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INTRODUCTION

R2 elements exclusively insert into 28S rRNA genes (Figure 1). As a result of this
specificity, R2 is one of the more tractable mobile elements to study and, thus, is now
among the best understood elements both in terms of its mechanism and its population
dynamics. The R2 element was first identified in the rDNA loci of Drosophila melanogaster
in the early 1980's (1,2), when little was known of the structure or abundance of mobile
elements in eukaryotes. In fact, the exclusive residence of the element at a specific site in the
28S gene initially suggested that it might be an intron. However, the findings that only a
fraction of the genes contained the insertion, that 28S genes containing the insertion did not
appear to be transcribed, and that many of the insertions had a sizeable deletion at the 5° end
all argued against its role as an intron. Insertions were soon identified at the same position of
the 28S rRNA gene in many other species of insects (3,4,5). The complete sequence of the
insertions in both D. melanogaster and Bombyx mori revealed a large open reading frame
(ORF) encoding a reverse transcriptase that had greatest sequence similarity to that of non-
LTR retrotransposons (6,7). R2 differed from most non-LTR retrotransposons, however, in
that it only contained a single ORF. Furthermore, rather than an encoded apurinic
endonuclease (APE) located amino-terminal to the reverse transcriptase (8), R2 encoded
carboxyl terminal to the reverse transcriptase an endonuclease with an active site more
similar to that of certain restriction enzymes (9).

The search for R2 in additional species was simple because the 28S gene sequences to either
side of the R2 insertion site have undergone almost no substitutions in the entire evolution of
eukaryotes. Thus it was straightforward to determine whether a species contained R2
insertions by direct cloning of 28S genes, PCR amplification of the insertion region, or
computer searches of whole genome shotgun sequences. Such analyses have revealed R2
elements in most lineages of insects and arthropods (10,11) and in many other taxa of
animals including nematodes, tunicates, and birds (12,13,14; unpublished data, DE Stage);
however, there have been no reports of R2 elements in plants, fungi, or protozoans. The
presence of R2 elements within a group can be spotty, for example only 4 out of 7 fish
species examined have R2. Thus the apparent absence of R2 from some animal taxa may
simply reflect the small numbers of species whose genomes have been tested. The large
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number of mammalian species examined without detecting R2 insertions does suggest with
some confidence, however, that R2 is not present in this group.

The 3’ junctions of the 28S gene with the R2 insertions in all but two species are identical
suggesting that the R2 endonuclease is highly specific and that it has rarely changed the
specificity of the initial DNA cleavage since its origin. The two exceptions are the R2
elements of hydra, named R8, which insert into a specific sequence of the 18S rRNA gene
(13), and the R2 elements of rotifer, named R9, which insert into a different site in the 28S
rRNA gene (15). The ORF of all R2 elements is also very similar in coding capacity; the
only significant difference is the number of zinc-finger motifs associated with DNA binding
at the amino-terminal end of the protein (11,13,16). As described by Fujiwara in this volume
(17), many other lineages of non-LTR retrotransposons have evolved sequence specificity
for the rRNA genes or for other repeated sequences in the genomes of eukaryotes (18-22).
Some of these site-specific elements are like R2 and encode a carboxyl-terminal restriction-
like endonuclease, while others contain an amino-terminal APE domain. Among the latter,
R1 elements insert in the 28S rRNA gene 74 bp downstream of the R2 insertion site. R1
elements were first identified along with the R2 elements of D. melanogaster (1,2) and
subsequently in most lineages of arthropods (10). The turnover and evolution of R1
elements in the rDNA loci of Drosophila species is similar in most respects to that of the R2
elements (23-25).

Reconstructing the evolutionary history of R2 elements based on the sequence of their ORF,
first in the genus Drosophila (26,27), then in all of arthropods (28), and finally in all animals
(12,13,14), has suggested the R2 elements have evolved entirely by vertical descent. The
absence of horizontal jumps between species has enabled the divergence of R2 elements to
be used as a molecular clock to time the age of its various lineages as well as a guide to
estimate the time of divergence of other retrotransposons (29). Unfortunately, because the
R2 protein sequence eventually reaches maximal divergence, this dating can only be done
with confidence for a time frame of less then 200 - 300 million years. Remarkably, multiple
lineages of R2 have propagated in some animal lineages for the entire 200-300 million year
time estimate (10,12,30,31). Why some animals are able to maintain multiple R2 lineages
and other animals only one R2 lineage is unknown.

The long history and wide distribution of R2 is remarkable for a mobile element. Its success
has been interpreted by some to indicate that R2 provides a useful function to the host. One
possibility is that the R2 endonuclease initiates the recombinations that give rise to the
concerted evolution of the locus (32). However, in instances where R2 elements are known
to be active, the DNA cleavages generated by the endonuclease appear to lead to large
deletions of the rDNA locus which are detrimental to the host (33). A second premise is that
the inactivation of rDNA units by insertions and the subsequent reduction in 28S rRNA
synthesis could influence the rate of development (34). However, the original findings
leading to this conclusion have been challenged (35). The many species containing either
multiple lineages of R2 or multiple classes of non-LTR retrotransposons inserted into the
rDNA locus (10,12,28,31) are more consistent with the propagation of selfish genetic
elements than a means used by animals to regulate gene expression. Finally, the frequently
suggested argument that mobile elements provide useful genetic diversity seems unlikely for
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R2; comparisons of species with or without R2 elements reveal no sequence differences in
28S rRNA genes near the insertion site and no detectable difference in the mechanism of
rRNA regulation. Thus R2 remains one of the best examples of an element that endures
because it simply has the ability to make copies of itself (i.e. a selfish genetic element). R2
has likely been present since the origin of the metazoan radiation, est. 500-800 million years
ago, making it one of the oldest known mobile genetic elements. Perhaps most remarkable is
that throughout this long period R2 has undergone essentially no changes in its insertion site
or in its mechanism of insertion. Clearly, R2 has found a niche in which it can hold its own
in the genomic battle between element and host.

MECHANISM OF R2 INTEGRATION

Studies of the R2 integration mechanism have been conducted with the ORF of the R2
element from Bombyx mori expressed in and purified from E. coli (36,37). The purified
protein (120 kilodaltons) was found to have all the RNA and DNA binding properties as
well as enzymatic activities needed to complete a retrotransposition reaction. The critical
first step in this reaction is the ability of the protein to nick one strand of the DNA target site
and use the 3’ end of the DNA exposed by this cleavage to prime reverse transcription of the
R2 RNA. The integration reaction was termed target DNA-primed reverse transcription, or
TPRT (37), to distinguish it from the retrotransposition mechanism that had been previously
discovered for retroviruses and LTR retrotransposons (reviewed in 38,39). The TPRT
mechanism can explain three unusual properties revealed by the initial sequencing of non-
LTR retrotransposons. First, the absence of the integrase domain usually seen in mobile
elements can be explained because the new copies of the element are synthesized onto the
target site rather than inserted into the target site. Second, the absence of the integrase also
explains why many non-LTR retrotransposons generate variable in length or no target site
duplications. Third, the uniform presence of a complete 3’ end but frequent presence of
truncations at the 5’ end of non-LTR retrotransposons can be explained by the reverse
transcriptase falling off before reaching the 5’ end of the RNA or reaching the end of a
degraded RNA. Characterizations of the initial steps in the R2 TPRT reaction were
previously summarized in Mobile DNA Il (40). Here, experiments conducted since that
publication are the primary focus.

Properties of the R2 reverse transcriptase

R2 elements from all lineages of animals encode a protein with a domain structure similar to
that shown in Figure 2. The central domain of the R2 protein corresponds to the reverse
transcriptase (RT). R2 RT has a number of properties that differentiate it from the RTs
encoded by LTR retrotransposons and retroviruses. Clearly the most distinctive property is
the ability of R2 RT to use the 3 end of DNA to prime reverse transcription (41,42). This
reaction is most efficient at the 28S gene insertion site with RNA containing the 3 UTR of
the R2 element as template. In the absence of these components and at a lower efficiency,
R2 RT can prime the reverse transcription of any RNA using the 3’ end of any other RNA or
single-stranded DNA as the primer. This priming also occurs in the absence of
complementarity between the template and primer (43)
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A second interesting property of R2-RT is its higher processivity than that of most RTs.
Processivity refers to the product length that can be catalyzed by the enzyme before it
dissociates from the template. In single cycle reactions on RNA and DNA templates, R2 RT
synthesizes cDNA that is 2 to 5 times the length of that synthesized by retroviral RTs
(44,45). This difference in processivity is likely a result of the different demands placed on
these enzymes. DNA synthesis by retroviral or LTR RTs occurs within virus-like particles
within the cytoplasm. In these particles, the RT is able to undergo rounds of dissociation
from and reassociation to the template before giving rise to full-length products (38,39). In
contrast, DNA synthesis by R2 RT occurs in the nucleus at the DNA target site. If R2 RT
dissociates from the RNA template then reassociation could be difficult, and the result is a
truncated (dead) copy. Consistent with this model, R2 RT has been shown to initiate only
poorly at the 3’ end of long DNA primers annealed to RNA templates (43). Thus there
appears to have been selective pressure on R2 and likely other non-LTR retrotransposons to
evolve RTs with high processivity.

Another unusual ability of R2 RT is that it can jump from the 5’ end of one RNA template to
the 3’ end of another RNA template. These “end-to-end template jumps” do not require
sequence identity between the templates (43,46). Instead, R2 RT adds up to five non-
templated nucleotides to the cDNA when it reaches the end of a template. Microhomologies
between these overhanging nucleotides and sequences near the 3’ end of the acceptor
template enable the polymerase to jump between templates (46). R2 end-to-end template
jumps are similar to the template jumps observed for viral RNA directed RNA polymerases
(47) as well as for the Mauriceville retroplasmid and group 11 intron RTs (48,49) but differ
from the template switching reaction associated with retroviral DNA synthesis, which does
require sequence identity between the donor and acceptor RNA templates (50).

The R2 protein has no identifiable RNase H domain (9,51) and no RNase H activity has
been detected in vitro (37,45) suggesting the template for second strand DNA synthesis in a
retrotransposition reaction is an RNA:DNA duplex. Consistent with this model R2 RT has
the ability to displace an annealed RNA or DNA strand as it uses an RNA or DNA strand as
template (43,45). Remarkably, the processivity of R2 RT is not reduced by the presence of
an annealed strand. Retroviral RTs, on the other hand, do possess RNase H activity and
show only limited ability to displace RNA annealed to DNA (52,53). Because most non-
LTR retrotransposons do not have an RNase H domain, strand displacement may be a
common property of non-LTR RTs. However, the acquisition of an RNase H domain by
some elements (51) and the finding that group Il intron RTs have a strong strand
displacement activity but depend on the host RNase H for mobility (54) leave the question
open as to the extent non-LTR retrotransposons may rely on host RNase H activity.

Recently, it was shown that R2 RT has a level of nucleotide misincorporation (mutation
rate) similar to that of HIV-1 RT (55,56). Like HIV-1 the low fidelity of R2 RT is a result of
its ability to extend a mismatch if the wrong nucleotide is incorporated into the product. For
HIV-1 the high error rate has been suggested to enable the virus to escape the immune
system of the host (57). In the case of R2 RT, the high error rate could be a consequence of
the unusual flexibility needed at the active site to enable priming in the absence of sequence
complementarity. However, because R2 retrotransposition is infrequent relative to the many
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germ line replications that occur each generation, the long-term nucleotide substitution rate
for R2 is not significantly above that associated with typical genes (55).

DNA and RNA binding domains of the R2 protein

The C-terminal end of the R2 protein contains the endonuclease domain (Figure 2). A
similar domain appears to be present in all non-LTR retrotransposons that do not encode an
APE-like endonuclease at the N-terminal end of their protein (29). The active site of the R2
endonuclease was found to be similar to that of type Ils restriction enzymes (9). The
catalytic and DNA binding domains of type Ils restriction enzymes are separate, thus, these
enzymes bind the DNA a short distance from the cleavage site. The separation of cleavage
from binding is also suggested for R2 as protein foot-print analyses indicted that most DNA
contacts by the R2 protein are located upstream and downstream of the insertion site (58,
59). The C-terminal end of the R2 protein also encodes a potential zinc-binding domain that
could play a role in DNA binding (59,60). Whether this motif is involved in nucleic acid
binding or simply involved in protein folding remains unresolved as mutations in this motif
of R2 gave rise to an unstable protein, precluding further analysis (unpublished data, SM
Christensen). A potential zinc-binding domain downstream of the RT domain is found in
many non-L TR retrotransposons. In vivo integration assays have revealed that mutations in
this putative zinc-binding domain eliminate retrotransposition activity in L1 elements of
mammals (61).

At the N-terminal end of the R2 protein (Figure 2) are classic C,-Hs zinc-finger and Myb-
like nucleic acid binding motifs (9,62). DNA-binding and DNase footprint analyses of wild
type and mutant polypeptides spanning the 140 amino acid N-terminal end revealed that the
Zn-finger motif binds the DNA target from 1 to 3 bases upstream of the cleavage site while
the Myb-motif binds DNA sequences from 10 to 15 base pair downstream of the insertion
site (62). Because the complete R2 protein also protects a region of DNA from 10-40 bp
upstream of the cleavage site, the C-terminal domain of the protein was postulated to be
responsible for this upstream binding (62). Recently, however, the N-terminal domain of the
R2 protein from the horseshoe crab was shown to bind this upstream region (16). The
horseshoe crab R2 protein differs from the B. mori R2 in having three zinc-finger domains
instead of one (figure 2). It is possible that both the N-terminal and C-terminal domains of
all R2 proteins contribute to protein binding 10-40 bp upstream of the insertion site, but the
isolated N-terminal domain of the B. mori protein binds too weakly to be detected in vitro.
Analysis of the DNA-binding motifs that are N-terminal to the RT domain in other non-LTR
retrotransposons show considerable flexibility in their binding to the target site (63).

An RNA binding domain of the R2 protein was recently identified immediately N-terminal
to the RT domain (64). This domain comprises two conserved sequence motifs that have
been termed 0 and -1 because they are encoded before motifs 1 through 7 of the RT domain
(Figure 2). Mutations within either motif affect all properties of the R2 protein that require
RNA binding. These include the ability of the protein to conduct the TPRT reaction, the
ability of the protein to bind RNA in gel mobility shift assays, and the ability of the protein
to cleave the second strand of the target site. Sequence similarity to the 0 motif can be found
in all lineages of non-LTR retrotransposons (29,65,66), suggesting a similar RNA binding
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domain. As diagramed in Figure 2, an RNA binding domain of telomerase and of the group-
Il introns is also located upstream of the RT domain (67-69). Indeed, sequence similarity
exists between the 0 motifs of R2 and group-11 introns (11,70,71). The similar location of
these RNA binding domains provides support to the model, originally based on the
sequences of the reverse transcriptase domain, for a close evolutionary relationship among
these three groups of genetic elements (70,72,73). This common origin and structural
similarity suggests that future studies of non-LTR retrotransposition mechanisms should use
telomerase and group Il introns as guides.

Nature of the RNA template: the R2 ribozyme

An understanding of the R2 integration reaction requires an understanding of the RNA
template that is used for reverse transcription. The exact 3’ end of the RNA did not appear
critical to the TPRT mechanism, as in vitro experiments showed that similar TPRT
integrated products were formed whether the RNA templates ended at the precise 3’ end of
the R2 element or contained downstream 28S sequences (41,42). On the other hand, the
exact 5’ end of the RNA did appear important, as in vivo integration results (74,75) indicated
the products differed depending on whether 28S sequences were present or absent at this end
of the transcript.

An analysis of Drosophila simulans stocks that supported frequent R2 retrotransposition
events (described in greater detail below) revealed R2 transcripts of the approximate length
of a full-length R2 element (76). Several lines of evidence suggested these transcripts were
derived by co-transcription with the 28S rRNA gene (Figure 3A). First, previous studies
could not identify a promoter at the 5’ end of full-length D. melanogaster elements using
transient transcription assays in tissue culture cells (77). Second, the level of full-length R2
transcripts usually correlated with the level of transcription of extensively 5’ truncated
elements (78). Third, in stocks with significant levels of R2 transcripts low levels of 28S/R2
co-transcripts could also be observed (76). Detailed RT-PCR analysis of these stocks
revealed that the co-transcripts were derived from inserted rDNA units containing R2 5’
junctions with small deletions. Thus not only was processing of the R2 transcript from a 28S
co-transcript suggested, but processing at the 5” end was dependent upon the sequence at the
28S/R2 5’ junction (79).

To examine processing, RNA templates comprising different lengths of the consensus D.
simulans 28S/R2 5’ junction were generated in vitro with T7 RNA polymerase (79). In
addition to the expected RNA product, these simple RNA synthesis reactions also produced
RNA fragments resulting from cleavage at the exact 5” junction of the R2 element with the
upstream 28S rRNA sequences. The autocatalysis was efficient with up to 98% of the RNA
cleaved. RNA self-cleavage required the first 184 nucleotides of the R2 element but was not
dependent upon the upstream 28S sequences. As shown in Figure 3B, the first 184
nucleotides of the R2 RNA could be folded into a secondary structure containing a double
pseudoknot and five base paired regions that was similar to the self-cleaving ribozyme
previously characterized from the hepatitis delta virus (HDV) (80,81). Remarkably, 21 of
the 27 nucleotide positions of the HDV ribozyme that had been shown to generate the active
site of the HDV ribozyme were identical to the R2 sequence (80-82). Using an entirely
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structure-based bioinformatics approach, the R2 ribozyme was independently identified by
Ruminski and co-workers (83).

An analysis of R2 from many other animals spanning its entire host range revealed that the
5’ end of all R2 elements could be folded into an HDV-like ribozyme structure (84).
Comparison of these different R2 ribozymes revealed considerable flexibility in some
aspects of the structure and in the sequence. Surprisingly, however, several distantly related
R2 lineages had sequences comprising the active site that were highly similar to those
observed for the D. simulans R2 and HDV ribozymes. Presumably the limited parameter
space afforded by using only four nucleotides to make the ribozyme has resulted in the R2
ribozyme converging upon the same sequences on multiple occasions. HDV-like ribozymes
have also been found in other non-LTR retrotransposon lineages including several that are
not site-specific (83-86).

The vast majority of the 285/R2 5’ junction RNAs that were directly tested for activity in
vitro showed detectable levels of self-cleavage. The major difference in the activity of the
R2 ribozyme from diverse animals to that observed in Drosophila was the location of RNA
self-cleavage. Unlike the D. simulans R2 ribozyme, which cleaves at the precise 28S/R2
5’junction, many R2 ribozymes cleaved in GC-rich regions of the 28S rRNA either 13 or 28
nucleotides upstream of the R2 insertion site (Figure 3B). As described below in the
discussion of the R2 integration mechanism, self-cleavage by the ribozyme in the upstream
28S sequences in some species gives rise to insertions with uniform 5’ junctions while self-
cleavage at the 5’ end of R2 in other species gives rise to variable junctions (11,84,87).

The discovery of the R2 ribozyme also helped to explain the presence of several non-
autonomous parasites of R2 in the rDNA locus of some Drosophila species (88). For
example, a short (530 bp) element propagates at the precise R2 insertion site of the 28S
rRNA genes in D. willistoni. Divergent but clearly derived from the typical R2 elements
found in this species, this short element had lost the entire ORF but had retained the 5’
ribozyme to enable processing from the 28S co-transcript and the structure of the 3° UTR to
enable binding by the R2 integration machinery. The elements were termed SIDEs for Short
Internally Deleted Elements. Surprisingly, a more often encountered type of SIDE contained
an R2 ribozyme at the 5° end and the 3" UTR from an R1 element (88). These R2/R1 hybrid
SIDEs were located in the typical R1 insertion site suggesting that while their RNA was
processed by the R2 ribozyme it was the R1 integration machinery generating the new
insertions. In many respects these SIDEs are similar to the non-autonomous SINE elements
that parasitize other non-LTR retrotransposons (LINEs) (89,90). The presence of R2s, R1s,
and their SIDEs suggest that in some species there can be intense competition between
selfish elements for the limited number of 28S rRNA insertion sites.

Current model of R2 integration

The initiation of the R2 integration reaction, i.e. using the initial nick at the target site to
prime reverse transcription, was deduced soon after the R2 protein of B. mori was purified
(37,41,42). The key to understanding the second half of the integration reaction was
revealed over 10 years later when it was discovered that in addition to binding RNA from
the 3’ end of the R2 transcript, R2 protein could also bind a segment of RNA from near the
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5’ end of the R2 element (60). This 300 nt segment of RNA starts within the 5 UTR and
ends just before the sequences encoding the N-terminal zinc-finger (Figure 2). A distinctive
structure of this RNA is a pseudoknot that is conserved across silk moths (91,92). The
segment of R2 RNA that is bound by the protein determines its function in the integration
reaction. In the presence of the 3° RNA, the R2 protein binds the 28S gene upstream of the
insertion site. In the presence of the 5° RNA the R2 protein binds the 28S gene downstream
of the insertion site.

In the complete model for R2 retrotransposition, these two protein/RNA complexes are
proposed to perform symmetric reactions as diagramed in Figure 4. The subunit bound
upstream initiates the retrotransposition reaction by both cleaving the bottom (first) strand of
the DNA target and polymerizing the first DNA strand onto the released 3’ OH. The R2
subunit bound downstream of the insertion site appears to remain inactive until after the
bound 5” RNA is removed (60). Presumably this RNA is ‘pulled’ from the subunit as the
RNA is used for first strand DNA synthesis. The downstream subunit then initiates the
second half of the reaction by cleaving the top (second) DNA strand. The protein again
utilizes the released 3’ end of the DNA as a primer and polymerizes the second DNA strand.
Second strand synthesis involves displacement of the annealed RNA strand by the R2
protein (43,45). Gel shift experiments suggest single R2 protein subunits separately bind the
3’ and 5’ ends of the RNA (59,93). However the stoichiometry of a complete integration
reaction is not known.

The initiation of second strand DNA synthesis has not yet been documented in the in vitro
retrotransposition reaction (37,45,46,59). Because this step is so inefficient in vitro, we can
not exclude the possibility that second strand synthesis is accomplished in vivo by a host
polymerase as appears to be the case for group Il intron retrohoming (54). Based on the
variation observed at the 5’ junction of endogenous R2 insertions in different species, it also
appears to be a step that has evolved. In B. mori and many other animals, the R2 5' junctions
within a species show little variation except for the occasional direct duplication of 28S gene
sequences of a characteristic length for each species (11,84). However, in species of
Drosophila and other animals, most 5° junctions contain variable deletions of the 28S target
site and variable additions of non-templated nucleotides (87,94). As described above in the
discussion of the R2 ribozyme, this difference is correlated with the location of the R2 self-
cleavage.

A model to explain the difference in the uniformity of the 5” junction in different animals is
diagramed in Figure 5. If the RNA template contains upstream 28S sequences, then the
cDNA that is generated by reverse transcription can anneal to the upper strand of the DNA
target. This annealing allows efficient and precise priming of second-strand synthesis and
uniform 5’ junctions. However, if the 5’ end of the transcript contains only R2 sequences,
then the cDNA generated by reverse transcription has no sequence identity with the upper
strand of the DNA target. Second strand DNA synthesis is then postulated to initiate at a
region of microhomology between the DNA strand upstream of the insertion site and the
extra nucleotides added to the cDNA strand as the reverse transcriptase runs off the RNA
template (46). Because these extra nucleotides are random, the microhomology used in each
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integration event can vary giving rise to the different length deletions of 28S sequences
and/or non-templated nucleotide additions observed in some species.

Consistent with this model, in all animals the junctions of 5’ truncated R2 insertions, which
are generated when the reverse transcriptase doesn't reach the 5° end of the RNA template,
are found to involve microhomologies and non-templated additions (84,87,94). Direct
support for this model has also been provided by in vivo R2 injection experiments in
Drosophila, which yielded integrations with precise 5 junctions when the injected R2 RNA
contained upstream 28S sequences and highly variable junctions when the injected R2 RNA
did not contain upstream 28S sequences (74). Similarly a tissue culture R2 integration
system based on a baculovirus vector required the R2 transcript to contain upstream 28S
sequence to give rise to precise R2 integrations into the 28S rRNA gene (75). Models for the
formation of a heteroduplex between the cDNA strand and the DNA template have also
been hypothesized during initiation of second strand synthesis for other non-LTR
retrotransposons (87,95).

EXPRESSION OF R2 ELEMENTS

R2 copies are rapidly gained and lost from rDNA loci

Theoretical studies and computer simulations have suggested that repeated crossovers over
time are responsible for the nearly identical sequence of the rRNA genes within a species,
but allow these rRNA sequences to evolve in unison over time (concerted evolution)
(reviewed in 96). These crossovers result in a wide range in the number of rDNA units per
loci for the individuals in a population. This concerted evolution of the rDNA locus would
also affect the sequence and number of R2 elements residing within the rDNA units. Thus,
while copies of mobile elements that insert throughout a genome can remain for long
periods at locations where they do no harm, all R2 elements would be predicted to be like
the rDNA units themselves and undergo turnover. Evidence for this turnover was found in
the low levels of nucleotide sequence divergence (range 0.0 - 0.6 %) between R2 copies
within a species (26,27,87).

It would appear technically difficult to monitor the turnover of R2 elements because all
elements insert into the same site within the 28S genes and all R2 copies and 28S rRNA
genes are nearly identical in sequence (87,97). Fortunately in species of Drosophila,
individual R2 insertions can be monitored because the RNA transcript does not contain
upstream 28S sequences (79), and thus as diagramed in Figure 5, have highly variable 5’
junctions. These variants include small deletions of the 28S gene and/or additional non-
templated sequences as well as R2 5’ truncations ranging from less than 100 bp to more than
3 kb.

A PCR based assay was developed to generate profiles of the distinctive “lengths”
associated with the 5° end of the R2 elements in individual flies (24). The assay utilizes a
forward primer that anneals to the 28S gene about 75 bp upstream of the R2 insertion site as
well as a series of reverse primers that anneal to R2 sequences spaced at 200 to 400 bp
intervals throughout the R2 element. The PCR amplification products are separated on 5%
acrylamide gels to monitor the R2 5’ truncations or on high resolution sequencing gels to
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obtain the single base pair resolution needed to differentiate between the full-length R2
inserts. Such assays revealed most stocks of D. melanogaster and D. simulans contained 15
to 25 different 5’ truncated R2 copies and 20 to 30 full-length R2 copies of which 10-15
copies contained junctions that differed in length (23,24,98). The “5” profiles” for flies from
different populations or even from individuals within the same population could completely
differ suggesting old copies were lost and new copies gained; that is, the R2 elements in
these species were turning over (24,98). A similar analysis of 5’ truncated elements in the
tadpole shrimp likewise revealed R2 copies were being gained and lost (99). PCR assays
were also conducted to monitor the R1 non-LTR retrotransposons that are also present in the
rDNA of the two Drosophila species. While most full-length R1 copies are of identical
length, and thus cannot be monitored, the profiles of 5’ truncated copies of R1 from
individual flies suggested a level of turnover similar to that of R2 (24).

To directly monitor the rate of turnover, the R2 and R1 elements were examined in the
Harwich mutation accumulation lines of D. melanogaster generated by Mackay and co-
workers (100). Those flies had first undergone 45 generations of inbreeding to remove any
variation before multiple sublines were started (generation 0) and maintained by mass
mating a small number of flies at each generation. At generation 350, the R2 and R1 5’
profiles were determined in 19 sublines (25,101). Over this ~17 year period, each subline
was found to have gained 0 to 2 new R2 5’ variants (mean 0.8 insertions/line) and to have
lost O to 8 of the 34 ancestral R2 variants (mean 2.9 deletions/line) indicating the R2
elements were slowly being lost from these lines. In contrast, a mean of 9.5 new insertions
and 2.1 deletions of ancestral R1 elements were detected in the sublines indicating that R1
elements were increasing in number. Equally important, the sizes of the rDNA loci in the
sublines after 350 generations varied from 140 to 310 units, indicating that many crossover
events must have occurred. However, almost all of the R2 and R1 length variants, whether
new or ancestral, were present at one copy per locus indicating that these crossovers had
seldom duplicated individual insertions (102). The variation in rDNA number among
sublines was almost exclusively associated with the number of uninserted rDNA units. Thus
copies of R1 and R2 were lost from the rDNA locus, presumably by recombination, but
copies of these insertions were seldom duplicated by recombination.

Active R2 retrotransposition and its developmental timing

The question thus became: are new R2 insertions generated at a low rate in possibly all
individuals, or can R2 elements undergo higher rates of retrotransposition in individuals of a
specific genetic composition or under certain physiological conditions? The search for flies
with R2 activity was easier to conduct in D. simulans than in D. melanogaster. Unlike D.
melanogaster where rDNA loci are on both the X and Y chromosomes, D. simulans encodes
an rDNA locus only on the X chromosome. Therefore, D. simulans males will have a single
rDNA locus that can be scanned for new insertions. A survey of laboratory stocks originally
derived from a single population in California revealed that the males in most of the D.
simulans stocks showed only minimal differences in their R2 5 profiles, consistent with
little or no retrotransposition and slow rates of deletion (98). However, the males in a few
stocks showed extensive variation among their R2 5” profiles. Indeed, in two stocks virtually
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every male had a 5’ profile that differed from every other tested male suggesting very high
rates of R2 turnover.

To directly monitor the rates of new insertions in these lines, the R2 5” profiles were
determined for the male progeny of single pair crosses (33). New R2 insertions, typically
only 1 or 2 per locus, were observed in about 10% of the sons from each cross. Two lines
examined in detail showed R2 insertion rates of 0.12 and 0.15 insertions per locus per
generation. Surprisingly, large numbers of parental R2 copies were also being deleted in
these crosses with an average loss of over four R2 copies (range 1 to 15 copies) per deletion
event. Thus the rates of R2 deletions in these R2 active lines based on the single generation
experiments (0.22 and 0.44 deletions/locus/generation) were actually higher than the rates of
new insertions. High R2 deletion rates were never seen in lines in which new insertions were
not detected suggesting that R2 activity itself was causing the deletions. Presumably, the
presence of multiple R2 endonucleases attempting to initiate integration in multiple rDNA
units results in the deletion of large segments of the rDNA locus.

To determine if the high rates of R2 activity seen in these stocks could be maintained over
multiple generations, the progeny of individual pairs were monitored after 30 generations
(33). The rates of new insertions per generation in these 30-generation experiments were
similar to those found after the one-generation experiment, however, the rates of R2
deletions determined from these long-term experiments was significantly less. In fact, the ~
0.10 deletions per locus per generation found in these long term experiments was now
similar to the rate of new insertions. Thus many of the large deletions of the rDNA locus
that were seen in the one generation experiment presumably gave rise to less viable flies
which were then lost from the small populations being maintained.

The ability to detect new R2 insertions in a single generation made it possible to ask when
and where R2 retrotranspositions occurred. The above studies detected retrotranspositions in
the female germ line since sons were compared to their mother. To look at the timing of the
retrotransposition events in the development of the germ cells over 200 male progeny from a
single female were screened for new R2 insertions (33). Thirty-one of the 32 new R2
insertions that were scored were only found in one or two males indicating that most
retrotransposition events occurred late in the development of the egg, i.e. during oogenesis
rather than during germ cell propagation. To look for activity in the male germ line, males
from each of the R2 active stocks were crossed to attached-X (XXY) females. The only
surviving male progeny from this cross inherit their Y chromosome from their mother and
their X chromosome from their father. New R2 insertions were also detected through the
male germ line but at 3-4 fold lower levels than observed through the female germ line.

Finally, R2 insertions were also assayed in somatic tissues (103). Somatic insertions were
defined as an R2 variant not inherited from either the father or mother and present in only a
subset of the tissues tested from an animal. The tissues examined were individual imaginal
discs dissected from third instar larvae as well as various adult tissues (e.g. leg, wing,
antenna, proboscis). Somatic R2 insertions were detected in about one quarter of the animals
tested from the D. simulans stocks that contained highly active R2 elements. Remarkably in
one third of these somatic events, the same new insertion was detected in more than one
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body segment. Because determination of body segments occurs at the blastoderm stage in
2-3 hour embryos, this implied that the R2 retrotransposition events were occurring in the
first two hours of embryo development. During this time, embryonic nuclei are entering the
pole plasma to become the germ line. Therefore, an R2 insertion event that occurred at this
time could give rise to germ line mosaics, which at the next generation would be scored as a
germ line event. Thus the low number of R2 retrotransposition events that were originally
scored in the male germ line as well as a fraction of the retrotranspositions scored in the
female germ line (33) may actually represent somatic events rather than true germ line
events.

Control over R2 activity is at the level of transcription

Since the first discovery of R2 insertions in D. melanogaster a question frequently asked has
been when are they transcribed (78,104,105). Even though they reside in a significant
fraction of the genes in arguably the most actively transcribed loci, the levels of R2
transcripts were found to be extremely low to nonexistent. Nuclear run-on experiments (106)
as well as the direct microscopic observation of transcribing rDNA loci (107) indicated that
the low level of detectable R2 transcripts was due to transcription repression and not the
rapid degradation of RNA transcripts. The chromatin associated with R2 insertions
contained the typical epigenetic marks linked to heterochromatin (106). These studies
revealed that most of the uninserted rDNA units also appeared to be packaged into
heterochromatin. These findings are consistent with numerous studies conducted in many
eukaryotic taxa that found only a fraction of the total number of rDNA units are actively
transcribed (108-110). The fraction of transcriptionally active rDNA units in D.
melanogaster has been estimated at only 30 — 40 units of the several hundred units typically
present in the rDNA loci (32,106,111). Thus in most flies the rDNA units containing an R2
insertion are not transcribed.

The transcriptional state of the R2-inserted units could be changed, however, by
manipulating the composition of the rDNA locus (78). R2 protein/RNA complexes of B.
mori (similar to those used in the in vitro studies of the TPRT reaction) were injected into D.
melanogaster embryos to give rise to flies with B. mori R2 insertions. Several of these flies
also contained large deletions of the rDNA loci which was presumably the result of the
injected R2 endonuclease cleaving multiple rDNA units within a locus and the subsequent
loss of large sections. In these stocks, the level of transcript from the B. mori R2 insertion
was inversely correlated with the total number of uninserted units in the locus. For example,
a stock that contained about 20 uninserted units on the X chromosome rDNA locus had a
level of B. mori R2 transcription in females that was about 100-fold higher than stocks that
had greater than 80 uninserted units (78). Interestingly, transcription of specific endogenous
D. melanogaster R2 insertions was also inversely correlated with the number of uninserted
units.

The recovery of naturally occurring stable stocks of D. simulans that exhibited frequent R2
retrotranspositions (98) provided a means to directly study control over R2 activity.
Northern blots of RNA from stocks with frequent R2 retrotranspositions (R2 active) and
stocks with infrequent/no retrotranspositions (R2 inactive) revealed a clear correlation
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between the level of full-length R2 transcripts and the level of R2 retrotransposition events
(76). Consistent with the studies of when and where R2 retrotranspositions were occurring
(33,103) R2 transcripts were detected in both males and females and in both germ line and
somatic tissues of larvae and adults. Nuclear run-on experiments again suggested that
control was at the level of transcription rather than at a post-transcription step (76).

To assess the genetic control over R2 transcription, crosses were conducted between the R2
active and R2 inactive stocks (76). In both the F1 and F2 progeny of these crosses, the
pattern of high versus low R2 transcript level suggested that control over R2 transcription
mapped to the single rDNA locus on the X chromosome and was otherwise little influenced
by the genetic background of the fly. For example, monitoring individual male progeny from
crosses between animals with R2 active loci (XR2-A) and animals with R2 inactive loci
(XR2-!) revealed that even after many generations of random mating all males with the
XR2-A Jocus had a high R2 transcript level, and all males with the XR2-! locus had low levels
of R2 transcript. Surprisingly, females that contained both an XR2-! and an XRZA Jocus
showed nucleolar dominance (112). These heterozygous females supported only low R2
transcript levels suggesting the XR2-! locus showed dominance over the XR2A Jocus.
Microscopic analysis of the secondary constrictions in these heterozygous females revealed
a transcriptionally active rDNA locus on only one X chromosome, directly demonstrating
nucleolar dominance. The dominance of an XR2-! locus over an XR2-A |ocus only occurred
when the latter had very high levels of R2 transcription. Females with two rDNA loci that
each supported more intermediate levels of R2 transcription in males typically had a
transcriptionally active rDNA locus on both X chromosomes and R2 transcript levels near
the average of the two loci (76).

While the extremely high levels of R2 transcription seen in some D. simulans stocks have to
date not been observed in D. melanogaster, crosses between D. melanogaster stocks with
moderate and extremely low levels of R2 transcription again revealed intermediate levels of
transcription in the female progeny (113). However, in D. melanogaster an rDNA locus is
also present on the Y chromosome. Surprisingly, the level of R2 transcripts detected in the
male progeny was found to be dependent upon the level of R2 transcription in the father and
independent of the level of R2 transcription in the mother. This suggested that the Y
chromosome rDNA locus showed nucleolar dominance over the X chromosome rDNA locus
(113,114). Microscopic analysis confirmed that only the rDNA locus on the Y chromosome
was transcriptionally active. While the key to R2 activity, it is interesting to note that control
over rDNA locus expression also appears to have an influence on the regulation of genes
throughout the genome. The size of the rDNA locus and thus the number of genes that must
be turned-off has been shown to affect the level of expression of many genes, in particular
those that are influenced by position-effect variegation (113,115,116).

A model for the regulation of R2 activity

Little is known about the factors affecting the long-term stability of a retrotransposable

element. Do the defensive mechanisms used by the host to control the element occasionally
breakdown, thus, the element experiences windows of opportunity to replenish its number?
Or, are the host's defensive mechanisms not completely effective, thus, there are continuous
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but low levels of element activity? In the case of R2, the former appears more likely as most
laboratory stocks exhibited no R2 activity, while a few stocks demonstrated high levels of
R2 activity over many generations. Because higher numbers of R2 elements were found
associated with the rDNA loci of these active stocks and because host control over R2
activity mapped to the rDNA locus itself, one plausible model was that the many R2
elements were simply overwhelming the cellular defensive machinery (76,98). However the
alternative model in which the activation of R2 elements gave rise to the higher numbers of
copies was also a viable possibility. To directly address this issue, it was necessary to obtain
a snapshot of the dynamic nature of the rDNA locus in natural populations.

To this end, ~100 D. simulans lines were generated that contained individual rDNA loci
(iso-rDNA lines) from each of two populations (Atlanta, San Diego) (117). For each
population, about one half of the iso-rDNA lines were found to have no detectable level of
R2 transcription. The remaining lines had levels of R2 transcription that varied over a factor
of 100. Indeed, each population gave rise to one or two lines with levels of R2 transcripts
that equaled or even exceeded that seen in our most active laboratory stocks. A subset of the
lines encompassing the full range of R2 transcript levels were tested for their ability to
generate new R2 insertions. As found in the laboratory stocks, the R2 transcript level
correlated with the frequency of new retrotranspositions events, again suggesting that
regulation was at the level of transcription.

To determine the differences among these lines that could be responsible for R2 activity,
100 lines were selected for a more detailed analysis of the physical properties of their DNA
loci (118). The mean number of R2 elements in the lines was 50 (range 25 to 80), and the
mean locus size was 250 units (range 150 to 400). A small but significant trend towards
higher R2 transcription was associated with higher numbers of R2 copies and with a smaller
rDNA locus size (i.e. fewer rDNA units), however, there was a wide range of R2 transcript
levels associated with all values of locus size and R2 copy number. Thus, a simple model in
which R2 number or the fraction of inserted rDNA units in the locus would determine
whether a stock contained active R2 elements did not appear valid.

The property of the rDNA loci that could be directly linked to R2 activity was revealed by
genomic blots which monitored the distribution of R2 elements in the rDNA locus. A Notl
restriction enzyme site is located in the R2 element but not in either the rDNA unit or its
spacer region. Therefore, a pulsed-field gel of Notl-digested genomic DNA probed with 18S
sequences reveals the spacing between R2-inserted rDNA units in the locus, with the largest
Notl fragment representing the most extensive region of the rDNA locus that is free of R2
insertions. Those lines without detectable R2 transcription, both iso-rDNA lines from natural
populations as well as laboratory stocks, had a region greater than 40-units (>400 kb) of the
their rDNA loci free of R2 insertions. For those stocks with measurable levels of R2
transcription, the largest R2-free region was less (frequently much less) than 40 units in size
(76,117). Thus the critical property predicting R2 activity was whether the R2-inserted
rDNA units were distributed uniformly throughout the rDNA locus or were clustered, the
latter producing at least one large region free of R2 insertions.
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These findings gave rise to the “transcription domain” model as shown in Figure 6A.
Fundamental to this model were the previous findings that only 30 to 40 rDNA units within
the rDNA loci of Drosophila are transcribed (106,111) and the electron microscopic
observations that actively transcribed rDNA units are contiguous (107,111). The
transcription domain model suggests that the host activates for transcription a block of ~40
rDNA units that contains the fewest R2 insertions. The remaining rDNA units are packaged
into transcriptionally inactive heterochromatin. If the area activated for transcription is
entirely free of R2 insertions, then R2 transcripts are not produced. If a large region without
R2 insertions is unavailable in the locus, the cell is required to include R2-inserted units in
the transcription domain. Loci with transcribed R2-inserted units give rise to the generation
of new R2 copies by retrotransposition. How the host is able to differentiate inserted and
uninserted units is not known. However, small RNA silencing pathways (119,120) which
induce heterochromatin formation of the R2-inserted units, potentially spreading into
flanking units, would seem a likely mechanism. The finding that an X?2! locus can be
dominant over an XR2-A Jocus suggests that in extreme instances heterochromatin formation
can spread through the whole ribosomal array.

Interestingly, variation in the ability of an organism to transcribe a region of the rDNA locus
free of R2 insertions can explain why species have very different percentages of their DNA
units inserted with R2 (10,27,31,121,122). If an organism is less capable at differentiating
between inserted and uninserted rDNA units, than all R2 inserts are potentially harmful and
will be selected against. This selection against all copies means that the level of R2 elements
in the locus will remain low. However, if the organism is adept at differentiating between
inserted and uninserted units, than larger numbers of R2 elements can accumulate in the
locus with minimal effects on the host.

Simulating rDNA loci and a stable population of R2 elements

Many studies have suggested that the driving force in the concerted evolution of the rRNA
genes are random crossovers between rDNA loci (123-125). The presence of R2 elements,
each inactivating a rDNA unit, were incorporated into computer simulations (126). By
varying the crossover rate, the rate of R2 retrotransposition, and the number of uninserted
units needed for full viability of the host, it was possible to simulate stable populations that
contained from low to high mean levels of R2 elements. In all simulations, with or without
the R2 element, the mean number of functional rDNA units per locus for the population far
exceeded the minimum number required for full viability. The presence of R2-inserted units
simply added to the total number of rDNA units present in each locus. The large excess in
the number of uninserted rDNA units observed in organisms (106,108-110) was explained
by the wide range in rDNA locus size that is generated by the crossovers. In any population,
these crossovers generate a small number of individuals (the extreme low end of the range)
that have insufficient numbers of rDNA units for peak fitness and are therefore lost from the
population. The loss of those individuals with the smallest loci results in a continual increase
in the mean number of rDNA units per locus over generations. This gradual increase in
mean locus size was previously noted by Lyckegaard and Clark (125). To avoid this
increase, all simulations of the rDNA locus assume either selection against very large locus
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size or a low rate of chromosomal loop-deletion (i.e. recombination between rDNA units on
the same chromosome).

More sophisticated simulations were next attempted that could reproduce the structure of the
rDNA loci and the dynamics of the R2 elements observed for the natural populations of D.
simulans (118). The characterized properties of the rDNA loci that had to be reproduced
included: a) the frequency range of R2 elements in the loci (118), b) the frequency range of
all rDNA units (118), ¢) the infrequent duplication of individual copies of R2 by crossover
events (102,117), d) the more rapid change in the number of uninserted units in a locus than
the number of inserted units (102), e) the finding that about 45% of the individuals in a
population have some level of R2 transcription (117), f) the linkage of R2 activity to the
distribution of the R2 inserted units in the rDNA locus (i.e. the transcription domain model)
(76,117), and g) the size of the transcription domain at about 40 units (76,111,117).
Simulated populations that duplicated the natural populations could be generated and most
importantly required R2 retrotransposition rates only slightly higher than that which had
been estimated from direct observations (33,117).

The simulations suggested two other properties of the system. First, the only means found to
minimize the number of duplicated R2 copies in the simulations was to localize the
crossover events to the transcription domain. Clustering crossovers within the transcription
domain is consistent with studies that suggested transcription increased crossover rates while
heterochromatin typically inhibited recombination (127,128) and with predictions that
regions free of insertions would allow multiple contiguous rDNA units to align and thus
more likely to be involved in chromosome pairing. Second, in order to match the natural
populations the simulations suggested that selection against individuals with active R2
elements had to be quite low (118). Even a 1% reduction in fitness for individuals that were
transcribing a single R2-inserted unit was sufficient to rapidly drive R2 elements out of the
simulated populations. Such a low affect on fitness would suggest that those individuals in
natural populations forced to transcribe R2-inserted units could readjust the size of the
transcription domain and compensate for any potential imbalance in 28S, 18S and 5.8S
rRNA levels.

As shown in Figure 6B, the key to the long-term survival of R2 in the rDNA loci of many
organisms is the ability of fully functional R2 copies to reside in rDNA units outside the
transcription domain for many generations with essentially no effect on the host. Invariably,
however, crossovers within the transcription domain increase and decrease the area free of
R2 insertions and generate rDNA loci in which the organism is forced to place R2-inserted
units within the transcription domain. The resultant production of R2 transcripts and
subsequent R2 retrotransposition events can then repopulate the locus. Thus it is the
stochastic nature of crossover within the rDNA locus that enables R2 elements to survive in
many lineages.

Ultimately, it has been the exclusive niche of R2 elements for 28S rRNA genes that has
made possible the wide range of studies described here. These long-term hitchhikers of
eukaryotic genomes have provided valuable insights into the origin of non-LTR

retrotransposons, their mechanism of integration, and their mechanism of expression. In
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studying R2 activity and control over that activity, R2 elements have also served as a useful
tool to better understand both the evolution and transcriptional control of the rDNA locus

its

elf.
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Figure 1.
R2 elements insert within the 28S rRNA genes. The nucleolus, the site of rRNA

transcription and processing, is organized around the hundreds of tandem units (rDNA units)
that comprise the rDNA locus. Each rDNA unit is composed of a single transcription unit
containing the 18S, 5.8S, and 28S genes (black boxes) and external and internal transcribed
spacers (white boxes). The transcription units are separated by intergenic spacers (thin
lines). A subset of the 28S genes in many animals contain R2 insertions near the middle of
the gene (red box). R2 elements encode a single open reading frame (ORF).
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Figure2.
Domain structure of the R2 protein and its similarity to other elements. At the bottom is the

R2 element from B. mori with the 5” and 3’ untranslated regions indicated by dotted lines.
The central region of the encoded protein contains the reverse transcriptase domain. The
various conserved motifs within the fingers and palm regions (motifs 1 —7) and the predicted
thumb are indicated. An RNA binding domain is immediately N-terminal to the reverse
transcriptase and conserved motifs within this domain are labeled 0 and —1. The N-terminal
region of the protein contains zinc finger (Zn) and c-myb (Myb) maotifs, while the C-
terminal region encodes a putative zinc-binding domain and the R2 endonuclease. Shown
below the R2 diagram are the 5 and 3’ regions of the R2 RNA that are bound by the R2
protein during a retrotransposition reaction (see Figure 4). The major difference among R2
elements from different species is the presence of one, two, or three zinc finger domains at
the N-terminal end. The R2 element from horseshoe crab is an example of the latter.
Comparison of the R2 protein with the pol gene of LTR retrotransposons (and retroviruses)
reveals little in common except for 7 out of the 9 motifs in the reverse transcriptase domain.
Most LTR retrotransposon pol genes also encode an RNase H and integrase not found in R2.
The R2 protein has greater similarity to the proteins encoded by group Il introns and
telomerases. These three groups share all nine motifs of the reverse transcriptase. In the case
of telomerase, these motifs are frequently termed 1, 2, 3, A, IFD, B, C, D, and E (from left
to right) (69). Group Il introns, telomerases, and R2 also share an RNA binding domain
upstream of the reverse transcriptase (purple segment). Group Il introns and R2 both encode
an endonuclease domain at the 3’ end, while R2 and some telomerases have DNA binding
domains (TEN) at the N-terminal end.
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Figure 3.
The R2 ribozyme. (A) An rDNA transcription unit is diagramed with 18S, 5.8S, and 28.S

genes (gray boxes), transcribed spacers (white boxes), and R2 insertion (black box). All
three rRNAs are normally processed from the single primary transcript. When a unit
contains an R2 insertion, a self-cleaving ribozyme encoded at the 5’ end of the element
releases the 5’ end of the R2 transcript from the upstream 28S rRNA sequence. It is not
known if transcription ends at the 3’ end of the R2 element, or if this end is processed from
downstream 28S gene sequences. (B) On the left is the D. simulans R2 ribozyme folded in a
structure similar to that of the hepatitis delta virus (HDV) ribozyme (80,81). The various
components of the ribozyme are labeled as in the HDV ribozyme: P, base-paired region; L,
loop; J, nucleatides joining paired regions. 28S gene sequences are shaded with gray. On the
right is the R2 ribozyme from Forficula auricularia (earwig). Self-cleavage (arrow) occurs
at the precise junction of the R2 element with the 28S gene in the case of the D. simulans
element and upstream of the junction in the 28S gene sequences in the case of the R2
element from F. auricularia.
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Figure4.
The R2 retrotransposition model. An R2 integration reaction is proposed to involve

symmetric cleavage/DNA synthesis steps by R2 proteins bound upstream and downstream
of the insertion site. From top to bottom, protein bound upstream of the insertion site is
associated with the 3’ end of the R2 transcript. This protein both cleaves the bottom stand of
DNA and catalyzes the reverse transcription of the R2 RNA using the cleaved DNA target
as primer, target primed reverse transcription (TPRT). R2 protein bound downstream of the
insertion site is associated with the 5’ end of the R2 transcript. When the reverse
transcription reaction catalyzed by the upstream protein dislodges the 5 RNA, the
downstream protein cleaves the top DNA strand and again uses the cleaved DNA to prime
second strand DNA synthesis. Second strand synthesis requires the polymerase to displace
the R2 RNA. Because in the absence of bound RNA the downstream protein does not bind
tightly to the DNA target, it is shown dissociated from the target site during polymerization.
The integration reaction is completed by the host repair machinery which fills in the single
stranded gaps at the target site. Blue oval, protein subunit (dark, active; light, inactive);
wavy black line, R2 RNA,; dashed red lines, synthesized DNA,; solid black lines; target
DNA.
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Figureb.
Variation in the priming of second-strand DNA synthesis. R2 elements differ in whether the

5’ end of the RNA template used in the integration reaction ends at the boundary between
R2 and the 28S gene or extends a short distance upstream in the 28S rRNA sequence. This
difference is dependent upon the location of the self-cleavage site by the R2 ribozyme (see
text). Left panel. If self-cleavage by the R2 ribozyme is upstream in the 28S gene sequences,
the resulting cDNA strand can form a heteroduplex with the upstream target DNA. This
heteroduplex can stabilize the integration intermediate resulting in precise initiation of
second strand synthesis (arrow) and uniform 5’ ends for different R2 copies. Right panel. If
self-cleavage is at the 28S/R2 junction, there are no 28S sequences on the DNA strand
(cDNA) generated by reverse transcription. As a consequence, the R2 protein must use
regions of microhomology to initiate second strand synthesis (arrow). Priming frequently
involves the 3-5 non-templated nucleotides added to the cDNA strand as the enzyme ran off
the RNA template (lower case n's). This use of chance microhomologies to prime second
strand DNA synthesis gives rise to sequence variation at the 5” junctions of different
integrated copies of R2. Wavy black line, RNA with 5’ end denoted; red dashed line, first
strand DNA composed of R2 sequences; gray box, first strand DNA sequences
complementary to upstream DNA target sequences.
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Figure®6.
The transcription domain model of the rDNA locus and the long-term stability of R2

elements. (A) Uninserted (black boxes) and R2-inserted (black boxes with red insert) rDNA
units are interspersed throughout the tandem array of rRNA genes. In Drosophila, a
contiguous region of the rDNA locus with the lowest level of R2 insertions is selected for
transcription. For simplicity this region is drawn as only seven units, but in D. simulansiit is
believed to be about 40 units. The remainder of the locus is packaged into heterochromatin
(the compacted DNA plus protein flanking the active region). If the region selected as the
transcription domain is free of R2-inserted units, then there is no R2 transcription and no R2
retrotransposition. (B) The driving force in the concerted evolution of the rDNA locus is
crossovers between chromosomes. Most of these crossovers occur within the transcription
domain (see text). The diagramed crossover produces one chromosome with an expanded
R2 free region. Because the same number of rDNA units is still activated for transcription,
some of the units that were transcribed before the crossover are packaged into
heterochromatin after the crossover. Asterisks marking the original boundary of the
transcription domain show this shift. The other chromosome product of the recombination
contains an rDNA locus with a smaller R2-free region. In this case, rDNA units originally
flanking the transcription domain are now activated for transcription. These flanking units
contain R2 inserted units and thus copies of the R2 element are transcribed and
retrotranspositions result.
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