGATCCCGCGCCGCTGTCATT TCTCTTTCACCCT AGGGAAACTTCGCCA 556
394 '"*"*"A'"G'"""A"’"""CT"'"CATOGGIAGA‘IGITRGCMTTMTACA‘HGTTTAT!OC"W'*""G sss
Al AXRAXCHATHRKRARRRAY CCCH*x AR GT

A2 REXPRCHRTRAR A CCCHAapsan C GT GT*TA*A*T bbbl 552
473 GICGTC AGAGGA TT AGA TCCCGCGCA CCGTC  TACATTGATTTGGAGCTGTTGGCATTA' TCTGTCTTCTTGTG 653
394 xwaawan G*A**C ATHAANT GG TGT*GT T C G T*TCT CA*C*** 664
Al bbb o A**C* TH*AN*EALAAD G** & *AT *C G 582
A2 RERRCTRAAATRARRARPXRCRRAXRATTTAR AR KR RS G T CraxaGe 635

FIG. 2. Aligned sequences of five HeT-A elements, presented as the strand diagrammed in Fig. 1. All sequences begin with the first
nucleotide 3’ of the last residue in the oligo(T) segment and proceed 3’ on that DNA strand. Only the first 600 nucleotides of the aligned
sequences are shown. The dashed box in Fig. 1 indicates the portion of the sequence for which alignment is shown. Spaces indicate gaps
introduced for alignment. Asterisks indicate nucleotides that are identical to the nucleotide at the top of that particular column. Where the
sequence from element 473 is present, all sequences are compared with 473. Where element 473 is gapped, sequences are compared with
whichever of the other sequences is at the top of that column. Overlining indicates the TTTATT complementary to the possible
polyadenylation signal 54 nucleotides from the start of the element. The sequences were aligned by eye with the aid of the EyeBall Sequence
Editor (7), by using pairwise dot matrix comparisons of the sequences as a guide. This alignment was chosen to provide the best fit for the

entire set of elements.

at position 331 in the element 473 sequence, where a gap
inserted in element 473 is also seen in element 394 and is
overlapped by a gap in the Al sequence. A second set is seen
at position 542 in element 473, where the gap is overlapped
at different points by gaps in both Al and A2. Other
examples can be seen in Fig. 1. These nested events may
indicate regions where the sequence is particularly prone to
rearrangement or sites where such rearrangement is most
easily tolerated. On the other hand, those cases where all
elements but one show identical gaps probably indicate an
insertion in the ungapped element rather than multiple
events.

Another notable feature of these sequences is the variable
number of imprecise 80-bp tandem repeats. Each carries a

TABLE 1. Pairwise sequence comparisons® of HeT-A elements

highly conserved nonamer (CAGGTACAT) at one end,
preceded by AT-rich runs of varying length. The most
conserved of these repeats begin at about position 780 in
element 473. Element 473 has five repeats, 394 has three, A2
has three, and Al has two. When the sequences are analyzed
by dot plot comparisons with reduced stringency (Fig. 3), a
more extensive pattern of these repeats becomes apparent.
In addition to the strongly conserved repeats, other copies
with lower degrees of similarity can be detected in each of
the elements. The regularity of the pattern of those residual
repeats suggests that the HeT-A sequence may have arisen
from a more perfect repeat and later undergone some decay.
Although we do not know that these repeats are confined to
HeT-A elements, in situ hybridization experiments do not
detect them outside of the telomeric region of polytene
chromosomes (28). Thus, although these repeats may not be
specific for HeT-A, they are limited to heterochromatin.

Sequences No. of identical bases/ % No. of Two of the elements have undergone other events. Ele-
compared no. of bases compared Identity? gaps® ment 394 is unique in containing a 359-bp duplication with
473 and 394 L.657/2.165 - 9 76% identitx running from positions 1248 to 1965. A2 has an
473 and Al 1.633/1.909 86 44 almp§t precise inverted repeat of the sequences between
473 and A2 1,036/1,357 76 36 positions 859 and 1054.
394 and Al 1,533/1,859 82 40 Base composition oscillates sharply along the length of
394 and A2 1,137/1,463 78 28 these elements (Fig. 4). The region around position 1000 in
Al and A2 1,095/1,260 87 20 the longest elements has particularly notable regions of high
Ad-4 and 473 121/132 92 0 AT composition. This is the area in which the most con-
Ad-4 and 394 123/132 93 0 served 80-bp repeats are concentrated.
A4-4 and Al 124/132 94 0 HeT-A el ts h ienificant ORFs within th .
‘Ad-4 and A2 124/132 04 0 eT-A elements have no significan s within the region

“ Sequences in the allgnment were compared by counting only those bases
that were aligned with a base in the other sequence being compared

® Number of identical bases/number of bases compared, omitting bases
over gaps.

¢ Number of gaps of one or more bases introduced to give the alignment.

sequenced. The evidence that HeT-A elements are capable of
transposition raises the question of whether these elements
have ORFs, as do many transposable elements. All of the
elements we have studied have the oligo(A) segment at the 3’
end of one strand of DNA. This aspect of the structure
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FIG. 3. Dot plot comparison of elements 473 and 394, showing the overall similarity and residual repeat structure that characterizes HeT-A
elements. The comparison was made with a window of 21 bp and a stringency of 14. The best-conserved repeats center near position 1000
in each sequence. Element 473 has five repeats in this region, and element 394 has three repeats. In addition, there is evidence of more
degenerated repeats at regular intervals outside the more conserved region.

resembles that of non-long terminal repeat retroposons such
as mammalian LINES and the Drosophila elements jockey,
I, F, and G (1, 6, 29). Those elements encode proteins
thought to be involved in their transposition. In contrast, we
have been unable to detect significant ORFs in the HeT-A
elements sequenced to date. Studies of other transposable
elements have shown that many elements can be defective
and are no longer able to encode functional proteins (22, 25).
Our search for ORFs has been carried out with this in mind.
The search has centered on elements 473 and 394 since those
elements transposed less than 3 years before they were
sequenced. Therefore, they have recently been capable of
transposition, even if they were not capable of providing the
transposition proteins.

None of our searches have detected similarity between
HeT-A and known transposable elements. A FASTA search
of nucleotide data banks (21) yielded two sequences with
significant identity to HeT-A. One was an unidentified
Drosophila sequence that had been pulled out of a clone
library accidentally by a heterologous probe. The sequence
(DMO in reference 4) includes the oligo(A) segment of
HeT-A and has 630 bp 5’ of the oligo(A) segment, all of
which can be matched to the HeT-A sequence. The second
sequence with HeT-A homology was from the Drosophila
clone Dm665 (8), which is derived from an internal site on
the heterochromatic Y chromosome. The Dm655 sequence
has homology to the middle part of HeT-A, which has been
joined to a part of the Stellate gene (18) to form a unit which
is then tandemly repeated.

We have also failed to find similarities to any of the
retroposon ORFs by searching with the fragments of amino
acid sequence that can be translated from the HeT-A se-
quence. Several algorithms have been devised to look for
residual ORFs in sequences which have been interrupted
either by mutation or by errors in sequencing. One of these
looks for regions rich in the organism’s preferred codons
(15). We have used the Genetics Computer Group (GCG)
CodonPreference program with codon preference tables
both for Drosophila sequences and for sequences from
transposable elements of Drosophila spp. (tables provided
by M. Ashburner, Cambridge, United Kingdom). A second
program, GCG TestCode, is based on a statistic derived
from the compositional bias of triplet position (13). Neither
analysis gave evidence of large but degenerate ORFs in the
2.6 kb of HeT-A sequence that we have analyzed.

DISCUSSION

Transposition of HeT-A elements appears to be strictly
limited to telomere-associated regions and newly broken ends.
Previous studies of HeT DNA have strongly suggested that
members of this family have some degree of mobility. HeT
DNA is found on all telomeres, as well as in pericentric
regions, in D. melanogaster (27, 28, 31). Multiple sites of
hybridization are seen even under very stringent hybridiza-
tion conditions. Thus, elements at different sites must have
sequence similarity that could be maintained by reciprocal
recombination, by gene conversion, or by transposition. It is
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FIG. 4. Distribution of GC content in elements 473 and 394. Data
were calculated with a 50-bp window by using the Genepro program.
The orientation is the same as in Fig. 1 through 3, with the oligo(T)
tail at position 1.

likely that all of these mechanisms play some role; however,
at this point the only mechanism for which we have evidence
is transposition.

All eight of the healed chromosome ends known in Droso-
phila spp. have acquired HeT DNA (1la, 4, 26). In the six
cases in which the DNA sequence has been analyzed, the
transposition has been accomplished by transposition of the
element HeT-A. Although most known Drosophila transpos-
able elements are found in euchromatic as well as hetero-
chromatic regions, HeT-A elements are highly restricted.
HeT DNA sequences have been used for in situ hybridiza-
tion to >20 D. melanogaster stocks under conditions in
which 40 bp of single copy sequence is easily identified in the
euchromatic regions of polytene chromosomes (25a). In
every stock, hybridization is seen only to telomeric and
pericentric regions, and never within euchromatic regions.
When the HeT-A sequence alone is used as a probe, hybrid-
ization only to telomeres is detected (28). Thus, in contrast
to other known elements, HeT-A elements appear to be
restricted to telomere regions. The only nontelomeric se-
quences with homology to HeT-A that have been detected
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are on the Y chromosome (8), which is not detectable in
polytene nuclei. As discussed above, the tandemly repeated
sequences on the Y chromosome (8) are quite different in
structure from the HeT-A described here, suggesting that
they did not move to the Y chromosome by the transposition
mechanism that appears to be involved in healing chromo-
some ends.

Although most of the transposable elements in Drosophila
spp- and other species are distributed throughout both
euchromatic and heterochromatic regions, there are a few
exceptions. The Drosophila ribosomal DNA type I and type
II insertions are each limited primarily to a single site in
ribosomal DNA, and G elements have been detected only in
pericentric heterochromatin. It has been suggested that
these positional restrictions are determined by sequence-
specific endonucleases encoded by the elements (9, 30). We
have no evidence that the positional restriction of HeT-A is
determined by such an endonuclease. The 3’ flanking se-
quences for 11 HeT-A elements have been determined and
each is different, giving no evidence for sequence-specific
insertion (la, 4, 28).

The limitation of HeT-A transposition to chromosome
ends might be caused either by the mechanism of transposi-
tion or by an activity of the HeT-A element after integration.
For example, transposition could be limited if the element
recognizes only double-strand breaks as attachment sites.
Under normal conditions, terminal double-strand breaks
might remain available longer than internal breaks, thus
allowing time for HeT-A attachment. Alternatively, HeT-A
transposition to internal sites might prove to be a lethal event
for the chromosome (12). For example, if addition of HeT-A
leads to a cascade of recombination with telomere-associ-
ated sequences on other chromosomes, internal insertion of
HeT-A could lead to loss of genes distal to the insertion. In
most cases, this could cause aneuploidy that would be cell
lethal.

Transposition of HeT-A sequences may not completely
reestablish the telomere. Our initial study (4) indicated that
the healed ends of elements 394 and 473 differed somewhat
from established telomeres. By in situ hybridization, the new
ends showed less homology to HeT-A than other ends and
no homology to a second fragment of HeT DNA (fragment
B) (28). In addition, Southern hybridization analysis indi-
cated that after 2 years, the added DNA fragment was
shorter on some chromosomes and longer on others. It is not
known whether such length changes are found on chromo-
somes with established telomeres; however, terminally bro-
ken chromosomes do become progressively shorter if there
has been no healing. The rate of such shortening is that
expected if there is a failure to replace the 5'-most RNA
primer in each round of replication (2, 17). Recently it has
been found that the HeT-A sequences on healed ends are
subject to similar decreases. These studies also detected
transposition of a second HeT-A element onto the first, thus
explaining how healed ends might grow longer. The second
transposition also involves an oligo(A) junction rather than
homologous recombination and thus links the newly added
element to the earlier, possibly truncated, element by an
oligo(A) end (1a, 18a).

Established telomeres may also have chains of partial
HeT-A elements, linked by their oligo(A) ends. This sugges-
tion is supported by the sequence of AT-A, which contains
the oligo(A) ends of two long (Al and A2) and two short (A3
and A4) HeT-A elements (4, 28). Elements A2, A3, and A4
are truncated at the end opposite the oligo(A) segment,
apparently by the addition of the next HeT-A element (Fig.
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1b). The sequence of A4 diverges from the consensus
sequence only six nucleotides before the start of the oligo(A)
segment of A2. The A2 sequence, in turn, diverges from the
consensus sequence three nucleotides before the end of A3.
The origins of the six nucleotides before A2 and the three
nucleotides between A2 and A3 are unclear. In neither case
are the nucleotides the ones that would be expected for a
target site duplication.

As mentioned earlier, we cannot define the end of Al
because it appears to be longer than the consensus sequence
used to identify HeT-A. Al is separated from the oligo(A)
segment of the shortest AT-A element by HindIII fragment B
(28). As discussed below, we suspect that fragment B will
eventually prove to be part of the complete HeT-A se-
quence. If so, element Al may extend to the oligo(A)
segment of HeT-A element A-4.

These observations suggest that the sequence of AT-A
may have been formed originally by sequential addition of
HeT-A elements onto a chromosome end. Three of the
elements in the fragment have the same polarity, and each
may extend to the beginning of the next. Only the short A3
element has the opposite polarity. A3 is also unusual in that
it is flanked by 8-bp repeats (28). Most of the repeated bases
lie within the element and overlap its 3-bp oligo(A) segment
[i.e., GTTAAATT, where AAA in one of the repeats is the
oligo(A) segment of this element]. The structure of the
flanking repeats suggests that A3 may have undergone a
rearrangement after addition to the chromosome end. The
rearrangement could have inverted its sequence on the
chromosome.

Do linked chains of partial HeT-A elements make up the
functional Drosophila telomere? It should be noted that
there are additional telomere-associated sequences on estab-
lished telomeres. Their origin and function are not clear at
this point. HeT-A elements added in the initial healing
should have the potential to stimulate recombination reac-
tions with other telomeres, thereby expanding the array of
telomere-associated sequences. The many insertions and/or
deletions that mark the otherwise strongly conserved HeT-A
sequence suggest that these sequences may represent sites
of exceptional rearrangement activity. If so, transposition of
HeT-A may only be the first step in rebuilding a telomere.

Is HeT-A a retroposon? All of the junctions that have been
observed between HeT-A and the DNA to which it has
transposed have involved an oligo(A) segment of 3 to 28 bp.
It is possible that this junction could indicate a novel
transposition mechanism involving either the oligo(A) seg-
ment, its complement oligo(T), or the double-stranded DNA.
However, the junction could also have been created by an
RNA transposition intermediate, thus classifying HeT-A as a
non-long terminal repeat retroposon (1, 6, 29). The possibil-
ity of the RNA intermediate is attractive because it involves
mechanisms that have been shown in eukaryotic cells. In
addition, any of several mechanisms for attaching the
poly(A) tail of an RNA to a terminal break on a chromosome
would provide an explanation for the polarity of the addition
of HeT-A to the chromosome. The observation that HeT-A
has a potential polyadenylation signal 54 nucleotides 5’ to
the oligo(A) end lends some support to the suggestion that
the oligo(A) segment is derived from the poly(A) tail of an
RNA. However, 54 nucleotides is longer than the usual
distance (9 to 19 bp) between the polyadenylation signal and
the site of poly(A) addition in known Drosophila retroposons
(9-11, 20, 23).

If HeT-A is a retroposon, it should have an RNA tran-
script; however, we have not yet found HeT-A RNA. We
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have used HeT-A to probe RNA blots both from cultured
cells and from different developmental stages of D. melano-
gaster. Results were negative in both cases (27a). There are
more powerful techniques for finding RNA transcripts, but
we have not yet tried them. Our results do allow us to
conclude that if the RNA exists, it is not an abundant
transcript, despite the apparent number of HeT-A elements
in the genome. (However, we do not know how many of
these HeT-A elements are sufficiently intact to yield func-
tional transcripts.) These negative results do not eliminate
the possibility that there is an RNA transposition intermedi-
ate. There are several other explanations for our results.
Perhaps the most interesting of these is the possibility that
HeT-A transcription is induced by chromosome damage.
McClintock (19) found that chromosome breakage mobilized
transposable elements. HeT-A might be under similar con-
trol. We note that the original AT-A clone (31) was selected
by nuclear RNA from heat-shocked cells. However, until the
RNA is not only found but also shown to be a functional
rather than an accidental transcript, we can draw no conclu-
sion from this.

Do HeT-A elements contain ORFs? The DNA of most
known transposable elements in Drosophila spp. tends to be
largely employed in coding for proteins involved in transpo-
sition (1). We have found no such ORFs in any of the HeT-A
elements that we have sequenced. It is possible that there
are only a few HeT-A elements with functional ORFs and
that those we have analyzed were rearranged to the point
that ORFs were unrecognizable. Because of this possibility,
we have used a variety of approaches to look for decayed or
partial ORFs. The evidence strongly suggests that the ele-
ments studied do not encode proteins. The elements se-
quenced are very conserved, yet none of the long runs of
sequence homology show the expected ORFs. Two of the
elements had recently transposed, suggesting that successful
transposition does not require coding potential. Finally, the
sequences show a residual repeat pattern, which suggests
that the sequence is conserved for a structural rather than a
coding function.

The arguments above apply to the >2 kb of HeT-A
sequence immediately upstream of the oligo(A) segment.
However, we do not know the limit of HeT-A at the opposite
end, leaving open the possibility that more complete ele-
ments will prove to have ORFs. This possibility is now very
attractive because of recent work in two laboratories (la,
8a). Both groups have found HeT DNA fragments with an
OREF that encodes a protein with some similarity to the gag
proteins found in many transposable elements. The fragment
identified by Danilevskaya et al. (8a) contains a second ORF
that lies upstream of the first and overlaps for several codons
in a different reading frame. Such overlapping reading
frames are typical of several types of transposable elements,
including retroposons (6). The ORF sequences are very
similar to the sequence in fragment B of AT-A (28), although
many of the sequence differences result in stop codons in
fragment B (7b). It is particularly interesting that fragment B
lies just 5' of the point on the Al sequence where the
comparison to 473 has stopped. Thus, the Al element may
actually extend further 5’ and include these (nonfunctional)
OREFs. Although we have no proof that the ORF-containing
region is actually part of the HeT-A element, we note that
fragment B homology has never been seen, either with in situ
hybridization or in cloned DNA fragments, unlinked from
homology to the 394/473 HeT-A consensus sequence. In
contrast, homology to the 394/473 consensus sequence has
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been detected without fragment B in both situations (7a,
25a).

The potential ORFs are of interest because they may
provide clues to the transposition of HeT-A, if they are
proven to have function. This should not detract from
interest in the >2 kb of conserved sequence with an under-
lying repeated sequence structure and the marked oscilla-
tions in base composition. These features suggest that a
significant part of the HeT-A sequence may be involved in
chromatin structure. If HeT-A elements do prove to contain
coding regions external to the sequences reported here, it
may be important that the potentially structural portions of
this element lie on the end that is oriented toward the
chromosome. Because they are at the internal end of the
element, the structural regions will tend to become enriched
on the telomere by the combined actions of the polar
orientation of HeT-A addition, terminal truncation of at-
tached elements, and subsequent addition of other HeT-A
elements.

Conclusion. These sequence comparisons provide the be-
ginnings of analysis of a novel transposable element. The
apparently obligate association of HeT-A with telomeres ana
the suggestions of an underlying structural pattern in the
DNA sequence raise the possibility that the element may
play a role in chromosome structure.
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