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Telomeres of most animals, plants, and unicellular eukaryotes are
made up of tandem arrays of repeated DNA sequences produced
by the enzyme telomerase. Drosophila melanogaster has an un-
usual variation on this theme; telomeres consist of tandem arrays
of sequences produced by successive transpositions of two non-
LTR retrotransposons, HeT-A and TART. To explore the phyloge-
netic distribution of these variant telomeres, we have looked for
TART homologues in a distantly related Drosophila species, virilis.
We have found elements that, despite many differences in nucle-
otide sequence, retain significant amino acid similarity to TART
from D. melanogaster. These D. virilis TART elements have features
that characterize TART elements in D. melanogaster: (i) they are
found in tandem arrays on chromosome ends, (ii) they are not
found in euchromatin, and (iii) they produce both sense and
antisense transcripts, with the antisense RNA being in excess. The
D. virilis TART elements have one surprising feature: both of the
ORFs contain long stretches of the trinucleotide repeat CAX,
encoding polyglutamine (with a few interspersed histidines).
These long polyglutamine stretches are conserved in the three
D. virilis elements sequenced. They do not interrupt any domains
of known function in the TART proteins and are not seen in TART
proteins from other species. Comparison of the D. virilis and
D. melanogaster telomeres suggests that the retrotransposon
mechanism of telomere maintenance may have arisen before the
separation of the genus Drosophila.

he broad phylogenetic distribution of organisms using te-

lomerase to extend telomeres demonstrates the success
of reverse transcription of RNA as a mechanism for maintain-
ing chromosome ends. The repeats that telomerase reverse-
transcribes onto chromosomes are surprisingly similar from
species to species; most are 6-10 bp long and G/T rich. In
contrast to the slight variations in repeat sequences, the length
and chromatin structure of the arrays can differ greatly between
species (1). For example, macronuclear telomeres of Oxytricha
are 20 bp of double-stranded sequence with a terminal single-
strand overhang of 16 bp, whereas human telomeres are 5-15
kbp, vary with age and cell type (1), and have a large terminal
T loop (2, 3). Repeats in the Drosophila melanogaster telomere
arrays (4) consist of two retrotransposons, HeT-A (~6 kb) and
TART (=10 kb), orders of magnitude larger than repeats made
by telomerase. Nevertheless, there are intriguing similarities
between the two types of telomeres. The most important simi-
larity is that the D. melanogaster telomeres, like telomerase
telomeres, are extended by reverse transcription of an RNA
template. HeT-A and TART are non-LTR retrotransposons and
transpose by being reverse-transcribed onto the end of the
chromosome. Successive transpositions form head-to-tail arrays
on chromosome ends. A second similarity is the G/T strand bias
of the Drosophila arrays, resembling the strand bias of arrays
produced by telomerase.

Because some insects (5) have telomerase, Drosophila must
have shared ancestors with species that now have telomerase. To
explore the phylogenetic distribution and range of variation of
transposon telomeres, we have looked for homologues of TART
and HeT-A in other Drosophila species. The search is compli-
cated by rapid sequence change in these elements. Both have
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long stretches of noncoding sequence, which can differ signifi-
cantly between copies of the element in the same Drosophila
stock. Both elements also encode Gag proteins whose sequence
can vary as much as that of the noncoding regions (4). TART has
a second ORF (ORF2) encoding a protein with endonuclease
and reverse transcriptase (RT) activities. As with retroviruses
(6), ORF2is more conserved than the Gag coding sequence, and
the most conserved part, RT, has been the only useful probe for
these cross-species homology searches. Although the high
sequence divergence makes it difficult to study the telomere
elements, it also increases the probability that conserved features
are of biological importance.

We have reported studies of telomere arrays in Drosophila
yakuba (7). The evolutionary distance between D. yakuba and
D. melanogaster is estimated to be only 5-15 million years;
nevertheless, it has been long enough for sequences of the
telomeric transposons to change significantly, yet their basic
features have been conserved. Both HeT-4 and TART homo-
logues are found in D. yakuba, where they form head-to-tail
arrays on telomeres and are not present in euchromatin. At least
in our limited sample, no other elements are present in the
telomere arrays. Apparently, these two elements have been
evolving together on telomeres since before the separation of the
melanogaster and yakuba species complexes.

To look for telomere transposons in much more distant
Drosophila species, we chose the most studied distant relative of
D. melanogaster, the virilis group (estimated separation from
D. melanogaster of ~60 million years; ref. 8). D. virilis was of
special interest because it has been reported to lack telomere
transposons and instead to maintain its telomeres by recombi-
nation of a 370-bp satellite sequence (9).

We find that D. virilis and Drosophila americana have elements
recognizable as TART despite diverged sequence and some
structural differences (Fig. 1 and Table 1). TART'" elements
form head-to-tail repeats on telomeres and are not found in
euchromatin. One of the arrays cloned contains a 5" sequence
from a second element. This other element may be a HeT-A
homologue, but it was truncated and has not yet been identified.

As described below, our studies lead us to suggest that the
370-bp satellite sequence previously reported is a telomere-
associated sequence (TAS), similar to the TAS repeats found
proximal to telomere arrays in other organisms.

Our findings that telomere transposons have been present >60
million years suggest that elements and host have had time to
coevolve complex interactions.

Materials and Methods

Fly Stocks. D. melanogaster stocks are Oregon R. D. yakuba stocks
are described in ref. 7. D. virilis no. S170 and D. americana no.

Abbreviation: RT, reverse transcriptase.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (AY219708 and AY219709 for the D. virilis telomeric clones, and AY219710 for the
D. americana telomeric clone).
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Fig. 1. Diagrams of TART elements in different Drosophila species drawn

approximately to scale. 5’, 5’ UTR; 3/, 3’ UTR; Gag, ORF1; Pol, ORF2; AAA, the
3'oligo(A) that characterizes non-LTR retrotransposons. The TART™ element
shows an average of the sizes of the 5’ and 3’ UTRs of the three subfamilies,
TART™eIA, TART™e/8, and TART™e/C, The TART2™e s the only fragment cloned.
Dotted lines represent putative flanking regions. Solid bars above and below
elements correspond to probes (see Materials and Methods).

15010-0951.0 were obtained from the European Drosophila
Stock Centre (Umed, Sweden).

Cross-Hybridization Studies. Low-stringency Southern hybridiza-
tion was performed overnight at 55°Cin4X SET (1X SET = 0.15
M NaCl/0.03 M Tris, pH 7.4/2 mM EDTA), 5X Denhardt’s
solution, 0.5% SDS, and 50 pg/ml of salmon sperm DNA,
followed by four 20-min washes at 55°C with 2X SSC (1x SSC =
0.15 M sodium chloride/0.015 M sodium citrate, pH 7), and 0.5%
SDS. After exposure, filters were washed two times for 20 min
at 55°C with 1X SSC and reexposed, rewashed two times for 20
min at 65°C with 0.5X SSC, and reexposed again. A D. virilis
genomic library in A phage was screened overnight at 65°C in the
solution described above, washed two times for 20 min at 65°C
with 2X SSC, once for 20 min with 1X SSC, and once for 20 min
with 0.5x SSC.

Northern Hybridization. RNA analyses were as described (10).
Strand-specific probes were labeled with [3?P]JUTP by in vitro
transcription. Because the strand transcribed for the sense probe
has nearly twice the A content, the two probes differ in specific

Table 1. Comparisons of sequence identity, and synonymous and
nonsynonymous substitutions

Species Nt (%) AA (%) Ks Ka
TART Gag

mel/vir 26 (37) 13 (18) 1.79 = 0.36 1.09 = 0.2
TART Pol

mel/vir 45 (52) 36 (45) 1.8 = 0.64 0.57 = 0.17

mel/ame 44 (50) 34 (38) 1.65 + 0.37 0.61 + 0.03

vir/ame 57 54 1.5+ 0.19 0.37 £ 0.02
R1 Pol

mel/hyd 60 59 1.3 +0.16 0.32 = 0.03
Adh

mel/vir 75 79 1.04 = 0.25 0.12 = 0.03

Nt, % nucleotide identity; AA, % amino acid identity. Values in parentheses
are calculated omitting residues in gapped regions. K, synonymous substitu-
tions; K,, replacement substitutions (+SE). Species are indicated by their first
three letters. All pairwise sequence alignments were performed with cLUSTALW
(11), refined in Genpoc (12), and analyzed with MEGA 2.1; genetic distance is
based on Kumar et al. (13). Separation of D. melanogaster and Drosophila
hydei is approximately equal to the separation of D. melanogaster and D.
virilis. R1™el, X51968; R1"vd, U23196; Adh™¢/, X98338; Adh¥", AB033640.1.
When TART™¢! Pol is compared to longer Pol proteins, the extra domain of
TARTYIr and TART®™® is not included in the calculations.
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Fig.2. Diagrams of the two D. virilis phage clones, V8 and V2. Arrows above

diagram identify different elements and indicate 5" — 3’ of sense-strand. ??
indicates unidentified element. Regions in each element are marked as in Fig.
1. 3’-5' indicates apparently complete junctions between elements. Domains
in ORF2 are: E, endonuclease; RT; and X, extra domain. Black rectangles under
Gag and Pol indicate high content of CAX repeats; white arrowheads mark the
phage arms. Diagrams are approximately to scale.

activity. The blot shown in Fig. 4 had equal counts in each
hybridization reaction.

Probes. The Sacl probe used in the cross-hybridization studies
contains nucleotides 434-2,683 from TART"*! (GenBank acces-
sion no. U02279). The HindIII(b) probe for library screening
contains nucleotides 2,525-7,139 of TART"" (GenBank acces-
sion no. AY219708). The HindIII(a) probe for Northern blots
contains nucleotides 9,308-12,428 of TART"" (GenBank acces-
sion no. AY219709). The Sall probe for in situ hybridization
contains nucleotides 6,465-12,950 of TART"" (GenBank acces-
sion no. AY219708). The D. americana EcoRI probe contains
nucleotides 1-5,055 of TART“"¢ (GenBank accession no.
AY219710).

Sequence Analyses. Sequences were analyzed by BLAST searches.
Alignments were with CLUSTALW (11). Nucleotide alignments
from coding regions were corrected by hand with GENDOC (12)
to agree with protein alignment. Phylogenetic analyses were
performed with MEGA 2.1 (13), by using both neighbor-joining
and UPGMA (unweighted pair-group method with arithmetic
mean) algorithms.

Results

Isolation of Clones Containing TART Elements from D. virilis and D.
americana. Our strategy to identify diverged TART sequences
began with low-stringency hybridization to Southern blots
of DNA from D. virilis and D. americana. The probe was the
most conserved region of the pol gene, encoding RT from D.
melanogaster TART (TART™!; see Fig. 1). We saw no cross-
hybridization to D. virilis DNA but found one band in D. ameri-
cana DNA. DNA fragments in the size range of this band were
cloned and screened with the TART™' RT sequence. Sequence
of the D. americana clone showed that it encoded a TART
homologue. This D. americana sequence was then used to probe
D. virilis DNA. It identified a band that we cloned and se-
quenced. The sequence of this D. virilis clone showed it was a
TART homologue. The D. virilis clone was used to screen a A
phage library of D. virilis DNA. We isolated five clones and
sequenced two clones, V2 and V8, that were clearly different and
nonoverlapping (Fig. 2).

Clones V2 and V8 each had inserts of slightly more than 14
kbp, consisting entirely of head-to-tail ZART elements except for
what appears to be the 5’ end of a second non-LTR element on
clone V8. This second element was truncated near the middle of
the Gag coding region by the vector. Enough sequence was
present to show that the element is not similar to TART.
Unfortunately, the 5’ end is the most variable part of the Gag
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Fig. 3. Hybridization of TARTY" and TART®™¢ to the telomeres in polytene
chromosomes. (a) D. virilis. Three telomeres from the same nucleus are shown.
Each has probe hybridized to the terminal region (arrows). Note that this
region is aggregated into four balls on one telomere (shown enlarged in
Inset). There is no hybridization over any banded chromosome regions. (b) The
free telomere of D. americana that hybridizes with TART?™e. As in D. virilis,
there is no hybridization in any banded chromosome regions. (c) Chromo-
center from a polytene nucleus of D. americana; two discrete regions of the
heterochromatic chromocenter are labeled (arrows). [Hybridized probe de-
tected by alkaline phosphatase activity (7). See Materials and Methods for
probes.]

coding region and does not allow us to identify this second
element. It may be a HeT-A homologue.

Clones V2 and V8 each contain an apparently complete
junction between TART elements (labeled 3'-5" in Fig. 2). We
assume that the similarity of the two junctions indicates that
none of these elements is truncated at the end in the junction.

Both V2 and V8 also contain truncated TART elements. One
element in V8§ is truncated by the vector, but each clone also has
an element truncated at the 5’ end. The 5’ truncations might
have resulted from telomere erosion before the next transposi-
tion, although other types of sequence rearrangement are also
possible.

Chromosome Locations of TARTVI" and TART>™e, A major question
about the evolution of telomere-specific transposons is whether
these elements evolved from more typical non-LTR elements. If
so, we might find some species in which TART elements are
present in euchromatic regions, whether or not they also trans-
pose onto chromosome ends. However, this scenario is not what
we have found. In situ hybridization to polytene chromosomes
shows that TART elements are telomere-specific in D. virilis and
D. americana, as in other species studied. We have found no
euchromatic TART elements in either D. virilis or D. americana.
D. virilis has four pairs of long acrocentric autosomes, a pair
of dot chromosomes, and sex chromosomes. The D. americana
karyotype is similar except that two of the long autosomes have
fused to form a metacentric chromosome. The centromere
regions of all chromosomes tend to aggregate to form a chro-
mocenter. TART probes hybridize to the telomeres of the
acentric ends of the long chromosomes of D. virilis (Fig. 3a).
Although there must be telomeres on the centromeric ends of
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these chromosomes, we do not detect TART hybridization in the
chromocenter. On D. americana polytene chromosomes, the
TART probe hybridizes to a telomere on one of the long
chromosomes and to two or three discrete spots in the chromo-
center (Fig. 3 b and ¢). These spots may represent telomeres of
the centromeric ends; however, the chromatin structure in the
chromocenter is too amorphous to allow a definite localization.

The unlabeled telomeres in D. virilis and D. americana do not
necessarily lack transposon telomeres. In different D. melano-
gaster stocks, TART hybridization is detected on different num-
bers of ends, frequently fewer than those labeled by HeT-A
probes. There are significantly fewer TART elements than HeT-A
elements in the D. melanogaster genome. It is likely that TART
is also a minor component of telomeres in D. virilis and D.
americana. The uncharacterized partial element seen in clone V8
suggests that D. virilis, like D. melanogaster and D. yakuba, may
have at least two families of telomere elements. D. americana
may also have additional telomere transposons.

The 370-bp Satellite Sequence. Because the polytene chromosome
telomere regions that bind TART probes on polytene chromo-
somes appear to be indistinguishable from those reported to bind
the 370-bp satellite sequence (9), we looked for association
between TART and 370-bp repeat sequences. Primers based on
the 370-bp database sequence were used to amplify and clone a
repeat of the satellite to probe the A clones isolated with the D.
virilis TART probe. None of the clones with TART sequences also
contained satellite sequence, suggesting that the two sequences
are not intermixed.

To obtain a longer-range comparison of the relation of
satellite to TART, we hybridized polytene chromosomes with the
satellite probe. We detected satellite on each chromosome end
and at a number of sites in euchromatin (data not shown).
However, the telomere regions are too compact and amorphous
to allow us to distinguish differences in the regions of hybrid-
ization of TART and the satellite. Even chromosomes ending in
a fringe of balls showed both TART and satellite hybridization
covering the balls (Fig. 3a). Satellite is detected at internal
euchromatic sites, whereas TART is found only at telomeres.
Otherwise, the hybridization patterns are very similar. Thus,
evidence to date suggests that the 370-bp satellite is similar to the
satellite sequences (TAS) located just proximal to the transpo-
son arrays in other species (14).

Transcription of TARTVIr and TART2™e, The sense-strand transcripts
of non-LTR retrotransposons serve as both mRNA and trans-
position template. Many non-LTR elements produce only sense-
strand RNA, but in other species TART yields both sense and
antisense RNA (10). Surprisingly, for most of the subfamilies of
TART studied, antisense RNA is clearly in excess of sense RNA.
TART elements of both D. virilis and D. americana show this
same pattern of transcription.

The amount of RNA detected by Northern hybridization to
RNA from larvae of D. virilis and D. americana (Fig. 4) is
significantly less than the amounts found in D. melanogaster or
D. yakuba. The lower levels of RNA correlate with the lesser
amounts of TART sequence detected on polytene chromosomes
(Fig. 3) and by hybridization to genomic DNA (data not shown).
In Fig. 4, the lane showing hybridization to TART'" sense RNA
was exposed four times longer than the lanes showing antisense
RNA. When probe-specific activity is taken into account (see
Materials and Methods), comparison of the blots suggests that
there is much more antisense-strand than sense-strand RNA. We
assume that TART“™ also produces excess antisense RNA
because we detect this antisense RNA with difficulty (Fig. 4) and
have not been able to detect sense-strand transcripts.
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Fig. 4. Northern hybridizations of TARTV" and TART?™e, Autoradiograph of

total RNA from D. virilis and D . americana probed with the Pol coding region
of the homologous TART. Both TARTY probes detect several bands of RNA in
the range of 6-9.5 kb. Sense and antisense RNAs do not migrate at exactly the
same position, possibly because of differences in size or differences in con-
formation of the strands, which differ significantly in base composition. The
exposure for the TARTV" sense-strand blot was equivalent to four times that of
the antisense blot. Only the antisense blot of TART®™® is shown because we
have been unable to detect sense-strand RNA for this element.

Sequence Evolution of ORF2. ORF2 encodes the Pol protein with
both endonuclease and RT motifs. Consistent with our failure to
find cross-hybridization of TART™ probes to TART'" DNA,
BLAST comparisons detected no significant similarity in the
nucleotide sequences. However, when sequences were aligned,
we could detect a low level of sequence identity (Table 1).
Surprisingly, we see more sequence similarity between TART"
and TART™ than between TART*"¢ and TART", although we
did not detect hybridization between TART™¢ and D. virilis DNA
on Southern blots. We suppose the lack of detectable hybrid-
ization is because of a more heterogeneous population of
restriction fragments with the RT sequence in D. virilis than D.
americana.

Amino acid identity between TART™ and TART'" is also low
(Table 1). Nevertheless, all the complete ORFs in the D. virilis
clones are open. When compared as the amino acid sequences,
BLAST reports highly significant similarity to the other TART
ORF2 proteins (E = 0.0). There is also lower similarity to ORF2
proteins of several other Drosophila non-LTR retrotransposons
(X, jockey, F, Bs, Doc, and strider) and, with lower significance,
to proteins from elements in other insects (E = e~ 14> to 6e 7! for
Drosophila and 3e¢~77 to 2e~2* for other insects).

Comparisons of the D. americana sequence produce similar
results (Table 1). The available TART ORF2 sequences give a
tree that is consistent with the species relationship (Fig. 5a). The
sole exception is one TART subfamily in D. yakuba that is
surprisingly similar to a subfamily in D. melanogaster (7). The
nontelomeric elements tested, jockey and Doc, group separately
from the TART elements.

To compare the rate of evolution of TART with that of other
sequences, we chose the well studied alcohol dehydrogenase
(Adh) gene and the pol gene of the non-LTR element R1. (The
RI sequences were from D. melanogaster and D. hydei, an
evolutionary distance (8) about equal to that between D. melano-
gaster and D. virilis; Table 1.) Even though ORF2 is the more
conserved ORF in retroelement evolution (6), the TART ORF2
shows more rapid sequence change than the Adh gene and the

3366 | www.pnas.org/cgi/doi/10.1073/pnas.0230353100

a Pol
1007 TARTCme
43 L TARTyak2
100 TARTBmel
- 100 L TaRTAmEl
100 TARTyak1
TARTamer

100 TARTwir
Docmel
‘ B - Jockeymel
100! Jockeyfun

0.1

100 TARTBmel
100]  — TARTCmel
99 TARTAmel

HeT-Ayak
100 ———— HeT-Amel
TARTwir

[ Jockey
100! Jockeyfun
Docmel

E—
0.1

Fig.5. Phylogeneticrelationships of TART, HeT-A, Doc, and jockey elements
in different Drosophila species. Neighbor-joining trees for the protein se-
quences are shown. (The UPGMA trees yield the same relationships as do the
nucleotide trees.) Bootstrap tests were performed with 500 replications and a
cut-off value of 50% for the consensus tree. Numbers indicate bootstrap
values of >40% in the corresponding node. Scale bar corresponds to the P
value (number of differences normalized by the number of total residues).
Elements are indicted by the first three letters of the species (fun, Drosophila
funebris). Note that TARTY2k2 groups with TART™¢/C as proposed (7). Gag from
TARTY?k was not included because all of the fragments cloned to date are 5’
truncated. GenBank accession numbers: jockey™ ORF1, M22874; ORF2,
AAA28675,’jockeyf‘”’, PIR:B38418; Doc, CAA35587.

pol gene of R1. The TART protein is also more tolerant of amino
acid change, as shown by the increased proportion of amino acid
replacements (nonsynonymous substitutions, K,) compared with
synonymous substitutions (K).

Comparisons of the ORF2 proteins from D. virilis and D.
americana produced two surprises. Both proteins are much more
glutamine rich than their equivalents in D. melanogaster or D.
yakuba. TART'" has 13.3% glutamine and TART*“" has 8.6%,
whereas the ORF2 protein of TART"*/E has only 4% glutamine.
In D. virilis, this increased content of glutamine is primarily in
long runs of CAX trinucleotide repeats. The triplets are pre-
dominantly CAA and CAG, encoding glutamine, with some
scattered CAC and CAT trinucleotides encoding histidine. None
of these runs interrupts motifs known to be important for the
enzymatic activities of the ORF2 protein (15).

A second surprise is the size of the ORF2 proteins in these two
species. Both proteins extend ~400 aa beyond the C terminus of
the proteins from the other two species. This extension (labeled
X in Fig. 2) does not show obvious motifs that might suggest its
function. It is tempting to suggest that this extension is an RNase
H domain similar to that near the C terminus of ORF2 of I factor
(16); however, we have not been able to detect strong similarities.
The most obvious feature of the X domain is the long stretches
of polyglutamine in TART"". The TART*"¢ domain does not have
similar long regions of CAX codons, but a comparison of the
amino acid sequences (Fig. 6) shows groups of amino acids with
similar properties throughout the extensions, suggesting that
these domains have similar functions.
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Sequence Evolution of ORF1. ORF1 encodes a Gag protein (4) with
both the amino acid motifs that characterize retroviral Gags, the
CCHC or zinc knuckle region and the major homology region
(MHR). Our results (Table 1) show that ORF1 has undergone
more change than ORF2 in the TART phylogeny, as seen for
retroviruses and other retrotransposons (6). In addition, ORF1
has an even higher ratio of amino acid replacements to synony-
mous changes than does ORF2. These conclusions are based on
the two complete TART" Gag coding sequences. We have not
yet isolated this region from TART"™e.

BLAST comparisons of the ORF1 nucleotide sequences yield
no significant matches. Both the D. virilis ORF1 sequences were
open, and conceptual translation yields an amino acid sequence
with similarity to Gags from several insect non-LTR retrotrans-
posons, most significantly with Gags from TART and HeT-A
(E = 3e % to 2¢~*). The similarity is in the region of the MHR
and zinc knuckle, following a pattern seen in studies of HeT-A
Gag from D. yakuba. The nucleotide sequence of TART"! Gag
has 38% similarity to HeT-A"** Gag and 41% similarity to
HeT-A™¢! Gag. This similarity is concentrated in the region of the
MHR and zinc knuckles (10). The close relationship between
HeT-A and TART Gags is clearly reflected in the phylogenetic
relationship of the proteins (see Fig. 5b).

The D. virilis ORF1 sequence is even more enriched for CAX
repeats than is ORF2. In ORF]1, the polyglutamine stretches do
not increase the length of the protein. They tend to be concen-
trated in the C-terminal regions of the protein and do not
interrupt the known motifs.

Discussion

TART Elements Are Telomere-Specific in Both D. virilis and D. ameri-
cana. D. virilis chromosomes all have the centromere near one
end. In polytene nuclei, the centromeric ends tend to associate
closely to form an amorphous chromocenter. TART hybridiza-
tion can be detected on the nonchromocentral telomeres, but not
within the chromocenter. This difference could indicate a bias in
the distribution of TART sequence at the two ends of each
chromosome. Alternatively, it could indicate some underrepli-
cation of telomere sequences in the chromocenter. There is
massive underreplication of pericentric satellite sequences in
these polytene chromosomes (17), which might also affect
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nearby telomere sequences. In theory, this question could be
resolved by hybridization to mitotic chromosomes. In practice,
telomere sequences have been detected on D. melanogaster
mitotic chromosomes from the Te/ mutant, which has greatly
enlarged telomeres, but not on wild-type chromosomes (18).
This technical limitation prevents a direct experimental ap-
proach. However, telomere sequences are detected on both ends
of the Tel X mitotic chromosome, yet we do not detect telomere
sequences on the chromocentral end of the D. melanogaster X in
polytenes. This finding suggests that there may be underrepli-
cation of these telomeres in D. melanogaster, and possibly in D.
virilis.

In D. americana, TART is detected on one of the noncentro-
meric ends and on two, possibly three, regions of the chromo-
center. We believe that the chromocentral hybridization repre-
sents telomeres that have undergone more polytenization than
chromosomes in D. virilis. A similar difference in chromocentral
hybridization was seen with D. melanogaster and D. yakuba (19).

TARTVI Has a Significant Resemblance to TART™e, TART and HeT-A
are the first retrotransposons with a defined role in chromosome
maintenance. They transpose only to chromosome ends, al-
though analyses of their coding regions suggest that they are
related to a group of non-LTR retrotransposons that transpose
generally throughout the euchromatic regions of D. melanogaster
chromosomes (15). This study shows that TART has remained
telomere-specific over the ~60 million years separating the
melanogaster and virilis groups.

In addition to its telomere-specific transposition, TART"" has
another of the unusual characteristics of TART from other
species. TARTV" produces an excess of antisense RNA. Antisense
production has been reported for a subgroup of non-LTR
retrotransposons that are also characterized by a 5’ sequence
that is perfectly repeated near the 3’ end. Studies of two of these
elements, DRE, now called TRES-A (20, 21), and TOCI (22), led
to a model in which the antisense RNA was needed for repli-
cation of the element, although questions remain about this
subclass of elements. TART™ has similar perfect nonterminal
repeats longer than 1 kb (10). It is attractive to propose that the
antisense RNA is also involved in TART replication, although the
two apparently complete TART'" elements studied do not show
these perfect repeats. This finding raises a question about the
significance of the repeats in replication unless the two elements
in our clones are not transpositionally competent. (In D. mela-
nogaster, the telomere transposons show many defects we sup-
pose are caused by erosion, recombination, and sequence decay.)

This study also provides evidence of a second non-LTR
element in the telomere arrays of D. virilis. We began our study
of virilis group telomeres with TART because RT sequence has
the most sequence conservation of the telomere array. Because
telomere arrays in other species are mixtures of TART and
HeT-A, we had hoped to identify any partner element(s) in D.
virilis by their association with TART. The uncharacterized
partial element in clone V8 shows that this strategy has worked.
Although TART is much less abundant than HeT-A in D.
melanogaster, all stocks studied have both elements, suggesting
that the elements have different roles and that TART requires a
partner. Studies of D. yakuba show that these elements have been
evolving together (7). It is notable that HeT-A does not possess
its own RT and that HeT-A"¢ Gag provides telomere targeting
for TART™ Gag (23). These findings suggest that the elements
have coevolved to cooperate.

TARTVI" Has Some Differences from TART™e and TARTY2k. The two
telomere retrotransposons in D. melanogaster and D. yakuba
differ from other retroelements in the relatively large proportion
of their sequence found in the 3’ UTR (4). The 3" UTRs of
HeT-A elements show a conserved pattern of A-rich regions,
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whereas TART 3" UTRs show less conservation, even among
subfamilies in the same Drosophila species. We have suggested
that the 3" UTR sequences are involved in heterochromatin
structure. The TART" elements studied here have much shorter
3" UTRs (650 bp for TART'™, in contrast to 3-5 kb for TART™).
These short 3" UTRs raise questions about the importance of the
3" UTR of TART but do not eliminate the possibility that other
telomere sequences supply this function in D. virilis.

TART" and TART""¢ have another structural difference from
TART™! and TART*, the extra domain of ORF2, the X domain.
The similarities of this sequence in D. virilis and D. americana
suggest that this region has function. There is evidence that
another non-LTR element, [ factor, has an RNase H domain in
this part of the sequence (16), and it will be interesting to see
whether the extra domain of TART has a similar function.

The TARTVI' Coding Regions Have Long CAX Repeats. A dramatic
difference between TART elements of D. virilis and those of the
other species is the abundance of triplet CAX nucleotide repeats
in TART'" elements. Both ORF1 and ORF2 contain significant
lengths of CAX repeats, encoding polyglutamine with infrequent
histidine residues. It is striking that all of the long repeat
segments in the coding strand are CAX, rather than its GTX’
complement. Random events should give a less biased strand
distribution. Thus, the strand distribution suggests that there has
been selection for glutamine codons (or against the valine
codons of the complement). Additionally, the repeats show the
same CA prevalence that characterizes the coding strand of all
studied telomeric transposons. This strand bias mimics the CA
bias of the template used by telomerase, an interesting similarity
because the coding strand is the template for Drosophila telo-
meres. Thus, strand sequence bias may also influence the coding
potential.

The interest of the long CAX repeats is enhanced by their
resemblance to sequences causing human polyglutamine repeat
diseases; Huntington’s disease, Kennedy’s disease, and six of the
spinocerebellar ataxias are characterized by expanded sequence
encoding polyglutamine (24). Both of the TART'" proteins have
stretches of polyglutamine of lengths in the range that charac-
terizes disease alleles in humans, although the TART regions are
infrequently broken by one or two nonglutamine residues.
Disease-associated alleles of human triplet repeat disease genes
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have produced deleterious phenotypic effects when expressed in
D. melanogaster (25, 26). It will be interesting to see whether
these D. virilis sequences can also produce deleterious pheno-
types in similar situations.

The CAX repeats are open and completely conserved in the
sequenced TART'" elements, suggesting that they have roles in
the protein. Perutz et al. (27) have pointed out that polyglu-
tamine regions resemble polar zippers and might be involved in
protein—protein associations. This suggestion is consistent with
the placement of the long polyglutamine segments in ORF1.
These are most concentrated in the C-terminal half of the coding
region. This part of both TART and HeT-A Gag from D.
melanogaster is implicated in both homologous and heterologous
interactions between these Gag proteins (ref. 23 and S. Rash-
kova, A. Athanasiades, and M.-L.P., unpublished data). Thus,
the repeats in ORF1 might play a role in such interactions for
TART Gag. It is more difficult to speculate about the role of
CAX in TART Pol because we know little about the role of the
extra domain.

Although the CAX repeats are a striking characteristic of the
TART" proteins, the rest of the protein sequences and the
characteristics of the element clearly show that these proteins are
homologues of TART proteins in other species, yet TART
proteins in other species do not have long polyglutamine repeats.
This finding presents an interesting analogy to proteins involved
in human triplet-repeat disease genes. Some of these human
proteins have homologues in other species that do not have
the shorter CAX repeats that undergo disease-producing expan-
sions (24).

Conclusions

Our identification of TART"" and TART*" has shown conser-
vation of a number of characteristics despite very significant
changes in both nucleotide and protein sequence. These char-
acteristics strongly suggest that the special role of this element
at the telomere is widely distributed in Drosophila, raising the
possibility that TART also maintains telomeres in other genera.
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