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Many Drosophila non-long terminal repeat (LTR) retrotransposons
actively transpose into internal, gene-rich regions of chromosomes
but do not transpose onto chromosome ends. HeT-A and TART are
remarkable exceptions; they form telomeres of Drosophila by
repeated transpositions onto the ends of chromosomes and never
transpose to internal regions of chromosomes. Both telomeric and
nontelomeric, non-LTR elements transpose by target-primed re-
verse transcription, and their targets are not determined simply by
DNA sequence, so it is not clear why these two kinds of elements
have nonoverlapping transposition patterns. To explore roles of
retrotransposon-encoded proteins in transposition, we analyzed
intracellular targeting of Gag proteins from five non-LTR retro-
transposons, HeT-A, TART, jockey, Doc, and I factor. All were
expressed as green fluorescent protein-tagged proteins in cultured
Drosophila cells. These Gag proteins have high levels of sequence
similarity, but they have dramatic differences in intracellular tar-
geting. As expected, HeT-A and TART Gags are transported effi-
ciently to nuclei, where they show specific patterns of localization.
These patterns are cell cycle-dependent, disappearing during mi-
tosis. In contrast, only a fraction of jockey Gag moves into nuclei,
whereas neither Doc nor I factor Gag is detected in the nucleus.
Gags of the nontelomeric retrotransposons form characteristic
clusters in the cytoplasm. These experiments demonstrate that
closely related retrotransposon Gag proteins can have different
intracellular localizations, presumably because they interact dif-
ferently with cellular components. We suggest that these interac-
tions reflect mechanisms by which the cell influences the level of
transposition of an element.

Most retrotransposons have two large ORFs with strong
similarity to the gag and pol coding regions of retroviruses

(Fig. 1). In both retrotransposons and retroviruses, the pol
sequence encodes reverse transcriptase and other enzymatic
activities necessary for transposition. Regions of the polypeptide
responsible for each activity can be identified by conserved
amino acid sequence motifs. In contrast, gag coding regions show
less sequence similarity and functions of their products are less
well understood. Extensive genetic and biochemical studies have
shown that, despite sequence differences, Gag proteins from
typical retroviruses have similar activities in packaging viral
RNA and facilitating its export from the host cell. Parts of this
protein, after proteolytic processing and perhaps other modifi-
cation, are also essential for steps leading to integration of the
virus in a new host; however, the details of Gag activities in
infection are less well understood than its roles in virus produc-
tion (reviewed in refs. 1 and 2). Gag proteins of many retro-
transposons have striking similarities to retroviral Gags. Even
less is known about roles of retrotransposon Gags than about
activities of retroviral Gags during infection; however, the
structural similarities suggest that there may be similarities in
function.

The question of Gag protein function is especially interesting
for the Drosophila telomeric retrotransposons HeT-A and TART
because these elements have a defined role in chromosome
structure yet have maintained characteristics of non-LTR (non-

long terminal repeat) retrotransposons, including their gag and
pol coding regions (reviewed in refs. 3 and 4). (HeT-A is an
atypical element because it has no pol coding region, although it
transposes actively.) HeT-A and TART form the telomeres by
successive transpositions to the chromosome ends. They fulfill
the role played by telomerase-generated repeats in other eu-
karyotes and, thus, are the first transposable elements with a
defined role in chromosome structure. These elements are
remarkable because they transpose only to ends of chromo-
somes. This contrasts sharply with other Drosophila non-LTR
retrotransposons that have similar coding sequences but are
never found in telomeres. Instead, these nontelomeric elements
are active in transposing within euchromatic, gene-rich regions
of the chromosomes. To determine whether the distinction
between telomeric and nontelomeric elements is reflected in
functions of their encoded proteins, we have compared Gag
proteins from telomeric and nontelomeric retrotransposons.

Although initial ideas of the roles of Gag in retrotransposition
came from analogy to retroviral proteins, there is now some
evidence that retrotransposon Gags are involved in transposi-
tion. For two non-LTR retrotransposons, human LINE-1 and
Drosophila I factor, it has been possible to achieve in vivo
transposition of genetically modified elements (5, 6). Experi-
ments with both systems have shown that Gag proteins are
essential for transposition. Such experiments are not yet possible
for the Drosophila telomere transposons. Nevertheless, sequence
analyses on HeT-A elements suggest that the ability to translate
Gag is necessary for successful transposition (7). The gag ORFs
of HeT-A elements have a polymorphic region in which elements
can differ by nucleotide changes and insertions�deletions. Re-
markably, none of the changes in this region introduces a stop
codon or a frameshift in any of the elements. Thus, despite the
frequent sequence changes, at least in the polymorphic region,
all elements that have transposed successfully have maintained
the ability to produce an intact Gag protein, suggesting that the
protein was involved in some step in the conversion of HeT-A
RNA into a chromosomal DNA copy.

In the study reported here, we compare Gag proteins of five
Drosophila non-LTR retrotransposons—the two telomeric ele-
ments and three of the best-known nontelomeric elements (Fig.
1). Two of the nontelomeric elements, Doc and jockey, are from
the Jockey clade, the group that includes TART in the reverse
transcriptase-based phylogeny of retroelements (8). HeT-A can-
not be included in this classification because it does not encode
reverse transcriptase; however, our studies of gag sequences
show that HeT-A gag sequences are most similar to the sequences
in this clade (7). Our third nontelomeric element, I factor,
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belongs to a distantly related clade. To make comparisons, we
have expressed each of the proteins (Fig. 2) from the same
promoter and in the same cell type. The constructs used differ
only in their coding sequences, implicating the protein itself in
the intracellular localization. Each of the proteins was fused to
green fluorescent protein (GFP) so that it could be followed in
cytological preparations.

We expected that, if Gags showed differences in localization,
these would be in the nucleus, reflecting sites of transposition.
This expectation was based partly on studies of the yeast LTR
retrotransposon Ty5, which transposes into silent chromatin
because of an interaction between its integrase and the chro-
matin protein, Sir4p (9). Gag proteins might have analogous
roles in target site selection.

We did find element-specific patterns of localization within
the nucleus for some Gags. Surprisingly, we also found element-
specific patterns of localization in the cytoplasm. These different
localizations suggest that Gags of different elements may not
have the same interactions with cellular components as they
travel from ribosome to final destination. The localizations we
detect may reveal pathways of interactions between translation
of the Gag protein and successful transposition of the element.

Methods
Recombinant DNA. Each gag coding sequence was amplified by
PCR with primers that included the initial Met codon placed

within an optimal translation initiation sequence (CCAC-
CATGT). The 3� primers included the final codons fused
in-frame with the GFP coding sequence. Each of the amplified
coding sequences was inserted in vector pPL17, kindly provided
by Ilaria Rebay (Whitehead Institute, Massachusetts Institute of
Technology). pPL17 contains the EGFP coding sequence
(CLONTECH) under the Drosophila armadillo promoter.

The HeT-A Gag ORF DNA was isolated from element 23Zn-1
(GenBank accession no. U06920). The variant HeT-A Gag ORF
from element 9D4 (GenBank accession no. X68130) was isolated
from a clone kindly provided by H. Biessmann (University of
California, Irvine). The TART A ORF1 (Gag) initially was
isolated from GenBank accession no. AY035776. This sequence
contains a stop codon at nucleotide 208. The stop was replaced
with a valine codon (GTA). Jockey ORF1, Doc ORF1, and I
factor ORF1 coding sequences were isolated from clones, kindly
provided by R. Levis (Carnegie Institution, Baltimore), I. Bus-
seau (Institute de Genetique Humaine, Montpellier, France),
and T. Heidmann (Institute Gustave-Roussy, Villejuif, France).

Transient Transfection. Drosophila Schneider line 2 (SL2) cells
were transfected with 5–10 mg of plasmid DNA, using a Cyto-
fectene Transfection Reagent Kit (Bio-Rad). Transfection was
in 2.5 ml of serum-free medium for 6 h. Cells were analyzed by
fluorescence microscopy and immunoblotting 24 and 48 h after
the start of transfection.

Immunoblot Analysis. Protein samples from transfected cells were
resolved by SDS�PAGE and transferred to poly(vinylidene
difluoride) membranes (Bio-Rad). The fusion proteins were
visualized by immunoblotting with anti-GFP antiserum and
secondary antibody conjugated to alkaline phosphatase (Jack-
son ImmunoResearch). The polyclonal anti-GFP antiserum was
from guinea pigs, immunized with purified GFP protein (CLON-
TECH). [Antibody was produced by Covance Research Products
(Richmond, CA).]

Slide Preparation and Microscopy. Cell suspensions were dropped
on slides and fixed with 3.7% formaldehyde in PBT (PBS�0.1%
Tween-20). Slides were washed with PBT, stained with 4�,6-
diamidino-2-phenylindole (DAPI), and mounted in 50% glyc-
erol�PBS. Localization of GFP-tagged proteins was analyzed
with a Nikon ECLIPSE E 600 microscope equipped with a
charge-coupled device camera. Fluorescent and differential
interference contrast images were taken with SPOT RT 3.0 and
processed with Adobe PHOTOSHOP 5.5 (Adobe Systems, Moun-
tain View, CA).

Results
GFP-Tagged Gag Proteins from Drosophila Non-LTR Retrotransposons
Are Expressed in Cultured Drosophila Cells. We have used transient
transfection of cultured Drosophila cells (SL2 cells) to study Gags
with C-terminal GFP tags. The C-terminal GFP tag should be
detected only if the entire coding region is translated. Immu-
noblot analysis of protein from both 24- (Fig. 3) and 48-h samples
showed that, for each construct, the only protein detected by an
antibody against GFP was of the size expected for the full-length
tagged protein. Gel lanes were loaded with equal numbers of
cells and, with the exception of the jockey lane, appear to contain
roughly equal amounts of GFP-tagged protein. The jockey
protein was somewhat less abundant than the others. Because all
proteins were expressed from the same promoter, we suppose
that the lower amount of protein may reflect a lower stability of
jockey Gag, rather than lower mRNA transcription. This sup-
position is supported by a further decrease in protein in the 48-h
sample.

Fig. 1. Diagrams of non-LTR retrotransposons in this study. Each element is
represented as the RNA transposition intermediate, drawn approximately to
scale. Thin lines indicate noncoding regions. Shaded boxes show gag coding
regions. Open boxes are pol coding regions. HeT-A does not have a pol gene.
AAA represents the poly(A) tail of the RNA.

Fig. 2. Diagrams of Gag proteins in this study, drawn approximately to scale,
showing known motifs and landmarks. Striped boxes indicate the MHR region
(not present in I factor). Three triangles indicate the three zinc knuckles
present in each protein. Diamond on HeT-A and ovals on TART indicate length
of polymorphic regions where proteins from different copies of the element
differ in number of amino acids. Brackets on HeT-A mark limits of the segment
of different amino acids in the 9D4 Gag. Black lines under each protein
indicate region of amino acid sequence similarity between that protein and
HeT-A Gag, defined by BLAST alignment. Gray lines under each protein mark
BLAST alignment with TART Gag. Number at end of each line is the E value of
the BLAST alignment.
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The HeT-A Gag Protein Is Targeted to Defined Nuclear Domains and
Forms a Specific Cytoplasmic Structure. When the full-length HeT-A
coding region of element 23Zn-1 is expressed in Drosophila cells,
the protein is transported rapidly into the nucleus. Inside the
nucleus, it forms clusters with a distinctive appearance. These
are discrete clusters, relatively uniform in size and shape, which
we refer to as ‘‘Het-dots.’’ We have detected nuclei that have
either many small dots or fewer large ones. Some nuclei with
small dots have a few large dots (Fig. 4A). The fraction of cells
with large dots (Fig. 4B) increases with time after transfection,
and we believe that this reflects the progressive formation of
Het-dots, with the larger dots being the mature stage. Whether
the dots are large or small, they are scattered through the
nucleus, with a tendency to be near the nuclear membrane.
Because telomeres tend to be located near the nuclear periphery,
this localization pattern suggests that Het-dots may be at or near
telomeres. In addition, in cells with large Het-dots, the number
of dots is in the range expected for telomeres in these cells. Most
cells in our SL2 line have a single X chromosome and three pairs
of autosomes. They therefore would be expected to have no more
than 14 telomere spots. In these small nuclei, fusion or super-
imposition of dots might occur frequently and decrease this
number. Typically, 10–14 dots can be detected in each nucleus
with large dots.

In a fraction of the cells with Het-dots, we also see an unusual
cytoplasmic accumulation of protein (Fig. 4B). Typically, this
cytoplasmic Gag-GFP forms a single, oval-shaped structure,
frequently with smooth edges, and much larger than the nuclear
dots. This cytoplasmic structure, referred to as the ‘‘Het-body,’’
appears to be preferentially in cells with larger nuclear dots. The
presence of the Het-body does not diminish the brightness of the
nuclear Het-dots. It is detected either adjacent to or away from
the nucleus. Because the body is seen only in cells with Het-dots,
it appears to be a result of overexpression of the protein. If this
is the case, formation of the Het-body in the cytoplasm may
suggest that the nuclear targets of full-length HeT-A Gag are
saturable.

The Het-dots and Het-body are specific for HeT-A Gag
protein. These structures are also seen with a variant of the
protein from another HeT-A element (9D4, see below), but are
not detected with TART Gag nor any of the nontelomeric
retrotransposon Gags we have studied.

A Variant HeT-A Gag with a Substitution Region of 55 aa Forms
Het-Dots and Het-Bodies. Early studies suggested that the HeT-A
gag coding region might contain two ORFs, linked by a �1 frame
shift (7, 10). However, we now know that this sequence is a single,
continuous ORF. In the course of correcting this error, we have
identified a HeT-A element with a variant ORF that has a 55-

aa segment with almost no similarity to other HeT-A Gag
proteins (3).

This variant ORF, in element 9D4 (11), has 94% nucleotide
identity with the ORF of the 23Zn-1 element, used as our
standard ORF. However, alignment of sequences shows a region
in which an ‘‘extra’’ nucleotide in 9D4 changes the reading frame
for 9D4 relative to 23Zn-1. The two sequences are read in
different frames for 55 codons, until an ‘‘extra’’ nucleotide in
23Zn-1 moves the reading frames into synchrony. These two
nucleotide differences result in two elements with a region of 55
codons having only 13% amino acid identity but 98% nucleotide
identity (brackets in Fig. 2). The 9D4 protein essentially is a
substitution mutation in comparison with the other HeT-A Gag
proteins from both Drosophila melanogaster and Drosophila
yakuba (7, 12). This region of 9D4 also has less similarity to the
TART protein than does the 23Zn-1 sequence.

The large amino acid substitution in the 9D4 Gag has no
detectable effect on the intracellular localization of the protein.
When tagged with GFP, the full-length 9D4 protein localizes to
Het-dots and forms Het-bodies indistinguishable from those of
the 23Zn-1 protein (data not shown). The large sequence
substitution also did not affect the ability of 9D4 to transpose. It
was cloned shortly after it had moved onto the end of a healing
broken chromosome (11). The 55 aa are in one of the more
variable parts of the protein, a part that does not contain any of
the conserved motifs shown in Fig. 2.

TART Gag Also Is Targeted to the Nucleus. Like HeT-A Gag, TART
Gag is moved rapidly into the nucleus. However, TART Gag has
a qualitatively different distribution within the nucleus. It forms
intranuclear clusters that are smaller and much greater in
number than the Het-dots (Fig. 4C). These clusters are also
similar in size in the nuclei of all transfected cells. A small
amount of TART Gag is detected in cytoplasmic clusters but it
does not form a structure like the Het-body.

Localization of jockey Gag to the Nucleus Is Slow and Inefficient.
Although HeT-A and TART Gags localized efficiently to nuclei,
only a fraction of the jockey protein moved into the nucleus (Fig.
4D). Inside the nucleus, it is dispersed in small, irregular clusters,
easily distinguishable from the structures formed by either
HeT-A or TART. At later time points, the nuclear pattern of
localization does not change, but much of the protein remaining
in the cytoplasm forms large clusters, frequently two per cell (not
shown). The protein in the cytoplasm is not uniformly dispersed.
Instead, it seems to be less concentrated near the edges of the
cell.

Gag Proteins from Doc and I Factor Do Not Appear to Enter the
Nucleus. Both Doc and I factor Gag proteins are dispersed
throughout the cytoplasm and appear to be completely absent
from the nucleus (Fig. 4 E and F). However, we cannot exclude
the possibility that cytological techniques could easily miss small
amounts of these proteins. In the cytoplasm, both proteins form
clusters within a background of more diffuse protein. The I
factor clusters are small and similar in size, whereas the Doc
clusters are irregular in size and shape.

The Localization of HeT-A and TART Gags Is Dynamic and Changes in
a Cell Cycle-Dependent Manner. During metaphase, the localiza-
tion of both HeT-A and TART Gags changes dramatically. The
change is similar for the two proteins: the nuclear clusters as well
as the Het-body are dispersed and the two proteins become
diffused through the cell, except in the area of the condensed
chromosomes (Fig. 4). Only random streaks of accumulated
material are seen on the background of evenly spread protein. In
cells in which the nuclear membrane has formed around the two
new nuclei, HeT-A Gag is detected in small nuclear dots,

Fig. 3. Fusion proteins are stable and of the expected size. Total protein from
transfected SL2 cells were separated by SDS�PAGE and analyzed by immuno-
blotting with anti-GFP antiserum to detect all GFP-tagged proteins. Expressed
proteins were: 1, HeT-A Gag; 2, TART Gag; 3, jockey Gag; 4, Doc Gag; 5, I factor
Gag; 6, GFP; 7, nontransfected cells. Molecular mass (kDa) is shown on the left.
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presumably the initial steps in the formation of large Het-dots.
It is unclear whether the material in the daughter nuclei is newly
synthesized or recycled.

In contrast to the dramatic change in the localization of HeT-A
and TART Gags, proteins of the nontelomeric retrotransposons
did not undergo visible change. Instead, they remained in
clusters within a background of diffuse protein, distributed
throughout the cell.

To avoid disrupting cell morphology, our analyses of cell
cycle-related changes were done on randomly cycling cells

without colchicine or other drugs to trap cells in mitosis. Mitotic
stages were identified on morphological criteria, aided by stain-
ing with an antibody that recognizes the metaphase-specific,
phosphorylated histone H3.

Discussion
Closely Related Retrotransposon Gag Proteins Can Have Different
Intracellular Targeting. Retrotransposons generally are consid-
ered selfish, or parasitic, elements because they encode only
proteins useful for their own transposition. The two Drosophila

Fig. 4. Intracellular localization of GFP-tagged Gags in transiently transfected SL2 cells. (A) Fluorescence micrographs show each cell in two panels. DNA in all
cells is stained with DAPI (blue). Left show merged GFP and DAPI. Right show differential interference contrast image with DAPI staining superimposed.
Transfectants shown: a, HeT-A Gag—a cell with a large number of small clusters in the nucleus; b, HeT-A Gag—a cell with large Het-dots in the nucleus and
Het-body in the cytoplasm; c, TART Gag—small clusters in the nucleus, so numerous that they do not resolve well in the picture; d, jockey Gag—irregular clusters
in the nucleus and clusters plus diffuse protein in the cytoplasm; e, Doc Gag—irregular clusters in cytoplasm; f, I factor Gag—clusters in the cytoplasm. In d–f,
the clusters are on a background of diffuse protein. For jockey Gag (D), this background does not extend completely to the edge of the cell. (B) Localization of
HeT-A Gag at metaphase. Randomly cycling cells expressing HeT-A Gag were stained with an antibody against metaphase-specific phospho-H3 (red). Figure
shows a cell in metaphase with part of an (nontransfected) interphase cell above it. The distinctive localizations of GFP-Gag seen in interphase have dispersed,
and protein is spread throughout the cell, avoiding the condensed chromosomes. DNA is stained with DAPI. a, GFP; b, DAPI (m � metaphase chromosomes, i �
interphase nucleus of adjoining cell); c, anti-H3-P (red) staining metaphase chromosomes; d, differential interference contrast image with DAPI.
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retrotransposons, HeT-A and TART, are the only clear excep-
tions to this classification. Our studies of Gag proteins now show
that the exceptional nature of HeT-A and TART is reflected in
their Gag proteins, which interact with cellular components in
ways different from Gag proteins of other retrotransposons.

Because HeT-A and TART have special roles in the cell, it is
not surprising that they are treated differently from other
retrotransposons by the cell and, hence, have characteristic
localizations. A more unexpected finding of these studies is the
element-specific localization seen for the nontelomeric retro-
transposons. Two of them, Doc and jockey, share very similar
coding sequences, transpose by similar mechanisms, and inhabit
much of the same chromosomal regions. Thus, it might be
expected that their interactions with the host cell would be very
similar, yet the localizations that we see indicate that this is not
the case. Their patterns of Gag distribution differ in several ways,
suggesting that these proteins undergo multiple interactions as
they move to complete the process of transposition. The
element-specific localization differences might indicate that
Gags of different elements are differentially efficient at nego-
tiating different steps in a shared pathway. Alternatively, they
might indicate that different proteins follow slightly different
paths.

This study was designed to look specifically for the potential
for interactions between Gag and other proteins of the cell in
which they transpose. We presume that jockey, Doc, and the two
telomeric proteins all transpose in SL2 cells, making those cells
appropriate for the study. SL2 cells contain HeT-A, TART, Doc,
and jockey elements and have maintained them since the line was
established in the early 1970s (13). Maintenance over this time
strongly suggests transposition to replenish lost copies. In addi-
tion, transcripts of all four elements are detected in the cells used
here (K. Traverse, personal communication).

SL2 cells do not appear to contain active I factors. Southern
hybridization detected only weak hybridization to I factor
probes, presumably because of the defective sequences present
in the pericentric regions of all strains (ref. 14; K. Traverse,
personal communication). I factors transpose only in the germ-
line of females from strains classified as Reactive. Although I
factor does not normally inhabit SL2 cells, the cytoplasmic
distribution of our GFP-tagged I factor Gag protein is similar to
that found by Seleme et al. (6) for a hemagglutinin (HA)-tagged
I factor Gag. Their HA-tagged Gag was produced by an I factor
undergoing a high rate of autonomous transposition in the
germ-line of females of the appropriate genotype. In their study,
antibody staining of ovaries showed a very specific pattern of
Gag localization. Localization changed as the oocyte developed,
but remained cytoplasmic throughout the process of oogenesis.
As in all cytological studies, a small amount of nuclear Gag may
have escaped detection. Nevertheless, these studies show that, in
a situation in which the element is shown to be undergoing a high
level of transposition, the bulk of the element’s Gag protein
remains in the cytoplasm.

Seleme et al. (6) also transiently transfected SL2 cells with a
construct bearing the HA-tagged I factor gag ORF expressed
from a heat shock promoter. In their experiments, as in ours, the
Gag protein remained in the cytoplasm. Thus, the localization in
the SL2 cells was cytoplasmic whether the protein was tagged
with the HA-epitope or with GFP and whether it was expressed
from the hsp70 promoter or the armadillo promoter.

Four of the five Drosophila Gag proteins in this study have
both of the motifs that characterize retroviral Gags, zinc knuck-
les and the major homology region (MHR). All five have CCHC
boxes (CX2CX4HX4C), the zinc-binding motif that has been
called a zinc knuckle (15) because it forms structures with
stubbier projections than those of the C2H2 zinc finger motif
(16). Zinc knuckles are very common in retroelement proteins.
Unlike the zinc finger motif, they are very rare in cellular

proteins (17, 18). Retroviral mutants in Gag zinc knuckles show
that these regions have roles in infection as well as their
better-known roles in virus assembly (19–21).

The MHR, a 20-aa region found N-terminal of the zinc
knuckle region, is the only region with significant homology
among different genera of retroviruses. Studies of mutations in
the sequence implicate it in many activities in viral assembly as
well as infection of new hosts (22–25). This motif also has been
found in the Saccharomyces cerevisiae retrotransposon, Ty3.
Mutation analysis of the Ty3 MHR also shows that this region
is involved in several steps of the transposition process (26).
HeT-A, TART, jockey, and Doc also have MHR-like motifs. I
factor, which belongs to a distantly related clade (8), does not
have this motif.

Both of the common retroelement motifs are found in those
parts of the Gag proteins in which there is significant similarity
between the different proteins in this study, suggesting that these
domains have functions shared by these elements and do not
contribute directly to element-specific localization.

The HeT-A and TART Localizations Are Cell Cycle-Related. Because
HeT-A and TART transpose only to chromosome ends, we would
expect their protein distribution within the nucleus to reflect the
distribution of those ends. The localization of the large Het-dots
is consistent in number and intranuclear distribution with our
expectation for telomeres. The small Het-dots (which we believe
are progressing to their final localization) and the TART dots are
too numerous to be correlated completely with chromosome
ends, if there is any correlation at all. A direct correlation with
telomere sequences is not feasible. Our efforts to surmount this
difficulty led to the recognition that the HeT-A structures were
cell cycle-associated.

Telomeres can be detected by in situ hybridization to mitotic
chromosomes from mutant stocks of Drosophila with abnormally
long telomeres but they are not detected reliably on mitotic
chromosomes from wild-type flies (27). We have been unable to
reliably detect HeT-A or TART sequences on telomeres of
mitotic chromosomes in SL2 cells. In addition, there is a
significant amount of fragments of HeT-A and TART sequence
in pericentric heterochromatin and Y chromosomes (28, 29).
Although both of these problems can be overcome when map-
ping sequences on condensed chromosomes, they make objective
analyses of the diffuse interphase chromatin impossible.

Because we could not reliably identify telomere sequences in
interphase nuclei, we looked to see whether Gag protein was
associated with chromosomes in metaphase. To avoid the pos-
sibility that drugs might disrupt an association, we searched
through preparations of the randomly cycling cells, identifying
metaphase cells by an antibody that recognizes the metaphase-
specific form of histone H3. Those analyses did not permit us to
deduce the interphase localizations of Het-dots. Instead, they
have revealed an unexpected cell cycle-related change in the
distribution of both the HeT-A and TART proteins. The struc-
tures seen in interphase nuclei are broken down and protein
spreads throughout the cell, except over the chromosomes. The
cytoplasmic clusters of the other Gags are not affected in mitotic
cells, indicating that the change of state, like the localizations,
differs for different Gags.

Is the Cytoplasm a Line of Defense Against Retrotransposons? Al-
though we expected that the telomeric transposon Gags would
differ from the nontelomeric Gags in their localization, it was
surprising to find that the nontelomeric elements show so much
cytoplasmic accumulation. These Drosophila retrotransposons
have conserved the two motifs, zinc knuckles and the MHR,
found in retroviruses and other retroelements. Studies of other
elements implicate these motifs in both nucleic acid binding and
in protein–protein associations. Biochemical studies of Gag
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proteins from two non-LTR retrotransposons, Drosophila I
Factor and human LINE-1, have shown those proteins to be
capable of nucleic acid chaperone activities such as annealing
complementary sequences and promoting strand exchange.
These activities might be required in the nucleus during target-
primed reverse transcription (30, 31). Thus, what we know about
Gag proteins suggests that the successful non-LTR retrotrans-
poson may produce a protein that is designed to efficiently escort
the RNA through the cytoplasm into the nucleus, locate the
transposition target, and then facilitate reverse transcription.
The HeT-A and TART proteins show localizations consistent
with this suggestion. In contrast, the other proteins show inef-
ficient progress to a nuclear target.

On the other hand, it has long been recognized that the
relationship between cells and their transposable elements is an
uneasy truce, with both sides engaged in an evolutionary arms
race. Impeding the activities of Gag proteins may be one of the
techniques that cells use to keep populations of transposable
elements under control. The two known exceptions to the uneasy
truce are the telomeric transposons, which are part of the cellular
machinery; thus, there is no advantage to limiting their nuclear
access. This explanation is supported by the efficient nuclear
localization seen for HeT-A and TART Gags. In contrast, the
three nontelomeric Gag proteins are all subject to some form of
harassment in their movement.

The idea that part of the cellular defense against retrotrans-
posons occurs during cytoplasmic transport could explain results
of studies of Gags from some other elements. A few retroele-
ment Gags have been seen in the nucleus as expected. Gag
protein of the fission yeast LTR retrotransposon Tf1 localizes to
the nucleus (32). When human foamy Virus infects a cell, its Gag
moves rapidly to the centriole, apparently positioning itself for
entry into the nucleus when the membrane breaks down at
metaphase (33). In contrast, studies of the LTR retrotransposon
Ty1 from yeast (34), LINE-1 from humans (31), and I factor from
Drosophila (6) all have detected Gag only in the cytoplasm. Of
course, none of these studies can eliminate the possibility that a
small amount of the protein is present in the nucleus. Because
transposition of these elements is a rare event, it is possible that

the actual entry of Gag, and any associated components of the
transposition complex, also is a rare event and therefore not
detected against the background of cytoplasmic material.

The study of marked I factor Gag (6) is especially informative
because the protein is produced by an element transposing at
high rates in the SF strain, with an estimated transposition
frequency of about 0.5 transposition events per gamete per
generation. Nevertheless, Gag protein appears to be entirely
cytoplasmic in that strain. This could indicate that the activity of
this protein takes place entirely in the cytoplasm. On the other
hand, this protein has been shown to have activities that could
be required in the nucleus for the target-primed reverse tran-
scription used for transposition (30). The amount of Gag re-
quired in any nucleus to produce 0.5 transposition events in that
cell may not be an appreciable fraction of the total protein in the
cell. The I factor study provides a second piece of suggestive
evidence that changes in cytoplasmic localization may correlate
with the success of transposition events. Expression of the
marked element in RSF females, where it transposes at lower
rates than in the SF females, showed that the protein, still
cytoplasmic, had a different pattern of localizations during
oocyte development than it had in ovaries, where transposition
was occurring frequently. It is possible that this different pattern
of localization was a reflection of one way in which transposition
is inhibited in RSF flies.

In summary, comparison of the intracellular localization of
five Drosophila retrotransposon Gag proteins suggests that,
although these proteins may share similar roles in the retro-
transposon, their interactions with components of the cell may
be different and these interactions may be one of the mecha-
nisms by which the cell influences the level of transposition of an
element.
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