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Abstract. Telomeres of Drosophila appear to be very 
different from those of other organisms. A transposable 
element, HeT-A, plays a major role in forming telomeres 
and may be the sole structural element, since telomera- 
se-generated repeats are not found. HeT-A transposes 
only to chromosome ends. It appears to be a retrotran- 
sposon but has novel structural features, which may be 
related to its telomere functions. A consensus sequence 
from cloned HeT-A elements defines an element of -6  
kb. The coding region has retrotransposon-like overlap- 
ping open reading frames (ORFs) with a -1  frameshift 
in a sequence resembling the frameshift region of the 
mammalian HIV-1 retrovirus. Both the HeT-A ORFs 
contain motifs suggesting RNA binding. HeT-A-specific 
features include a long non-coding region, 3' of the 
ORFs, which makes up about half of the element. This 
region has a regular array of imperfect sequence repeats 
and ends with oligo(A), marking the end of the element 
and suggesting a polyadenylated RNA transposition in- 
termediate. This 3' repeat region may have a structural 
role in heterochromatin. The most distal part of each 
complete HeT-A on the chromosome, the region 5' of 
the ORFs, has unusual conserved features, which might 
produce a terminal structure for the chromosome. 

Introduction 

It is surprising that Drosophila melanogaster, the organ- 
ism from which the concept of the telomere originated 
(Muller 1938), appears to lack the short G-rich repeats 
found at the ends of chromosomes in other eukaryotes 
(Zakian 1989). Drosophila seems to have a novel solu- 
tion for forming chromosome ends, a telomere-specific 
transposable element, HeT-A (Biessmann et al. 1992b). 
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These elements are present in multiple copies on un- 
broken chromosome ends (Valgeirsdottir et al. 1990) and 
have transposed onto broken chromosome ends on sever- 
al occasions (Biessmann et al. 1990b, 1992b; Traverse 
and Pardue 1988). A remarkable feature of HeT-A is that 
transposition is strictly limited to chromosome ends; 
none of the D. melanogaster stocks that have been stud- 
ied have any evidence of HeT-A sequences in interior 
sites on the chromosome arms (Valgeirsdottir et aI. 
1990). 

The initial characterization of the HeT-A element was 
based on sequence from two elements, each transposed 
to the broken end of a chromosome. (These were ele- 
ments 394 and 473, transposed to the X chromosomes in 
the RT394 and RT473 stocks, respectively.) The se- 
quences from the transposed elements were compared 
with sequence of a fragment (lambda T-A) containing 
four elements cloned from an established telomere (Bi- 
essmann et al. 1992b). The consensus sequence from 
this set of elements gave the first clues about the nature 
of HeT-A. The two broken chromosomes onto which 
HeT-A elements had transposed, are referred to as 
"healed" chromosomes: however, we do not know 
whether this healing is the complete reestablishment of a 
telomere or the first step in a more complex process. The 
ends of both the healed chromosomes undergo change 
(Biessmann et al. 1990b). Biessmann et al. (1992a) have 
recently reported following individual chromosomes 
from the two healed stocks for 17 generations. They 
found that ends receded at about the rate expected if the 
terminal RNA primer was not replaced during DNA rep- 
lication. In addition, - 1 % of the ends had new HeT-A 
elements added to the end of the existing elements in 
each generation. Similar processes seem to have been in- 
volved in forming established telomeres since three of 
the HeT-A elements in lambda T-A are truncated at the 
point at which they join the next element (Valgeirsdottir 
et al. 1990; Biessmann et al. 1992b). The multiple HeT- 
A elements on established telomeres, along with other 
sequences, form a complex region that is only beginning 
to be unraveled. 
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At the time of the original study it was known that the 
elements on the two healed chromosomes were not com- 
plete. However, since both elements were attached to the 
chromosome with the same polarity, the two clones con- 
tained equivalent parts of the two elements and the two 
sequences were very similar. Alignment of  the sequenc- 
es from the 394 and 473 elements gave a consensus se- 
quence of >2 kb. When this consensus was compared 
with the sequence of lambda T-A, it was seen that three 
of  the lambda T-A elements, T-A2, T-A3, and T-A4, 
were shorter versions of  this sequence, each ending at 
the start of  another copy of the consensus. One of the 
lambda T-A elements, T-A1, was at least as long as the 
consensus and could not be further defined since we had 
no other sequence for comparison at the time. To under- 
stand the nature of the Drosophila telomere it is neces- 
sary first to know the structure of  the complete HeT-A 
element. We have sought other sequence comparisons to 
define the rest of  the element and have now concluded 
that T-A1 is a complete element. 

Our study of healed chromosomes showed clearly 
that HeT-A is a transposon. HeT-A attachment to the 
broken ends could not have involved homologous re- 
combination since there was no sequence similarity be- 
tween HeT-A and either broken chromosome end. Nor 
did the sequence of the broken end of RT394 have any 
similarity to the sequence at the break in RT473. Thus, 
there was no evidence that the DNA sequence at or near 
a break played any role in whether the break would be 
healed. In contrast to the differences in the chromosomal 
sequences, the sequences of  the two transposed HeT-A 
elements were very similar, especially at the end where 
they joined the chromosome. Both elements were joined 
to the chromosome end by oligo (A): A 4 for element 394 
and A~I for element 473. 

The oligo(A) segments at the junction between an 
element and the chromosome suggest that HeT-A trans- 
poses through an RNA intermediate and therefore is a 
retrotransposon. The oligo(A) junction with the chromo- 
some is one of the prime distinguishing features of a ma- 
jor class of  retrotransposons, the poly(A)-type or non- 
LTR retroposons (see Boeke and Corces 1989; Xiong 
and Eickbush 1990). Studies of  the mechanism of trans- 
position of one poly(A)-type retrotransposon, the Bom- 
byx mori R2Bm element, show that reverse transcription 
of the R2Bm RNA is primed by the 3' hydroxyl of the 
nicked DNA at the insertion site (Luan et al. 1993). This 
mechanism provides an explanation for the observation 
that all elements of  this class are joined to the chromo- 
some by an oligo(A) since the insertion begins by re- 
verse transcription of the 3' end of the RNA. The mecha- 
nism also helps to explain a second marked feature of  
this class, the large numbers of  elements that are vari- 
ably truncated at the 5'ends. The 5' end of the insertion 
would be determined by the point at which the reverse 
transcript joined the other end of the broken DNA. The 
variability of  the 5" ends suggests that the requirements 
for making the 5' junction are not stringent. Our early 
study showed that HeT-A had two of the characteristics 
of  the poly(A)-type retrotransposons: an oligo(A) junc- 
tion with chromosomal DNA and variable 5'  truncation. 

: -  : 

5' ORFs 3' repeat region 

Fig. 1. Diagram of the consensus HeT-A element. The entire - 6 
kb element is shown. The gray box indicates the 5' structural re- 
gion. Each a marks one of the clusters of A-rich repeats. The 
white area indicates the coding region. Arrows mark overlapping 
open reading frames (ORFs). Diagonal stripes mark the 3' repeat 
region. AAAAA indicates the presumed poly(A) tail of the RNA 
transposition intermediate 

However it still is not clear that truncation of HeT-A, 
which attaches to ends, occurs in the same way as trun- 
cation of elements that insert into chromosomes. 

Retrotransposable elements, including RNA viruses, 
are thought to have arisen from an ancestor encoding 
both a gag-like nucleic acid-binding protein and reverse 
transcriptase (see Xiong and Eickbush 1990). Although, 
in theory, the functions of  these proteins can be supplied 
in trans, the elements that have been studied have encod- 
ed their own proteins. The original sequence for HeT-A 
had no coding region. Therefore one important question 
to be asked by extending the sequence of the element 
was whether there was sequence coding for proteins typ- 
ical of  retrotransposons. 

Our approach to determining the overall structure of 
HeT-A has been to align sequences from four cloned 
DNA fragments. The clones were from four different ge- 
nomic libraries made from diverse Drosophila melano- 
gaster, differing in location of origin of  the library (Rus- 
sia and the USA) and in the fly stock (Oregon R and 
Canton S). Three of the four clones had been sequenced 
solely because of their location on telomeres. The fourth 
clone (23Zn) was selected because it hybridized to a 
probe for the 3' repeat region of HeT-A. We emphasize 
the diversity and the independent selection of these clo- 
nes because our definition of the intact element is based 
on the similarity of their sequences and on the evidence 
that all overlap consistently and specifically to form a 
consensus. 

The consensus derived from the four sequences ap- 
pears to define the complete HeT-A element (Fig. 1). 
The element is approximately 6 kb and can be divided 
into three regions, a coding region with some character- 
istics typical of retrotransposons, and 5'  and 3" regions, 
each with characteristics that seem to be unique to HeT- 
A. These 5'  and 3' regions may be relevant to the role of  
HeT-A at the telomere. 

Materia ls  and methods  

Clones. All clones were D. melanogaster DNA. Lambda T-A was 
from a lambdaphage library of Canton S DNA and identified by its 
telomere hybridization (Valgeirsdottir et al. 1990). Element T-A1 is 
nucleotides (nt) 2030-7358 of this sequence. 23Zn was isolated 
from a lambdaphage library of Oregon R DNA by hybridization 
with sequences of the HeT-A 3' repeat (Danilevskaya et al. 1992). 
Element 23Zn-1 is the only fragment of the 23Zn clone that has 
been completely sequenced. Dm4568 was from a library of Oregon 
R DNA in the plasmid pBR322 and was selected for its telomere 
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hybridization (Danilevskaya et al. 1992). 9D4 was cloned from a 
recently healed telomere in the RT473 stock (Biessmann et al. 
1992a). 

Sequencing. Additions to published sequences were done as de- 
scribed by Danilevskaya et al. (1992). 

Translation in rabbit reticuIocyte lysates. A 4.5 kb EagI fragment 
of the 23Zn clone was inserted at the NotI site of the BluescriptII 
KS vector (Stratagene). Transcription in vitro with T7 polymerase 
(Promega) produced an RNA with a 235 nt leader. The HeT-A ini- 
tiation codon is the first AUG in this RNA and is in a favorable 
context. The plasmid was opened with restriction enzymes at dif- 
ferent sites to produce transcripts of different lengths, allowing the 
size of the translation product to be correlated with the length of 
coding region in each RNA. RNAs were translated in a rabbit reti- 
culocyte lysate (Promega) according to the manufacturer's direc- 
tions. 

Production of HeT-A products in Escherichia coli. The open read- 
ing frames (ORFs) from clone 23Zn-1 (nt 1-3905) were inserted at 
the NcoI-BamHI site of the pET-15b vector (Novagene), yielding 
plasmid p23-ORFl+2, which should express the complete HeT-A 
ORF with no attached bacterial protein sequence, p23-ORF1 was 
derived from p23-ORFl+2 by a deletion removing the DNA be- 
tween 23Zn-I nt 1237 and the BamHI site in the vector, p23-ORF1 
expressed ORF1. The ORFs were expressed in E. coli according to 
Novagene protocols. 

Sequence analyses. Analyses were done with programs from the 
Wisconsin Genetics Computer Group (Devereux et al. 1984) and 
with the Multalin program (Corpet 1988). 

Results 

Defini t ion o f  a complete  HeT-A e lement  and its s tructure 

As def ined  by  the a l igned  sequences,  HeT-A is an ele-  
ment  of  - 6 kb with  three dis t inct  regions:  (1) a 5 '  struc- 
tural  region;  (2) a pro te in  cod ing  region;  and (3) a 3 '  re- 
pea t  reg ion  (Fig. 2). The charac ter iza t ion  deduced  f rom 
the sequence  compar i sons  is suppor ted  by  our d i scovery  
o f  an R N A  transcr ipt  that conta ins  sequence of  all three 
regions  and is app rox ima te ly  the same size as the two 
longes t  e lements  (O. Dan i l evskaya ,  F. Slot,  K. Traverse,  
N. Wogan  and M.L.  Pardue,  in preparat ion) .  Because  
each o f  the D N A  sequences  requires  several  smal l  gaps  
to fit the a l ignment ,  and a gap could  indicate  e i ther  a de- 
let ion or an insert ion.  Unti l  we know with cer ta inty  the 
reasons for  the gaps we cannot  de te rmine  a more  exact  
length for the consensus  D N A  sequence.  The R N A  was 
s ized only  by  gel  migra t ion .  For  s ingle s t randed R N A  of  
this size, the nuc leo t ide  sequence could  inf luence  get 
migrat ion.  Therefore ,  we can only  give approx ima te  
sizes for both  the consensus  D N A  and the RNA.  

The structure o f  the HeT-A e lement  der ived f rom the 
consensus  sequence  is that expec ted  o f  a p o l y ( A ) - t y p e  
re t ro t ransposon.  The pro te in  coding  sequence is on the 
D N A  strand that  has the o l igo(A)  at the 3 '  end, as it  
wou ld  be on a po ly (A)  + m R N A .  In addit ion,  all  o f  the 
HeT-A R N A  that we have de tec ted  is the equivalent  of  
this strand. 
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Fig. 2A-C. Dotplots comparing the DNA sequence of a fragment 
from an established telomere (lambda T-A, containing elements T- 
A1, T-A2, T-A3, and T-A4) with sequences from three other ele- 
ments. The lambda T-A element is compared with: A 23Zn-1, B 
9D4, C Dm4568. Axes depict HeT-A elements, showing the re- 
gions of each element (see Fig. 1 for explanation of symbols). Ar- 
rows indicate ORFs. Dashed arrows indicate pseudo ORFs. 
Strand shown is the DNA equivalent of an RNA transposition in- 
termediate, shown 5'->3'. Comparisons were done with a window 
of 21 and a stringency of 14. Elements 23Zn-1 and T-A1 are be- 
lieved to be complete elements. Dm4568 and 9D4 were truncated 
at both ends by cloning. T-A2, T-A3 and T-A4 are truncated by 
the attachment of another HeT-A element. The 3' repeat region of 
T-A3 and T-A4 is shown darkened for visibility 
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Table 1. Pairwise sequence comparisons of HeT-A ORFs 

Sequences compared No. identical bases % Identity No. gaps 

No. bases compared 

Region 1-88& 
23Zn 823 94 1 
9D4 877 

Region 887-I515 
23Zn 612 97 1 
9D4 630 

23Zn 512 86 6 
T-A1 596 

9D4 513 86 7 
T-A1 596 

Region 1516-2766 
23Zn 1189 95 0 
9D4 1249 

23Zn 1060 85 6 
4568 1244 

23Zn 1029 86 14 
T-A1 1203 

9D4 1075 86 6 
4568 1245 

9D4 1028 86 16 
T-A1 1199 

T-A1 1040 87 15 
4568 1198 

Sequences in the alignment were compared by counting only ba- 
ses aligned with a base in the other sequence being compared. % 
Identity represents the fraction of identical sequences out of the 
total number of sequences compared. No. gaps is the number of 
gaps on one or more bases introduced to give the alignment used 
for the calculations. 
a Numbers used are based on the 23Zn- 10RF sequence 

The protein-coding region 

The consensus sequence shows that HeT-A has a pro- 
tein-coding region composed of two overlapping open 
reading frames (ORFs) just upstream of the 3' repeat re- 
gion (Fig. 1). The HeT-A ORFs were initially defined as 
an independent telomere element and named the T ele- 
ment (Danilevskaya et al. 1992). The sequence pub- 
lished in that original report was from the element that 
we have now completely sequenced and named 23Zn-1. 
Soon afterwards, Biessmann et al. (1992a), found a near- 
ly identical ORF sequence as part of a second transposi- 
tion onto the healed 394 chromosome. Part of the DNA 
of this second addition was cloned and named 9D4. The 
sequence alignments that we used in our attempt to de- 
fine the complete HeT-A element included 23Zn-1 and 
9D4, as well as lambda T-A, and pDm4568, a clone iso- 
lated on the basis of its telomere localization (Danilevs- 
kaya et al. 1992). All four sequences fit easily to a con- 
sensus, indicating that the T element is actually part of 
the HeT-A element, rather than an independent element. 
(Two of the elements, 9D4 and Dm4568 were truncated 
by cloning and are therefore incomplete at both ends). 

Two of the elements in our alignment, 23Zn-1 and 
9D4, have ORFs that appear to be functional and would 
produce nearly identical products. These ORFs are 95% 
identical with only two gaps (Table 1). In contrast, the 
equivalent regions in T-A1 and Dm4568 have multiple 
stop codons and thus are probably non-functional 
pseudo-ORFs. For the first 890 nucleotides (all number- 
ing based on the 23Zn-1 sequence beginning with the 
initiation codon) the T - A 1 0 R F  is so badly rearranged 
that the sequence cannot be fitted to the consensus. Be- 
yond that point the T-A1 sequence shows much stronger 
conservation and can be aligned with the two functional 
ORFs to give >85% sequence identity with only a few 
gaps. Our clone of the Dm4568 sequence does not begin 
until nucleotide 1521 (of the 23Zn-1 sequence). Dm4568 
shows approximately the same identity to the functional 
ORFs as T-A1 but requires fewer gaps for alignment. 

It is interesting that the ORFs seem to fall into two 
groups, based on the degree of sequence conservation; 
the two apparently functional ORFs are 95% identical 
while the two pseudo ORFs show 85%-87% identity 
with each other as well as with both 23Zn-1 and 9D4. 
Thus, with the exception of the comparison between 
23Zn-1 and 9D4, pairwise comparisons between the 
coding regions of these elements show approximately 
the same level of identity as was seen in the 3' repeat re- 
gion (Biessmann et al. 1992 b). 

The two presumed functional ORFs would produce 
nearly identical products of 921 amino acids (23Zn-1) or 
918 amino acids (9D4). The size difference is due to a 
region of three amino acids (Thr-Lys-Leu),  which is ei- 
ther an insertion (in 23Zn-1) or a deletion (of 9D4) near 
the amino-terminus. Unfortunately, the three amino ac- 
ids are in a part of the sequence where the T-A1 element 
is too diverged for comparison, and the Dm4568 se- 
quence does not extend into this region. Comparison of 
the 23Zn-1 and 9D4 sequences suggests that the coding 
potential is being conserved; half of the nucleotide sub- 
stitutions result in synonymous codons. 

23Zn-i C C C A A T A A A A A A . T T A T G C G C G A C 

23Zn-2 * * * * * * * * * * * * * * * * * * * * * * * 

9D4 * * * * * * * * * * * * , * * * * * * * * * * * 

T-AI * * * * * * * * * * * * G * * * * * * * * * 

17B3 * * * * * C * * * * G * . A * * * * T * * * * * 

Fig. 3. Sequence of the region of the -1 frameshift from the ORFs 
of five HeT-A elements. The ORF from element 9D4 has one more 
nucleotide than any of the other sequences. Only a -1 frameshift 
in this region would permit the other elements to produce a poly- 
peptide with strong sequence identity to that of 9D4. This small 
region contains several nucleotide changes in 17B3 and in the T- 
A1 pseudoORE The 23Zn-2 sequence is from a partially se- 
quenced element that lies upstream of 23Zn-1 on the cloned DNA. 
The 17B3 sequence is from unpublished work by H. Biessmann, 
B. Kasravi, T. Bui, G. Fujiwara, L. Champion, and J. Mason. Aste- 
risks indicate sequence identity with the 23Zn-1 sequence. Nucle- 
otide changes are indicated. Dots indicate gaps introduced for 
alignment 
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The only other significant difference between the two 
presumed functional ORFs is that the 23Zn-1 sequence 
requires a -1  frameshift after amino acid 382 to yield a 
full length peptide while the 9D4 sequence does not. 
(Therefore the ORF in 9D4 is equivalent to the overlap- 
ping ORFI+ORF2 in 23Zn-1.) The frameshift is con- 
served in the T-A1 sequence, in a second element (par- 
tially sequenced) on the 23Zn clone, and in one more 
element that has recently been sequenced by Biessmann, 
Mason, and collaborators (H. Biessmann, B. Kasravi, T. 
Bui, G. Fujiwara, U Champion, and J. Mason, in prepar- 
ation). The Dm4568 sequence does not extend into the 
frameshift region. A comparison of the five sequences 
available for this frameshift region shows several nucle- 
otide changes within the small region (see Fig. 3) but on- 
ly in the 9D4 sequence do the changes eliminate the 
need for the frameshift. It is interesting that a region of 
25% proline occurs roughly 50 amino acids after the 
frameshift. This level of proline is reminiscent of the 
proline-rich activation domains in transcriptions factors 
(Mitchell and Tjian 1989). Such a region could also act 
as a hinge between two domains. 

Overlapping ORFs are found frequently in retrotran- 
sposons and retroviruses but are rare in cellular genes. 
Thus this feature of HeT-A is retrotransposon-like. HeT- 
A shows a second resemblance to retro elements in the 
three zinc finger motifs found in ORF2. This zinc finger 
region has significant similarity to the gag proteins, 
which characterize retro elements (Danilevskaya et al. 
1992; Biessmann et al. 1992a). We have not been able to 
find evidence that HeT-A encodes a reverse transcrip- 
tase, the other protein typically encoded by retro ele- 
ments. 

We have noted, in ORF1, a second conserved motif, 
D(X)4E(X)3(G,C)XT(I,V), that may also have an RNA- 
binding function (Fig. 4). This motif has not been report- 
ed in retrotransposons but it is conserved in GTP-depen- 
dent elongation factors. It is interesting that the HeT-A 
ORF shares more than the minimal motif with the Dro- 
sophila elongation factor 2 (Grinblat et al. 1989). The 
motif does not seem to be part of the mechanisms for 

23Zn-i 

9D4 

DmEF2 

D E R K Q E E R P C T T I  

D E R K Q E E R P C T T I  

D t R K d E q e r C i T I  

motif D x x x x E x x x G x T I 

C V 

Fig. 4. Comparison of sequences from elements 23Zn-1 and 9D4 
with the GTP-binding elongation factor signature. This motif is 
thought to be involved in the interaction of elongation factors with 
either the ribosome or peptidyl tRNA. Its significance in HeT-A is 
unclear. Sequence from the Drosophila elongation factor 2 (Grin- 
blat et al. 1989) is also shown (DmEF2). The motif at the bottom 
is the generalized consensus from the PROSITE dictionary (Bai- 
roch 1993). The two HeT-A elements have identical amino acid 
sequences in this region and share more amino acids with DmEF2 
than are fixed in the general consensus 

GTP binding. Instead, it has been suggested that, in the 
elongation factors, this sequence might interact either 
with the ribosome or in the peptidyl tRNA. Its signifi- 
cance to HeT-A is unclear but the possibility of RNA 
binding is intriguing. 

The sequence alignments offer strong evidence that 
ribosomes make a -1  frameshift in 23Zn-1 at the 
AAAAAA sequence (nucleotides 1152-1157 of the cod- 
ing region) since shifting in this region maximizes the 
amino acid identity to the non-frameshifted 9D4 se- 
quence. This region of the HeT-A ORF is very similar to 
the frameshift regions of some vertebrate retroviruses, 
such as HIV-1 (reviewed by Weiss et al. 1989). The HIV- 
1 frameshift occurs on a hexamer of U, rather than A, as 
in HeT-A. The two frameshift regions are similar in that 
there is a stop codon in the new reading frame immedi- 
ately 5' to the shift point and both have a long overlap 
between ORF1 and ORF2 after the shift point (279 nu- 
cleotides for HeT-A and 241 nucleotides for HIV-1). 

In retroviruses the sequence 3' of  a frameshifting se- 
quence can often be folded into pseudoknots or stem- 
loops. These 3' sequences can affect the efficiency of 
frameshifting but the effect appears to depend greatly on 
the sequence context. For instance, the 3" sequences are 
not required for HIV-1 frameshifting (Wilson et al. 
1988). The HeT-A sequence does not show obvious po- 
tential to form a 3' secondary structure. 

Translation of HeT-A RNA in heterologous systems 

The sequence analyses provide a strong argument that 
HeT-A sequences such as 23Zn-1 can undergo a transla- 
tional frameshift. This theoretical argument is supported 
by experiments showing that the 2 3 Z n - 1 0 R F s  can be 
translated both in vitro and in E. coli to yield a full size 
polypeptide. Vertebrate retroviral frameshifts have been 
studied in vitro using rabbit reticulocyte lysates, which 
appear to give a reasonable reproduction of in vivo trans- 
lation efficiency. Although the A 6 and U 6 frameshifting 
sequences have been reported only from vertebrate retro- 
viruses, E. coli, in vitro translation systems also frame- 
shift on these retroviral RNAs (Weiss et al. 1989). Our 
studies show that the Drosophila HeT-A ORFs appear to 
be frameshifted with surprising efficiency by both mam- 
malian and bacterial ribosomes (Fig. 5). 

To analyze translation by mammalian ribosomes we 
placed the ORF sequence under the control of a T7 poly- 
merase promoter. Plasmids carrying this construct were 
linearized and transcribed in vitro with T7 polymerase. 
By using several different restriction enzymes, we line- 
arized plasmids at different sites. Run-off transcription 
yielded RNAs encoding polypeptides with predictable 
size differences. Each transcript was translated in a rab- 
bit reticulocyte lysate and in each case the longest prod- 
uct was of the size expected if the appropriate frameshift 
had been made (Fig. 5A). The shortest RNA ended in 
the region where the two ORFs overlap; therefore it was 
the only RNA that could have been translated to comple- 
tion without frameshifting. Thus, the shortest polypep- 
tide would be the same size, - Mr 53000, whether or not 
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some "early quitters" and RNA degradation can produce 
shorter products. The failure to see a preferential accu- 
mulat ion o f  O R F l - s i z e d  polypeptides suggests that the 
frameshift  is unusually efficient. 

We have evidence that the HeT-A frameshift  can also 
be made by E. coli r ibosomes (Fig. 5B). A construct,  
p23 -ORFl+2 ,  which contains the entire HeT-A ORF 
f rom 23Zn-1 cloned for expression in E. coli, leads to 
expression of  a HeT-A polypept ide o f -  Mr 100000. Sin- 
ce the HeT-A ORF can yield the large polypept ide only 
by the - 1  frameshift,  it appears that the E. coli ribo- 
somes have used the HeT-A frameshift  signal. 

Fig. 5A, B. The HeT-A frameshift is efficiently accomplished in 
heterologous systems. A Autoradiogram of [~ss]-methionine-labe- 
led products translated from variously truncated transcripts of the 
HeT-A ORF by a rabbit reticulocyte lysate. In each case the most 
abundant product is of the size expected if the RNA were com- 
pletely translated. Transcripts were made by T7 polymerase. Trun- 
cation was accomplished by cleaving cloned DNA with appropri- 
ate restriction enzymes. Lane 1, RNA of 2675 nucleotides (nt) 
produces a polypeptide - Mr 100000; 2, RNA of 1789 nt produces 
a polypeptide of - Mr 72000; 3, RNA of - 1325 nt produces a 
polypeptide of - Mr 53000. The product of ORF1 should be - Mr 
53000, if no frameshift occurs. Note that there is no major accu- 
mulation of a product of this size in lanes 1 or 2. This suggests 
that ribosomes are shifting to the second reading frame very effi- 
ciently. B Antibody blot of total protein from Escherichia coil car- 
rying two HeT-A ORF constructs transcribed from an inducible E. 
coli promoter. Products are detected by antiserum against the 
product of ORF1. Lane 1, protein from E. coli before induction of 
HeT-A transcription, showing no HeT-A products in uninduced 
bacteria. Lane 2, products of construct containing entire 23Zn-1 
coding region with ORFI+ORF2 after induction of transcription. 
The longest product is - Mr 100000, as expected from frameshift- 
ing. There are also various shorter products but none are of the si- 
ze expected from termination at the ORF1 stop codon. Lane 3, 
products of induced bacteria expressing only ORF1. The major 
polypeptide detected by the antibody is of the size expected from 
the ORF1 sequence. This ORF1 polypeptide was used to raise the 
antibodies used for the blot. Sizes in kilodaltons are indicated 

the frameshift  was made. This smallest polypept ide also 
serves as a measure o f  the size o f  the polypept ide pro- 
duced by r ibosomes that translate only ORF1.  Since 
frameshif t ing is expected to be inefficient, it is surpris- 
ing that a product  o f  - Mr  53000 does not accumulate  in 
the translation products  o f  the other RNAs.  All the trans- 
lations yield a spectrum of  shorter polypeptides but this 
is not  u n c o m m o n  with such in vitro reactions. Both  ribo- 

The 3" repeat region 

The non-coding region 3'  o f  the ORFs  makes up nearly 
half  o f  the element. It is the region characterized in our 
initial study (Biessmann et al. 1992). The sequences in 
the present study give results entirely consistent with the 
earlier characterization. There is no significant ORF  in 
this region. Instead the sequence has a regular pattern of  
imperfect  repeats that are mos t  easily seen by compar ing  
any two elements (as in Fig. 2). This 3'  repeat region is 
one o f  the features that distinguish HeT-A f rom known 
transposable elements. Other transposable elements con- 
tain very little sequence not involved in coding for pro- 
tein. We have suggested that the 3'  repeat region se- 
quence has a role in the chromatin structure of  hetero- 
chromatin (Biessmann et al. 1992b; Dani levskaya et al. 
1993). Very closely related sequences, which are tandem 

23Zn-i 

T-AI 

23Zn-I 

T-AI 

23Zn-i 

T-AI 

23Zn-i 

T-AI 

23Zn-i 

T-A1 

< ............ 

C CAC CAG CAAAGT~TAAATAAATAAAATAAATTAAACAA. T 
************* *** **** **** *** **** ** **** ***** ****** * 

C CAC CAGCAAAGTTAAACAAAATAAAATAAAT. TAAACAATTAAATTAAATAAAACAAAT 
< ............. 

TAACTAAATAATTAAA, TAACTAAAATTAATAATATAATCCGTTCGC.. , TTGCCAAAGA 

TAAACAAATAATTAAACTAAATTTATT TAACAACATAAT C C G C G CAAAATT TTT CAAATT 

C T C TCACG C G CATAAC TAATTAAAAT C GAT TTTCAAGTTGACAAATAAATG GTTTAAAAT 
** *** *** ** * * * ***** * * ***** ** 

TTC. CACCTGCAAAATTTTTC .... TTTATTTT .............. ATTTTTTTAATAT 

TG T C CTCAGG CTG CAAAGAAAAG C CG C G G CAACAATAAACAT TTAGTGACAC G CGAAA . G 

TCGT. TCCGGCCGCAAAGTTAAAC .... G C GACAATAAACAT TTAACGACAAACGAAAAG 

C GAACATTTGATTAG TGTAATAC T TGTG CAAAC, C GACAAGC TG C CGC CATAACAAAACG 

CGAACAGTT .......... ATAC T TGTG CAAAAAC GACAAG C TG C CGC CATAACAAAAAG 

23Zn-I 

T-AI 

23Zn-i 

T-A-I 

GAGACGAAGAATCATAAAGAACAAAAGCTAAATCCACCAGCATAGCAAAAAT, , AAATTA 

GAAATGAAGAAC CACAAATAACTAAAGTTAAATC CAC CAGCAAAG TTAAAGTT CAAAG CA 

ACAAATAAAATAAAAG CAAATTTAAATAACATAATAAATTAAAC TTATTTAATAAAC CAA 

AG CTATAAAATAAA ....... TTAAACAA .... ATAAACTGAAC TAATTAAATAAAC TAA 

Fig. 6. Aligned sequences from the 5' ends of 23Zn-1 and T-A1. 
Arrows mark the beginning of the adjacent HeT-A element in the 
cloned DNA. The oligo(A) segments of the flanking elements 
would lie just to the right of the end of each arrow. Because the 5' 
region is very A-rich and apparently not rigidly conserved, we 
cannot unambiguously mark the limit of either oligo(A) tail. Se- 
quences were aligned by the Multalin program (Corpet 1988) with 
a gap penalty of 2. If gaps>3 are ignored, the sequences are 77% 
identical in this region 
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Fig, 7. Dotplot comparing the 5' structural region of 23Zn-1 with 
that of T-A1. A very regular pattern of overlapping sequence re- 
peats is detected. This is an enlargement of the regions from Fig. 1 
(nucleotides 1-600 of 23Zn-I and 1900-2500 of lambda T-A). 
Alignment was with a window of 21 and a stringency of 14. The 
bars on each axis mark the part of the sequence belonging to 
23Zn-1 and T-A1. Filled bars mark parts corresponding to se- 
quence in Fig. 6 

repeats including part of  the HeT-A 3' repeat region, oc- 
cur in another heterochromatin context; non-telomeric 
regions of the Y chromosome (Danilevskaya et al. 1993). 
Thus, it is possible that these residual repeats are a motif 
for heterochromatin, analogous to the sequence motifs 
indicating functions in proteins. 

Obviously, the coincidence of the T-A1 and 23Zn-1 
ends could be due to chance; however the sequence 
identity in the region of the 5' end is almost as strong as 
it is in most of the rest of  the element. The alignment is 
better in this region than in ORF1. We think it likely that 
the coincidence of the two ends indicates the preferred 
site for 5' addition onto the element. We have recently 
identified an HeT-A RNA (O. Danilevskaya, F. Slot, K. 
Traverse, N.C. Wogan and M.L. Pardue, in preparation). 
Its length suggests that the T-A1 and 23Zn-1 elements 
are full size. 

What is conserved in the 5' region is not so much a 
defined sequence as two precisely spaced A-rich regions 
with the A-residues concentrated on one strand. The 
spacing is most easily seen in the dotplot shown in Fig. 
7. This strong predominance of A-residues on the single 
strand causes the A-rich regions to appear in the dotplot 
as clusters of overlapping repeats but other analyses 
show that the repeats are very diverged. The precision of 
the spacing of the regions suggests that these sequences 
might form a structure, most likely by specific protein 
attachment. There are several possible ways in which a 
5' structure on HeT-A might help to explain why HeT-A 
transposes only to chromosome ends. For example, if the 
element has a 5' structure that is blocked and cannot 
bind to other sequences (with the possible exception of 
other HeT-A elements), that property would ensure that 
HeT-A elements form ends (see Discussion). 

Discussion 

The HeT-A element appears to be a retrotransposon 
with unusual characteristics 

The 5" structural region of  HeT-A 

The alignments suggest that HeT-A has a conserved se- 
quence structure 5' of  the ORE As can be seen in the 
dotplots, the most prominent feature of this region is two 
very precisely spaced clusters of overlapping repeats. 
When 23Zn-1 is compared with T-A1 (Fig. 7 and also 
Fig. 2), the repeats can be visualized as two nearly squa- 
re clusters with a spacing o f -  220 nucleotides in each 
sequence. The 9D4 sequence stops in the middle of this 
region but includes one copy of the repeat. The 4568 
clone does not extend this far. In both the 23Zn-1 and 
the T-A1 sequences these 5' repeats immediately precede 
the oligo(A) junction of another HeT-A. In fact the se- 
quences surrounding those junctions are nearly identical 
(Figs. 6 and 7) although 23Zn-1 was recovered from 
Oregon R DNA and T-A1 was from Canton S DNA. 
This similarity in the 5"-most regions suggests that these 
two elements may define the intact 5" end of HeT-A. 
This is the first time that we have observed two elements 
terminated at the same site (see "Note added in proof ') .  
Studies of HeT-A elements joined to various sites within 
other elements or terminal deletions in the yellow gene 
have shown no sequence requirement for HeT-A trans- 
position (Biessmann et al. 1990b, 1992a). 

Studies of broken Drosophila chromosomes, both the 
terminally deleted chromosomes isolated by Mason et al. 
(1984) and the spontaneously broken C(1)A ring chro- 
mosome (Traverse and Pardue 1988), have shown that 
HeT-A elements can transpose. Failure to find any trace 
of the elements in non-telomeric regions of any Dro- 
sophila stock (Valgeirsdottir et al. 1990; our unpublished 
results) is evidence that the transposition is very specifi- 
cally limited. These findings raise two important ques- 
tions. How does HeT-A transpose? Why does it trans- 
pose only to ends? The sequence of the elements pro- 
vides several clues that will help answer these questions. 

How does HeT-A transpose? The original suggestion 
that HeT-A was a retrotransposon (Biessmann et al. 
1992b) is strengthened by several pieces of evidence. 
HeT-A has a coding region with characteristics usually 
associated with retrotransposons and retroviruses. In ad- 
dition, this coding region is on the DNA strand that 
should represent the presumed poly(A) + RNA. A cellular 
RNA of the appropriate size and strandedness has been 
detected (O. Danilevskaya, E Slot, K. Traverse, N. Wo- 
gan and M.L. Pardue, in preparation). Thus the evidence 
strongly suggests that HeT-A transposes via an RNA in- 
termediate. 

Why does HeT-A transpose only to chromosome 
ends? This characteristic sets HeT-A apart from all 
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known transposable elements. The two most obvious ex- 
planations for the specific transposition of HeT-A to 
chromosome ends are: (1) the element may be able to at- 
tach only to chromosome ends, or (2) the element may 
form an end whenever it attaches to the chromosome. In 
the second case it is presumed that if the element at- 
taches to a break in the chromosome, it will form an end, 
preventing reattachment of the distal piece of chromo- 
some. The distal fragment would be lost, resulting in 
aneuploidy and probably cell death. Sequence analyses 
of HeT-A and HeT-A transposition sites do not distin- 
guish between the two explanations but do give some in- 
sight into the question. 

The telomere-specific transposition of HeT-A does 
not appear to depend on the DNA sequence of the target 
since none of the sites of HeT-A addition have had obvi- 
ous similarities (Biessmann et al. 1990b, 1992a). This 
suggests that, if transposition is limited because HeT-A 
can only attach to ends, the element must be recognizing 
a structural feature, probably a feature of chromatin rath- 
er than DNA alone. On the other hand, the HeT-A ele- 
ment has at least two regions that are not found in other 
retrotransposons, the 5' structural region and the 3' re- 
peat region. One or both of the unique features might ha- 
ve a role in the specificity of the transposition, possibly 
by forming a structure that limits attachment at the end. 

The coding region of HeT-A has retrotransposon-like 
characteristics 

Frameshifts such as that required by the 23Zn-10RF are 
commonly found in retrotransposons and retroviruses. 
The sequence in the HeT-A frameshift region shows 
structures not found in any overlapping reading frames 
reported from Drosophila retrotransposons; however this 
region is very similar to the frameshift region found be- 
tween the gag and pol sequences in the human retrovi- 
rus, HIV-1. The HeT-A and HIV-1 frameshift regions are 
alike in having a mononucleotide hexamer, a stop codon 
immediately 5' of the start of the new reading frame, and 
a relatively long overlap of the two reading frames in the 
3' direction (279 nt in HeT-A and 241 in HIV-1). Both 
HeT-A and HIV-1 appear to be able to undergo frame- 
shift without the assistance of a pseudoknot or stem loop 
downstream of the frameshift region (Wilson et al. 
1988). 

Surprisingly, it seems that the non-frameshifting se- 
quence of element 9D4 is the atypical HeT-A ORE Four 
other HeT-A ORFs have been sequenced in this region 
and all of them would require the same frameshift that is 
needed to translate the 23Zn ORE The predominance of 
ORFs with the frameshift argues that it is functional. Al- 
though we do not yet know what products the HeT-A 
ORFs produce in Drosophila cells, we know that HeT-A 
RNA can direct frameshifting in other situations. Our 
experiments show that both rabbit reticulocyte lysates 
and E. coli cells are capable of translating the entire 
23Zn-1 ORF, apparently frameshifting with high effi- 
ciency. The ability of these heterologous systems to 
translate the Drosophila sequences is not unexpected 

since the HeT-A signals appear very similar to those of 
mammalian retroviruses. E. coli ribosomes have also be- ' 
en shown to frameshift appropriately on mammalian ret- 
roviral RNAs (Weiss et al. 1989). 

It is generally thought that frameshifting is a device 
for regulating the amount of product from the second 
reading frame. This is an appealing explanation for the 
retroviral gap-pol sequences because the RNA-binding 
gag product of the first ORF should be needed in larger 
amounts than the polymerase coded by the second ORE 
Very little is known about possible functions for the 
products of the HeT-A ORFs. However, HeT-A sequenc- 
es with similarity to gag proteins appear after the frame- 
shift, rather than before as in the retrovirus, suggesting 
that in HeT-A the gag-like polypeptide would be less 
abundant of the two ORF products. The function of the 
ORF1 product is unknown so we cannot speculate on 
whether it might be needed in greater abundance. If the 
frameshift is regulating amounts of product, the loss of 
the frameshift in element 9D4 may be a deleterious mu- 
tation. 

Does the 3' repeat region have a role 
in limiting transposition to chromosome ends ? 

All of the HeT-A elements that have been studied have 
portions of the 3' repeat region. Surprisingly, segments 
of sequence with significant homology to this region are 
also found separate from HeT-A elements (Danilevskaya 
et al. 1992). These HeT-A related sequences are joined 
with non-related sequences to form units of tandem re- 
peats in several clusters on the Y chromosome. Neither 
the HeT-A coding region nor the 5' structural region has 
any similarity to these tandem clusters. In addition, se- 
quence analysis argues that transposition of the HeT-A- 
related sequences to the Y chromosome was not by retro- 
position. There are several clusters of these HeT-A-rela- 
ted tandem repeats on Y chromosome. These repeat clus- 
ters are not telomeric. Thus, the sequence of the 3' re- 
peat region can be transposed to internal chromosome 
regions and is not likely to be responsible for limiting 
HeT-A transposition to ends. On the other hand, the re- 
peat clusters are on the Y chromosome, which, like the 
telomeres, is heterochromatic. Thus the sequence of the 
3' repeat region seems to be limited to heterochromatin, 
suggesting that it may have a role in chromatin structure. 

Does the 5" structural region have a role 
in limiting transposition to chromosome ends ? 

If the telomere specificity of HeT-A is due to a tendency 
to form some type of a terminal structure, the 5' end of 
the element might be responsible since it is at the distal 
end of each complete element. For that reason it is inter- 
esting that this region has very regularly spaced A-rich 
clusters. The conserved regions might form some type of 
5' structure, probably through specific protein binding. 
We speculate that the structure might be specialized for 
the addition of other HeT-A elements but not able to 



bind other  sequences. The preferred addition site for 
HeT-A would produce linked elements such as seen in 
the 23Zn-1 and T-A1 ends. The failure to bind other se- 
quences would produce ends. 

Although HeT-A appears to have a preferred 5'  addi- 
tion site, it is clearly able to transpose onto different se- 
quences when those sequences are at broken chromo- 
some ends, as seen with the healed telomeres. I f  the 5'  
end of HeT-A is specialized for attachment, transposi- 
tion to random broken ends might be expected to be rel- 
atively inefficient. The large number of  unhealed telo- 
meres in Mason's  stocks with terminally deleted X chro- 
mosomes (Biessmann et al. 1990a) are consistent with 
the idea that healing of broken ends is not a very effi- 
cient process. 

It is interesting that the 5'  structural region also bears 
some resemblance to parts of  the 3' repeat region that 
distinguishes the HeT-A element. These similarities raise 
the possibility that recombination might occur between 
the 5 '  and 3' repeats, deleting the ORF regions and pro- 
ducing truncated elements. 

How is the Drosophila telomere related to telomeres 
in other organisms? 

Telomeres containing simple G-rich repeats are nearly 
ubiquitous. They have been found in organisms as di- 
verse as protozoa, yeast, mammals,  and plants (Zakian 
1989). It is hard to imagine that the Drosophila telomere 
is not derived from the same ancestral element as telo- 
meres of other organisms. Therefore, the Drosophila tel- 
omere seems more likely to be a modification of the 
general telomere than a radical reinvention. 

At the moment  we can suggest two possible ways in 
which the HeT-A mechanism might have been derived 

�9 from the standard telomere. One possibility is suggested 
by the formal similarity between telomerase plus its tem- 
plate RNA (Blackburn 1990) and reverse transcriptase 
plus an RNA transposition intermediate. Perhaps the pu- 
tative HeT-A RNA transposition intermediate is simply a 
very complex template for a telomerase. An alternative 
possibility arises from the observation that HeT-A se- 
quences resemble telomere-associated sequences of  oth- 
er organisms in size and complexity. Perhaps HeT-A 
evolved from telomere-associated sequences. 

An evolutionary relationship between HeT-A and 
telomere-related sequences in other organisms is attrac- 
tive in light of recent studies on the Saccharomyces ce- 
revisiae mutant, est-1 (ever shorter telomeres). These 
studies have shown that a major family of  telomere asso- 
ciated sequences, Y', can serve as a backup system for 
telomeres (Lundblad and Blackburn 1993). Yeast lacking 
esbl  function cannot maintain telomerase repeats and 
cultures become senescent as the chromosomes gradual- 
ly shorten. All of  the revertants found in these cultures 
have amplified Y',  or partial Y', elements on the chro- 
mosome ends. The amplified elements are dynamic and 
are rapidly decreased when the est-1 function is put back 
into the cells. Thus, the Y'  elements are reproducibly 
serving as a backup for a defective telomerase system. 
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This evidence that a telomere-associated sequence can 
serve as an alternative telomere is particularly intriguing 
since both Y'  and HeT-A have characteristics of retro- 
transposons, although the Y'  rescue of est-I mutants 
seems to have occurred by homologous recombination 
rather than transposition. In addition, D. Gottschlung 
(personal communication) finds that Y'  elements in- 
crease the position effect that he finds at yeast telomeres. 
The 3' repeat region sequence of HeT-A suggests that it 
has a role in heterochromatin structure and therefore 
possibly in position effect, although neither role has been 
tested. These similarities between HeT-A and Y'  seem 
worth noting; however, we have not been able to find 
any supporting sequence similarity in the two elements. 
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Note added in proof 

We have sequenced the first 255 nucleotides of the 5' end of the 
HeT-A element that joins the 3' end of 23 Zn-1. The end is nearly 
identical to 23 Zn-1 and has only 3 changes in this region. 


