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Abstract

A number of abundant mobile genetic elements called retrotransposons reverse transcribe RNA to generate DNA for insertion into eukaryotic
genomes. Four major classes of retrotransposons are described here. First, the long-terminal-repeat (LTR) retrotransposons have similar structures
and mechanisms to those of the vertebrate retroviruses. Genes that may enable these retrotransposons to leave a cell have been acquired by these
elements in a number of animal and plant lineages. Second, the tyrosine recombinase retrotransposons are similar to the LTR retrotransposons except
that they have substituted a recombinase for the integrase and recombine into the host chromosomes. Third, the non-LTR retrotransposons use a
cleaved chromosomal target site generated by an encoded endonuclease to prime reverse transcription. Finally, the Penelope-like retrotransposons
are not well understood but appear to also use cleaved DNA or the ends of chromosomes as primer for reverse transcription. Described in the second
part of this review are the enzymatic properties of the reverse transcriptases (RTs) encoded by retrotransposons. The RT's of the LTR retrotransposons
are highly divergent in sequence but have similar enzymatic activities to those of retroviruses. The RTs of the non-LTR retrotransposons have

several unique properties reflecting their adaptation to a different mechanism of retrotransposition.
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1. Introduction

Vertebrate retroviruses represent but one lineage of an ever-
growing family of mobile genetic elements that utilize reverse
transcriptase to generate a DNA copy from their RNA transcript.
While a few of these other lineages, such as hepadnaviruses
and caulimoviruses, are true viruses the largest number of
lineages are classified as retrotransposable elements, or retro-
transposons. The first retrotransposons to be identified were
discovered because they caused mutations in two favorite
model organisms: yeast, Saccharomyces cerevisiae, and the
fruitfly, Drosophila melanogaster. The sequences of these ele-
ments revealed long-terminal repeats (LTRs) and open reading
frames that encoded reverse transcriptase, RNase H, integrase,
proteinase and gag-like proteins in an organization that was sug-
gestive of retroviruses (Clare and Farabaugh, 1985; Mount and
Rubin, 1985). Elegant experiments demonstrated that the yeast
element made new copies by reverse transcription of their RNA
transcripts (Boeke et al., 1985). These retrotransposons, how-
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ever, did not encode a protein similar to retroviral envelope (env)
genes and did not spread between individuals in a population.
The retrotransposons were viewed as possible progenitors of the
retroviruses, or alternatively as descendants of the retroviruses
by loss of their envelope gene. Today the number of character-
ized retrotransposons has expanded dramatically and many new
examples of elements with different putative env genes have
been found. The wide diversity of retrotransposons compared
to the limited diversity of vertebrate retroviruses suggests the
ancestral forms were retrotransposons.

Without an env-like gene retrotransposons are unable to leave
the environment of one cell for another cell, thus they must
insert into the chromosomes of the germ cells to insure passage
to the next generation. The inability to leave an organism also
means that retrotransposons must be more circumspect than a
virus in how often they replicate due to the potential damage
caused by their insertion into the host genome. Any insertion
that significantly reduces the fitness of the host will be lost from
the population. Given this constraint, it is remarkable that large
numbers of retrotransposon families using a variety of mecha-
nisms to reverse transcribe and insert their genetic information
into a genome have become highly successful in every lineage
of eukaryotic organisms.
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Even more remarkable than their diversity is the abundance
of retrotransposons in most organisms. Indeed, the reason why
many eukaryotic genomes are so enormous in size is because of
the accumulation of retrotransposable elements. For example,
retrotransposons constitute 42% of the human genome (Lander
et al., 2001) and 75% of the maize genome (SanMiguel et
al., 1998). Even these percentages are underestimates because
the scrambling of DNA sequences by mutation, recombination
and continued retrotransposon insertions make the oldest inser-
tions impossible to recognize. Only those organisms that need
to replicate their DNA quickly, or have found recombinational
mechanisms to remove insertions, appear to be able to prevent
the accumulation of elements over time (Charlesworth et al.,
1994).

In the following sections we describe the major classes of
retrotransposons that are known today emphasizing their struc-
ture, their phylogenetic relationship to each other and their
mechanism of retrotransposition. Finally, for those retrotrans-
posons where the reverse transcriptase have been studied, we
compare the properties of their reverse transcriptases (RTs) with
that of retroviral RTs.

2. The use of RT sequences to evaluate the relationship
of retrotransposons

Determining the relationships between the different classes
of retrotransposons has been challenging. Grouping elements
by their common structural features and mechanism of insertion
works well for those groups that have uniform structures and
well-defined mechanisms of integration. However, as will be
described below there are few shared features for some groups
of retrotransposons and our knowledge of their mechanism of
integration is limited. A second approach classifies elements
based on the level of sequence identity of genes common to
all elements. Eukaryotic retrotransposons have such different
coding capacities that the only protein sequence shared by all
classes of elements is the RT domain (Fig. 1). For 20 years
various attempts have been made to use these RT sequences
to determine the phylogenetic relationship of retrotransposons
(Xiong and Eickbush, 1988; Doolittle et al., 1989). Only the
seven regions that define the catalytic regions of the enzyme have
evolved slowly enough to enable the alignment of sequences in
all retrotransposons (Poch et al., 1989; Xiong and Eickbush,
1990; Kohlstaedt et al., 1992). Using sequence similarity within
these regions has served as a simple reliable approach to separate
known elements into major groups as well classify even partially
characterized elements.

When using sequence similarity to determine the phylogeny
of retrotransposons one can make the assumption that the most
divergent sequences represent the most ancient lineages. How-
ever, it has been estimated that after a few hundred million years
even the seven highly conserved segments of the RT domain
are as divergent as the selective constraints to retain function on
the encoded protein will allow (Malik et al., 1999). Therefore,
the sequence divergence between the major groups of retro-
transposons represent equilibrium levels based on the selective
constraints on the RT protein, rather than the divergence time

between groups. As a consequence, it should be emphasized that
the relative ages of the different retrotransposon groups are the
leastreliable property estimated by this approach. Unfortunately,
there is no other means to estimate their ages.

The phylogenetic relationships of the different groups of
retrotransposons based on their RT sequences are summarized
in Fig. 1. This figure does not represent a specific phylogenetic
analysis but is intended to represent the relationships between
elements that has the greatest level of support from the various
attempts that have been made. For more detailed comparisons
the reader can turn to a number of studies (Eickbush and Malik,
2002; Arkhipova et al., 2003; Goodwin and Poulter, 2004;
Lorenzi et al., 2006). Various attempts have also been made
to extend the phylogeny of retrotransposons to include bacterial
and mitochondrial genetic elements that encode RT sequences
(e.g. Group Il introns, retrons) as well as eukaryotic telomerases,
which like RTs catalyze the formation of DNA from RNA tem-
plate. The phylogenies obtained depend upon the extent of the
RT sequences and the algorithms used, and there is at present
no commonly held view. While it is fascinating to consider the
possible origins of retrotransposons from other cellular com-
ponents, that is not the subject of this chapter, and interested
readers are referred to other discussions of this topic (Eickbush,
1997; Nakamura and Cech, 1998; Eickbush and Malik, 2002;
Arkhipova et al., 2003; Gladyshev and Arkhipova, 2007).

A consensus structure for each group of retrotransposon is
also shown in Fig. 1. Within most groups there can be significant
variation involving the loss of coding domains, the rearrange-
ment of coding domains, and the structure of terminal repeats.
Some of this variation may be artifactual resulting from the
recovery of elements from genomic sequencing initiatives. Fre-
quently the structure of the complete (functional) element has
not been confirmed and only a consensus structure can be pro-
posed based on the available sequences. The summary structures
shown in Fig. 1 and the discussions in this report are attempts
to emphasize only those characteristic that are shared by mul-
tiple elements that have directly been shown to be active (in
vivo retrotransposition assays), or are inferred to be recently
active (insertions whose locations differ between individuals of
a population). When significant differences in structure occur in
elements from the same group, two examples are presented to
show the range of variation within the group.

3. The major families of retrotransposons
3.1. LTR retrotransposons

Based on the phylogeny of their RT domains (Fig. 1) the
LTR retrotransposons can be divided into major lineages that
are historically referred to as the Ty 1/copia group, the Bel group
and the Ty3/gypsy group. Tyl and Ty3 are well-characterized
elements from S. cerevisiae, while Copia, Bel and Gypsy are
elements from D. melanogaster. These lineages have recently
been classified by the International Committee on the Taxonomy
of Viruses into two major groups: the Pseudoviridae with three
genera, the Pseudoviruses, the Hemiviruses and the Sireviruses
(Boeke et al., 2005), and the Metaviridae also with three gen-
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Fig. 1. Structure and phylogenetic relationship of the various groups of retrotransposons. Left side: phylogenetic relationship of the retrotransposons based on the
sequence of their reverse transcriptase domains. The figure is not intended to represent a specific phylogenetic analysis, rather it represents a summary of the generally
accepted relationships based on a number of different studies (Eickbush, 1994; Arkhipova et al., 2003; Goodwin and Poulter, 2004) and rooted on the sequences of
telomerase and bacterial reverse transcriptases. All elements within a specific lineage are represented by a box labeled with the commonly used name to describe
the elements. Above the three lineages of LTR-retrotransposons are names suggested by the International Committee on the Taxonomy of Viruses to indicate some
members of the lineage may be viruses (Boeke et al., 2005; Eickbush et al., 2005). Right side: common structures for the elements in each group. If significant
structural variation occurs within a group, then two structures are diagrammed to represent the types of variation most commonly seen. The open reading frames
(ORFs) of each element are shown as horizontal boxes. Multiple ORFs in the same element may be in different reading frames or separated by termination codons.
ORFs with similarity to the gag, pol and env genes of vertebrate retroviruses are labeled as such. Abbreviations for protein encoding domains: RT: reverse transcriptase
DNA polymerase domain; RH: reverse transcriptase RNase H domain; PR: proteinase; IN: integrase; T: tether; APE: apurinic endonuclease; EN: endonuclease;
Uri, domain similar to the endonuclease of some mobile group I introns; YR, domain with similarity to tyrosine recombinanses. Shaded arrowheads in boxes, long
terminal repeats (LTRs) or internal complimentary repeats (ICR) with sequence identity to the LTRs; thin lines, non-translated regions of the elements; AAA, poly(A)
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era, the Metaviruses, the Errantiviruses and the Semotiviruses
(Eickbush et al., 2005). These new classifications are still not in
common use today, thus for simplicity the original names will
be used throughout this report. The Tyl/copia and Ty3/gypsy
groups of elements have extremely broad distributions in ani-
mals, plants and fungi, while the Bel class of elements have
to date only been reported in animals. The abundance of these
elements is usually low in fungi, highly variable in animals, and
high in plants. For example the 75% increase in size of the maize
genome in the last 5 million years is a result of the proliferation
of 11 families of these elements (SanMiguel et al., 1998). On
the other hand, LTR retrotransposons represent less than 8% of
the human genome, and no elements appear to have been active
in this lineage for the past 50 million years (Lander et al., 2001).

3.1.1. Structure and mechanism of retrotransposition

The consensus structures of the elements from each group of
LTR retrotransposons are similar to that of retroviruses except
for the absence of the env gene in most elements (Fig. 1). All
LTR retrotransposons contain apparent gag and pol genes that
overlap in different reading frames, or be separated by one
or more termination codons. There are numerous examples in
all lineages however where the gag and pol genes have fused
into a single ORF. The gag gene is the most variable but typi-

cally encodes major structural and nucleic acid binding domains
which may be involved in reverse transcription. The pol gene
encodes the various enzymatic domains: the proteinase (PR),
RT DNA polymerase domain, RT RNase H domain, and inte-
grase (IN). Functional equivalence of these domains to that of
the retroviruses has in most cases only been directly shown with
the yeast elements where overexpression and sensitive in vivo
retrotransposition assays have been developed to monitor the
mutagenesis of donor elements (Boeke, 1989; Sandmeyer et
al., 1990; Boeke and Stoye, 1997). The conservation of critical
residues in each of these protein domains by the retrotransposons
identified in higher animals and plants suggest similar equiva-
lency for all elements. Thus with few exceptions the mechanism
of retrotransposition for the LTR retrotransposons is believed to
be similar to that of retroviruses.

There are two ways in which the arrangement of protein
domains within the pol genes of the LTR retrotransposons has
shifted relative to the retroviruses. In the Tyl/copia classes the
IN domain is located amino-terminal to the RT DNA polymerase
and RNase H domains, while in the Bel and Ty3/gypsy classes
the IN domain is in most cases located as in retroviruses at the
carboxyl-terminal end of the pol gene. The exception is the Gmr1
elements which based on its RT DNA polymerase sequence is
clearly a member of the Ty3/gypsy group but its IN domain is
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located amino terminal of the RT domain (Goodwin and Poulter,
2002). Based on their RT divergence the Ty1-copia group is the
oldest lineage, thus the arrangement with the IN domain at the
N-terminal end of the pol gene appears to be ancestral. Sequence
similarity of the IN domain is too low to determine if the reloca-
tion of the IN domain downstream of the RT domains represents
arearrangement in the order of the pol domains or the addition of
a new integrase domain and the loss of the ancestral IN domain
(Capy et al., 1998). The other change in the organization of the
pol domain involves the RT RNase H domain. In retroviruses
the RT DNA polymerase and RNase H domains are separated
by a tether (or connection) domain. This tether domain has a
three-dimensional structure similar to that of an RT RNase H
domain even though it no longer shows significant sequence
similarity. Phylogenetic analysis of these retroviral RNase H
domains with those of the LTR retrotransposons revealed that
the retroviral RNase H sequences are highly divergent from those
of all groups of LTR retrotransposons (Malik and Eickbush,
2001). This suggests that the retroviruses have acquired a new
RNase H domain downstream of the ancestral domain with the
ancestral domain degenerating to become the tether. It has been
suggested that the maintenance of the tether domain in retro-
viruses helps to control the activity of the new RNase H domain
(Malik, 2005).

The long-terminal repeats (LTR) of the retrotransposon are
functionally similar to those of retroviruses and are involved in
the intricate template jumps of the RT from one end of the tran-
script to the other (Boeke, 1989). Each LTR has a central R region
found repeated at both ends of the RNA transcripts, a upstream
U3 region found only at the 3’ terminus of the transcript, and a
U5 region found only at the 5" end of the transcript. For most
LTR retrotransposons first strand DNA synthesis is primed by
the annealing of the 3" end of a tRNA to a primer binding site
near the left LTR, while second strand DNA synthesis is primed
from a polypurine tract near the right LTR.

The only known exception to RT priming by tRNA is found
in a subgroup of elements within the Ty3/gyspy group. A novel
mechanism to prime RT has been identified for Tf1 of Schizosac-
charomyces pombe (Levin, 1995, 1996; Lin and Levin, 1997).
In Tf1 elements, the first 11 bases of the primary RNA transcript
anneal to a sequence downstream of the left LTR at the typical
tRNA primer binding site. Cleavage of the looped RNA by the
RNase H domain of the Tf1 protein occurs after base 11 enabling
the first 11 bases to serve as the primer. Several LTR retrotrans-
posons in fungi and plants that are most related to Tf1 based on
their RT sequences also retain this internal complementarity to
their 5 RNA ends suggesting this RT priming mechanism has a
long history (Levin, 1997).

3.1.2. Acquisition of env genes

The phylogenetic location of the vertebrate retroviruses well
within the various lineages of LTR retrotransposons as shown in
Fig. 1 strongly suggests that vertebrate retroviruses evolved from
the LTR retrotransposons by the acquisition of an env domain. It
is becoming increasingly apparent that each of the major lineages
of LTR retrotransposons have undergone additional instances in
which an env-like gene was acquired downstream of their pol

genes. These events occurred in various groups of animals and
plants, and in several cases the acquisition was recent enough
that the possible origin of the gene can be identified.

The best-studied example of an env-like gene acquisition is in
the gypsy element from D. melanogaster. Gypsy has been shown
to be able to infect oocytes and evidence is consistent with the
env-like gene being responsible for this infection ability (Kim
et al., 1994; Song et al., 1994). Multiple other gypsy-like ele-
ments (e.g. TED, Zam) have been detected in other Drosophila
species as well as in other insects. Consistent with their ability to
function as viruses, Gypsy-like elements in diverse species are
nearly identical in sequence suggesting that transfer (infection)
between species has occurred frequently (Heredia et al., 2004).
Comparison of the env-like ORF of these gypsy-like elements
revealed sequence similarity to a gene encoded by a number of
baculoviruses (Malik et al., 2000). This baculoviral gene has
been shown to be responsible for the infectious ability of the
virus (Kuzio et al., 1999). The N-terminal signal peptide and
a C-terminal transmembrane domain of the baculoviral protein
are strictly maintained in the gypsy-like elements. Because bac-
uloviruses are double-stranded DNA viruses that infect insects,
the transfer of one of its genes to an LTR retrotransposon repre-
sents the most likely origin of the gypsy viruses.

The origin of two env-like ORFs can be traced in nematodes
for elements in the Bel group (the Semotiviruses). Sequence
similarity was found between the env-like genes of certain
Caenorhabditis elegans elements (Bowen and McDonald, 1999)
and the G2 glycoproteins from Phleoboviruses (Bateman et al.,
1999; Malik et al., 2000). The similarity extended throughout the
length of the protein, and included proteolytic cleavage sites and
a transmembrane domain at the C-terminal end. In the second
nematode case, the env-like gene of the TAS element of Ascaris
lumbricoides (Felder et al., 1994) was shown to have sequence
similarity to the gB glycoproteins of herpesviruses (Malik et al.,
2000). The gB protein is an envelope protein suggested to be
involved in the attachment and fusion of the virus with the cell
membrane (Britt and Mach, 1996).

The most likely example of a Ty 1/copia class element acquir-
ing a env-like gene is the SIRE1 element originally identified in
the soybean, Glycine max (Laten et al., 1998). Elements related
to SIRE1 (the Sireviruses) have been identified in a wide range
of plant species, including rice, maize, tomato, lotus and Ara-
bidopsis (Havecker et al., 2005). The likely origin or function of
the env-like third ORF has not been identified, but the conserva-
tion of its sequence including a transmembrane domain suggests
these elements may also be able to leave a cell.

Finally, two additional instances have been suggested where
the RT DNA Polymerase and RNase H domains of the LTR
retrotransposons may have fused with other cellular genes or
other viruses to form new types of viruses. The RT DNA
polymerase and RNase H domains of caulimoviruses and the
hepadnaviruses are most closely related to those of the LTR
retrotransposons (Doolittle et al., 1989; Xiong and Eickbush,
1990). Caulimoviruses and the hepadnaviruses, however, differ
significantly in structure and mode of replication from that of
the LTR retrotransposons (Rothnie et al., 1994) and are only
mentioned here as additional examples of how the LTR retro-
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transposons are likely to have contributed to the evolution of
viruses, and vice versa. Indeed, the many examples of env-like
gene acquisition by retrotransposons in insects, nematodes and
plants suggest the classification between the LTR retrotrans-
posons and viruses is no longer a distinct one.

3.2. Tyrosine recombinase-encoding LTR retrotransposons

As early as 1985 a mobile element was identified in the slime
mold, Dictyostelium discoideum, which encoded a RT DNA
polymerase domain (Cappello et al., 1985). The element, called
DIRS, had a number of properties that differed from LTR retro-
transposons and retroviruses. For example it did not encode an
integrase domain, and while it had LTRs, they were inverted in
orientation and a segment of the LTR sequences was repeated
within the element giving rise to the internal complementary
repeats (ICR). The authors proposed a model for replication that
had many features of the standard retroviral mechanism, with
the ICR playing a critical role in the reverse transcription of an
RNA transcript into a DNA intermediate. Because many DIRS
elements appeared to insert into pre-existing copies of DIRS, a
circular DNA intermediate was proposed to recombine into the
chromosome. Since this first discovery, retrotransposons with
RT domains most similar in sequence to DIRS have continually
been identified. A model for the insertion of these elements by
recombination rather than by integration was greatly strengthen
when it was found that the elements encoded a domain with
sequence similarity to tyrosine recombinases (Goodwin and
Poulter, 2001). The analysis of the insertion sites of DIRS-
like elements pre- and post-insertion was consistent with the
recombination of a circular DNA intermediate (Duncan et al.,
2002).

Today these tyrosine recombinase encoding LTR retrotrans-
posons (YR retrotransposons) have been discovered in many
organisms, including highly primitive organisms such as volvox
and trypanosomes (Duncan et al., 2002; Goodwin and Poulter,
2004; Lorenzi et al., 2006). The orientation of the LTRs and
of the ICRs varies between the different elements as does the
location of the tyrosine recombinase (YR). The RT sequences
of these YR-encoding retrotransposons are nearly as divergent
as the LTR retrotransposons, with at least three distinct ancient
lineages known at present (Lorenzi et al., 2006). Most phyloge-
netic analyses of the RT domain place the YR retrotransposons
within the LTR retrotransposon diversity as shown in Fig. 1,
suggesting that the original IN domain was replaced with YR.
However, the age and phylogenetic position of the YR-encoding
elements are unclear. Thus one cannot exclude the possibility
that the YR elements were the original LTR elements, and their
YR domain replaced with an IN domain to form the present day
LTR retrotransposons. Many questions remain as to the mech-
anism of generating a DNA intermediate for the insertion of
YR retrotransposons, including the means by which the reverse
transcripton is initiated (Goodwin and Poulter, 2004). Biological
assays to directly address the mechanism of YR retrotranspo-
son reverse transcription and insertion have not been reported,
nor have the individual protein domains been tested in vitro for
enzymatic activity.

3.3. Non-LTR retrotransposons

This class of retrotransposons is highly abundant in eukary-
otes but many copies of these elements in a number of organisms
were sequenced before they were recognized as a distinct,
autonomous class of retrotransposons. These elements have nei-
ther inverted nor tandem terminal repeats, instead ending most
frequently with a poly(A) tail at their 3’ ends, while their 5’
ends often contained variable deletions (5’ truncations). The
elements were found to encode ORFs, but these ORFs were
usually disrupted by mutations. The highly abundant insertions
identified in mammals were termed LINEs (long interspersed
nucleotide elements), to differentiate them from SINEs (short
interspersed nucleotide elements). The insertions of the LINEs
appeared similar to the reverse transcription mechanism used
by processed pseudogenes and SINEs. Thus it was initially pro-
posed that their insertion was catalyzed by the retrotransposition
machinery of the LTR retrotransposons or retroviruses (Weiner
et al., 1986). The rapid accumulation of more sequences even-
tually lead to the recovery of elements from different animals
and plants with ORFs that encoded intact RT domains. Phyloge-
netic comparison of these RT sequences with that of all other RT
sequences revealed that they represented a distinct class of retro-
transposons (Xiong and Eickbush, 1988; Doolittle et al., 1989).
The RT domains of several elements were soon shown to encode
authentic RT DNA polymerase activity (Gabriel and Boeke,
1991; Ivanov et al., 1991; Mathias et al., 1991) Because of this
unusual history, these elements have been referred to by a variety
of names including the poly(A) retrotransposons, the nonviral
retroposons, or simply retroposons. Generally today these ele-
ments are called either the LINE-like elements, to emphasize
their similarity to the highly abundant sequences in mammals,
or as used here the non-LTR retrotransposons to emphasize their
different structure and mechanism of retrotransposition from
that of the LTR elements. The non-LTR integration machinery
is thought to be the mechanism used for the insertion of SINEs
and processed pseudogenes (Esnault et al., 2000; Ostertag and
Kazazian, 2001; Kajikawa and Okada, 2002; Dewannieux et
al., 2003). SINE elements, also referred to as non-autonomous
retrotransposons or retroposons, can represent a large fraction
of eukaryotic genomes. For example, there are over 1.4 mil-
lion such insertions in humans representing 13% of our genome
(Lander et al., 2001).

There are a variety of distinct lineages of non-LTR retro-
transposons (Malik et al., 1999) and new lineages of elements
continue to be identified. These lineages have somewhat dif-
ferent coding capacities but generally there appear to be two
major structures for the non-LTR elements (see Fig. 1). The
first class encodes a single ORF with a centrally located RT
domain. The most extensively studied members of this class are
the R2 elements (Eickbush, 2002). The N-terminal domain of
various ORFs show little similarity to each other or to known pro-
teins except that some elements appear to encode DNA-binding
motifs (Christensen et al., 2006). C-terminal to the RT domain is
another conserved domain that appears to be the endonuclease
for the element (EN). Not much is known about this EN domain
except that it has conserved residues that are similar to the active
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sites of various type II and type IIs restriction enzymes. In only
one instance has mutagenesis of this restriction-like domain
directly demonstrated the role of this domain in the cleavage
of the target site (Yang et al., 1999). The key residues of this
C-terminal endonuclease domain are conserved in many other
lineages of non-LTR elements suggesting that this domain func-
tions as the endonuclease in many lineages. An unusual feature
shared by many of the non-LTR elements with this C-terminal
endonuclease domain is that they insert in a sequence-specific
manner into highly conserved host genes such as the rRNA genes
of various animals, or the leader exons of nematodes (Eickbush,
2002).

The second major class of non-LTR retrotransposons usually
encodes two ORFs. The most extensively studied members of
this group are the L1 elements of mammals (Moran and Gilbert,
2002). The first ORF may have functional similarity to the gag
gene of retroviruses since conserved zinc-finger domains are
found in many lineages, and the protein has been shown to bind
RNA (Martin and Bushman, 2001). The second ORF encodes
the RT domain as well as an endonuclease domain at the N-
terminal end. This endonuclease has been termed APE because
of sequence similarity to apurinic—apyrimidinic endonucleases
involved in DNA repair (Martin et al., 1995). The APE domain
from a number of different non-LTR elements has been sepa-
rately expressed and shown to be directly involved in recognition
and cleavage of the target site of the element (Olivares et al.,
1997; Cost and Boeke, 1998; Christensen et al., 2000; Anzai
et al.,, 2001). The phylogeny of the APE domain agrees with
the phylogeny of the RT domain suggesting that a single acqui-
sition of the former by a non-LTR retrotransposon has given
rise to the many lineages that now encode this domain. There is
considerable flexibility in other coding features of this class of
non-LTR elements. Some lineages contain a C-terminal domain
of unknown function, and a few lineages encode an RNase H
domain downstream of the RT domain. The structural variability
found in the two major classes of the non-LTR retrotransposons
means the only feature held in common by all elements is an
RT domain and either a downstream EN or an upstream APE
domain (Eickbush and Malik, 2002).

The mechanism of retrotransposition for the non-LTR retro-
transposons has only been determined in detail for the R2
element. R2 elements contain a C-terminal EN domain and insert
in a sequence specific manner in the 28S rRNA genes in at least
five animal phyla. The phylogeny of R2 elements from these
species suggests that they have been inserting in this location
for most of the evolution of animals (Burke et al., 1998; Kojima
et al., 2006). The single ORF of an R2 element was expressed in
Escherichia coli, purified and shown to be able to conduct most
of the steps of a complete retrotransposition reaction (Luan et
al., 1993). The current model for this reaction is diagrammed in
Fig. 2.

A key feature of the R2 retrotransposition reaction is the abil-
ity of the R2 protein to bind RNA sequences near the 5" and 3’
ends of a full-length R2 transcript (Christensen et al., 2006).
When the R2 protein binds the 3’ end of the R2 transcript, it
adopts a conformation that binds the 28S gene DNA a short
distance upstream of the insertion site. Alternatively, when the

R2 protein binds the 5’ end of the R2 transcript, it adopts a
conformation that promotes binding of the 28S gene a short
distance downstream of the insertion site. The stoichiometry
of the reaction suggests a single subunit is involved in either
upstream or downstream binding. Binding of the R2 protein
to DNA sequences downstream of the insertion site is brought
about by DNA-binding motifs at the N-terminal end of the R2
ORF (Christensen et al., 2005). The region of the R2 protein
responsible for upstream DNA binding has not been determined.

Current models for a complete R2 retrotransposition reaction
involves symmetric reactions first by the upstream and subse-
quently by the downstream bound subunits. The subunit bound
upstream initiates the retrotransposition reaction by cleaving the
bottom (first) strand of the DNA target and using the 3’ OH
released by this cleavage to prime the reverse transcription reac-
tion. This use of the target site to prime reverse transcription has
been termed target-primed reverse transcription (TPRT). When
the 5" RNA sequences are “pulled” from the R2 subunit bound
downstream of the insertion site, this subunit initiates the second
half of the reaction which involves cleavage of the top (second)
DNA strand and again the utilization of the released 3’ end of the
DNA to prime second-strand DNA synthesis. As describe below
(Section 5.1) the R2 protein does not have RNase H activity, thus
the R2 protein must displace the annealed RNA as it uses the
first DNA strand as template.

This model for R2 retrotransposition can explain two com-
mon features of non-LTR retrotransposon insertions. First many
of the inserted copies have precise 3’ ends but are variably trun-
cated at their 5' ends. In the R2 model, if the RNA template
is cleaved by cellular RNases or if the RT dissociates before
reaching the 5" end of the complete transcript, then a 5’ truncated
copy is likely to arise. Second, unlike retrotransposons or DNA
transposons which typically generate a short (<8 bp) target site
duplication of defined length, many non-LTR retrotransposons
generate variable length target site duplications, and in some
cases even deletions of the target site. The separate cleavages of
the top and bottom strands of the target site in the R2 model can
explain this variability. Cleavage of the top strand downstream
of bottom strand site generates target site duplications, while
cleavage upstream of the bottom strand site generates a dele-
tion. For those elements with variable duplications, the location
of the top strand cleavage may be variable, or the priming of
second strand synthesis may involve micro-complementarities
with the target site (Ostertag and Kazazian, 2001).

L1 elements are highly abundant non-LTR retrotransposons
in mammals with an estimated 800,000 copies representing 17%
of the human genome (Lander et al., 2001). L1 elements are
representative of the second group of non-LTR elements with
two ORFs and a N-terminal AP endonuclease (Ostertag and
Kazazian, 2001). The large ORF of the human L1 element has
been expressed and directly shown to have RT activity (Mathias
et al., 1991). More recently purified protein encoded by L1 was
shown to be able to conduct the TPRT reaction by initiating
reverse transcription from pre-existing nicks on the DNA target,
or from nicks generated by the AP domain (Cost et al., 2002).
The protein was also shown capable of synthesizing the second
DNA strand primed from the DNA target. Additional studies of
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Fig. 2. Model for non-LTR retrotransposition based solely on studies of the R2 element. The single ORF of R2 is translated into one protein which contains both RT
DNA polymerase and endonuclease domains (see Fig. 1, top non-LTR retrotransposon structure). R2 protein subunits bind either the 3’ or 5’ end of the R2 transcript
to make the RNP complex used for retrotransposition. The RNA end bound determines whether the subunit binds upstream or downstream of the insertion site on the
target DNA. The protein subunit bound upstream of the insertion site cleaves the lower DNA strand and use the released 3’ end to prime reverse transcription of the
RNA (steps 1 and 2). The protein subunit bound downstream of the insertion site cleaves the upper DNA strand and uses the released 3’ end to prime second-strand
DNA synthesis. RNA still bound to the first DNA strand is displaced during this synthesis. For further details of the model see Luan et al. (1993), Christensen et al.
(2006) and Kurzynska-Kokorniak et al. (2007). While the precise details of protein binding to the RNA transcript and the DNA target site may only be relevant for
the R2 elements, the general steps of the reaction, including the use of the first and second strand cleavages to prime the two DNA strands is likely to be common

for many non-LTR elements (see review by Ostertag and Kazazian, 2001).

L1 integration have been made possible by the development of
a powerful in vitro assay to monitor retrotransposition in tissue
culture cells (Moran et al., 1996). In this assay, the L1 retrotrans-
position machinery was shown not to recognize the sequences
at the 3’ end of the RNA transcript, requiring only a poly(A)
tailed transcript. This lack of specificity would seem to give rise
to a highly inefficient process because any polyadenlyated RNA
transcript would become a substrate for integration. However it
was shown that the L1 machinery predominately uses the RNA
transcript from which the L1 proteins were synthesized, greatly
increasing the likelihood of reverse transcribing functional L1
transcripts (Wei et al., 2001). This cis-preference is not absolute
because both SINEs (e.g. human Alu sequence) and processed
pseudogenes have been shown to insert using the L.1 machinery
(Esnault et al., 2000; Dewannieux et al., 2003).

In vivo retrotransposition assays have also been developed
for several other non-LTR retrotransposons with AP domains.
These assays include the TRAS, SART and R1 elements of the
silkmoth, Bombyx mori (Feng et al., 1998; Anzai et al., 2005;
Takahashi and Fujiwara, 2002), the I element of D. melanogaster
(Chaboissier et al., 2000), and the Unal.2 element of an eel,
Anguilla japonica (Kajikawa and Okada, 2002). In these cases
the retrotransposition machinery does seem to recognize the 3’
untranslated region of the element transcript. In the eel system,

several SINE elements appear to have taken advantage of this
sequence recognition by having short regions near the 3’ end of
their transcripts that mimic this recognition sequence (Kajikawa
and Okada, 2002). Interestingly, consistent with the R2 model of
integration, there is evidence to suggest that in the I element sys-
tem the non-LTR retrotransposition machinery also recognizes
the 5" end of the RNA transcript (Chambeyron et al., 2002).

3.4. Penelope-like retrotransposons

The last group of retrotransposons to be identified was dis-
covered only recently in Drosophila virilis (Evgen’ev et al.,
1997). This element, named Penelope, could actively insert in
the genome of the host but its sequence revealed ORFs that
had little sequence similarity to other protein domains. When
additional Penelope-like elements were found in other animals,
fungi and plants, it was possible to recognize an RT domain that
was highly divergent from any previously defined sequence. A
second domain was also identified with sequence similarity to
the Uri (or GIY-YIG) endonucleases of bacterial mobile group
I introns, as well as UvrC bacterial DNA-repair endonucleases
(Lyozin et al., 2001). The Penelope-like elements (PLE) have
the most diverse structures of any class of retrotransposon. Some
elements contain apparent LTRs that may be in either direct or
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inverted orientations, some contain a first ORF, and some lack
the Uri domain (see Fig. 1). Remarkably many of the elements
retain introns, which is unexpected for an element that makes
additional copies of itself by reverse transcription. Given the
significant divergence of the RT domains, it was important that
the ORF of the original Penelope element was expressed, puri-
fied and shown to exhibit authentic RT activity (Pyatkov et al.,
2004).

The phylogenetic relationship of the PLE retrotransposons
based on the RT domain clearly placed it as the most divergent
branch of retrotransposon sequences, grouping them in some
cases with the telomerases (Arkhipova et al., 2003). The pos-
sible phylogenetic relationship with telomerase is particularly
intriguing because lineages of PLE retrotransposons have been
identified in bdelloid rotifers, fungi and plants that do not encode
the Uri domain (Gladyshev and Arkhipova, 2007). These ele-
ments are found near or at the telomeres of the host organisms
in an orientation consistent with the utilization of a free chromo-
somal end to prime reverse transcription. While the mechanism
of integration is not established for PLE elements, their frequent
5’ truncations, variable length target site duplications, and the
possibility that some elements use the end of a chromosome
to prime reverse transcription, all suggest that these elements
utilize a TPRT-like mechanism of retrotransposition.

4. Properties of the reverse transcriptases from LTR
retrotransposons

Most studies of the RTs from LTR retrotransposons have
involved direct comparisons of their activities to that of retrovi-
ral RTs. To date all studies have been conducted with elements
from S. cerevisiae and S. pombe. Even though these elements
encode proteins that are highly divergent in sequence from the
retroviral enzymes, they exhibit remarkably similar properties.

4.1. Saccharomyces cerevisiae Tyl

Studies with retroviral RTs have suggested that interactions
between the RT and IN domains play an important role in the
reverse transcription reaction. For instance, in avian leucosis
virus (ALV) an o/f3 heterodimer composed of a smaller RT (o)
and an incompletely processed RT-IN () intermediate is the
active form of the reverse transcriptase, while in Human T-cell
Leukemia Virus Type-I (HTLV-I) the active form is an a3/
oligomer (Trentin et al., 1998). In other retroviruses (e.g. MLV,
HIV-1), the RT and IN are separated during virion maturation,
but mutations or deletions of IN affect the initiation of reverse
transcription and the level of cDNA produced (Lai et al., 2001;
Padow et al., 2003).

As with retroviruses, interactions between IN and RT are
important for the function of yeast Tyl RT. Purified recombi-
nant Tyl RT exhibited polymerase activity only when a 115
amino acid C-terminal fragment of the Ty1 integrase was fused
to the N-terminus of the RT domain (Wilhelm et al., 2000). Sub-
sequent successive deletion of the IN domain revealed a small
acidic tail fused to RT could mimic the IN and give rise to an
active recombinant RT (Wilhelm and Wilhelm, 2005). Further

studies showed that IN acts in cis to activate RT during reverse
transcription and remains associated with RT during the forma-
tion of the preintegrative complex (Wilhelm and Wilhelm, 2006).
Thus the important interactions between the IN and RT domains
of retroviruses are also found in Ty1, even though the IN domain
in Ty1 is encoded N-terminal to the RT domain (see Fig. 1).

The fidelity of Ty1 reverse transcription has been determined
both in vivo and in vitro. The in vivo study involved the complete
sequencing of new Tyl insertions in the S. cerevisiae genome
after a single cycle of retrotransposition (Gabriel et al., 1996).
All observed changes were base substitutions with the template
ends representing hot spots for mutations. The observed muta-
tion rate of 2.5 x 107> bp per cycle suggested that Ty1 mutated
as rapidly as retroviruses. The in vitro study involved steady
state kinetics of misinsertion opposite A, T, G and C residues at
defined primer-template sites (Boutabout et al., 2001). Tyl RT
was found to be less error prone than lentiviral RTs such as those
of human immunodeficiency virus type 1 (HIV-1), HIV type 2
(HIV-2) and equine infectious anemia virus (EIAV) and compa-
rable to those of oncoretroviruses such as avian myeloblatosis
virus (AMV). The X residue of the highly conserved YXDD
motif within the active site of retroviral RTs is known to be
important for RT fidelity with the low fidelity lentiviral RTs
containing a methionine at the X position and the high fidelity
oncoretroviral RTs containing a valine at the X position (Poch
et al., 1989; Kaushik et al., 2000). Consistent with its greater
fidelity, Tyl RT encodes a valine at position X.

Sequence comparisons of all RTs revealed a triad of con-
served aspartic acid residues (Doolittle et al., 1989; Poch et al.,
1989; Xiong and Eickbush, 1990). Two of these aspartic acids are
part of the just described highly conserved YXDD motif, while
the other aspartic acid is found about 75-100 amino acids N-
terminal to this motif. Mutational studies of these three residues
in HIV-1 RT resulted in the loss of both in vitro RT activity and
in vivo infectivity (Kaushik et al., 1996). Mutational studies of
Tyl RT showed that while Asp to Asn mutations at the first two
aspartic acid positions eliminated both in vitro and in vivo activ-
ity, Asp to Asn mutation of the second Asp in the YXDD motif
allowed in vitro polymerization although it prevented in vivo
retrotransposition (Uzun and Gabriel, 2001). More recent pre-
steady state kinetic studies showed that this Asp to Asn mutation
in Tyl RT had similar dNTP binding affinities (Kq) with that of
wild type Tyl RT but over a 200-fold reduced rate of chemical
catalysis (kpo1) (Pandey et al., 2004). This slower polymerization
rate would have a large cumulative effect during synthesis of a
complete Tyl DNA intermediate and thus can explain the loss
of in vivo retrotransposition (Pandey et al., 2004).

4.2. Saccharomyces cerevisiae Ty3

Ty3 virus-like particles (VLPs) of S. cerevisiae containa 115-
kDa RT-IN fusion protein as well as the processed 55-kDa RT
and 61-kDa IN proteins (Hansen and Sandmeyer, 1990; Kirchner
and Sandmeyer, 1993). The major replication competent form of
Ty3 RT appears to be an o/ heterodimer similar to that of ALV
(Nymark-McMahon et al., 2002). As in retroviruses and Tyl,
reverse transcription in Ty3 is disrupted by IN mutations sug-
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gesting that the involvement of IN in the stability of or catalysis
by the RT domain is a general property shared by retroviruses
and LTR retrotransposons (Nymark-McMahon et al., 2002).

Mutagenesis studies have also been done on the aspartic acid
residues in the catalytic aspartic acid triad of the Ty3 RT active
site. These studies revealed that like Tyl RT, the second aspar-
tic acid residue in the YLDD motif of Ty3 RT is not essential
for in vitro catalysis by the 55-kDa RT but is required for in
vivo retrotransposition (Bibillo et al., 2005a). Thus both Ty3
and Tyl RTs appear to have more relaxed structural constraints
with respect to the catalytic aspartic acid triad compared to the
precise geometry required of the HIV RT.

The thumb subdomain of DNA polymerases makes contact
with the duplex product of DNA synthesis 3—8 bp behind the
catalytic site (Steitz and Yin, 2004). Studies done on HIV-1
RT revealed that a helix-turn-helix motif of the thumb serves
as an important modulator of both processivity and fidelity
(Latham et al., 2000; Powell et al., 1999). Secondary structure
predictions and amino acid sequence alignments were used to
identify the putative thumb subdomain of Ty3 RT that is equiv-
alent to the HIV-1 RT subdomain aH (Bibillo et al., 2005b).
Biochemical studies of the 55-kDa RT conducted with locked
nucleic acid analogs and abasic lesions in either template or
primer revealed interactions of the Ty3 thumb subdomain with
primer nucleotides —3 and —4 and with template nucleotide —6,
suggesting a structure similar to that of HIV RT and DNA poly-
merases in general. Interestingly, mutations in the Ty3 thumb
subdomain also affected RNase H activity, an interaction that
was not observed for HIV-1 RT (Bibillo et al., 2005b). This find-
ing is consistent with the separation of the RT DNA polymerase
and RNase H domains by the tether domain in retroviruses but
not in LTR retrotransposons (see Section 3.1).

Finally, the nucleocapsid proteins (NCps) are small basic
proteins encoded by retroviruses which are required for virion
structure and replication (Thomas and Gorelick, 2008). Spe-
cific NC proteins, such as NCp7 of HIV-1, have an important
chaperone function during reverse transcription in directing spe-
cific tRNA-primed cDNA synthesis (Lapadat-Tapolsky et al.,
1997). While the role of NC proteins is not established for most
LTR retrotransposons (e.g. Tyl and Tfl), Ty3 has been shown
to encode a nucleocapsid protein, NCp9, which is also impor-
tant in transposition (Orlinsky and Sandmeyer, 1994; Gabus
et al., 1998; Cristofari et al., 1999). Ty3 NCp9 was shown to
form nucleoprotein complexes between primer tRNA%v'et and
Ty3 RNA which in turn induced high levels of cDNA synthesis
by Ty3 RT. Thus Ty3 NCp9 chaperones cDNA synthesis and
appears functionally equivalent to HIV-1 NCp7.

4.3. Schizosaccharomyces pombe TfI

Tf1 of S. pombe also belongs to the Ty3/gypsy group of LTR
retrotransposons. This element utilizes an unusual mechanism
of self-primed reverse transcription as described in Section 3.1
(Levin, 1997). Another unusual property of Tf1 retrotransposi-
tion was revealed when studies of isolated VLPs revealed 85%
of the cDNAs had 1, 2 or 3 non-templated nucleotides at their 3’
ends (Atwood-Moore et al., 2005, 2006). Retroviruses and other

LTR retrotransposons are also known to have cDNA species
with non-templated additions but these are usually limited to one
nucleotide. Studies of the biochemical properties of Tf1 RT have
confirmed these additions are a direct result of the Tf1 RT termi-
nal transferase activity (Kirshenboim et al., 2007). Expression
of the RT and RH domains of Tfl gave rise to a 56-kDa protein
possessing typical DNA- and RNA-dependent DNA polymerase
activity as well as RNase H activity. Tf1 showed higher termi-
nal transferase activity than HIV-1 in some conditions. It was
suggested that the higher terminal transferase activity of Tf1 RT
compared to other RT's is because in S. pombe the non-templated
extra nucleotides are needed to protect the ends of the cDNA
from degradation by non-specific cellular 3’ exonucleases.

5. Properties of the reverse transcriptases from
non-LTR retrotransposons

5.1. Bombyx mori R2

Biochemical studies of R2 RT have all been conducted with
the entire ORF of the element from Bombyx mori expressed
and purified from E. coli (Luan et al., 1993). The purified pro-
tein is 120-kDa in size and was found to have the RNA and
DNA binding properties and enzymatic activities that gave rise
to the retrotransposition mechanism shown in Fig. 2. During
these studies of R2 retrotransposition, R2 RT was shown to have
a number of unusual properties that differentiate it from the RTs
encoded by LTR retrotransposons and retroviruses.

During target-primed reverse transcription (TPRT), R2 RT
uses the 3’ end of DNA generated by the first strand cleav-
age of the target site to prime reverse transcription of R2 RNA.
No sequence complementarity between the template RNA and
the DNA target is needed for this priming (Luan and Eickbush,
1996). The most efficiently used RNA templates are those that
end at the precise 3’ end of the element. If the RNA template
extends beyond the end of the R2 sequences, reverse transcrip-
tion still initiates at the first nucleotide of the R2 sequence. With
RNA templates that contain short deletions of R2 sequences at
their 3’ end, R2 RT adds non-templated nucleotides to the target
DNA until the extended DNA is of sufficient length to enable it
to prime reverse transcription of the RNA template (Luan and
Eickbush, 1995). Remarkably, the non-templated nucleotides
added to the target DNA are usually T nucleotides. The addition
of Ts to initiate first strand synthesis generates, after a complete
integration reaction, a short A-rich stretch on the mRNA syn-
onymous strand. Short A-rich 3’ ends are a common property of
non-LTR retrotransposons.

The ability of R2-RT to use the 3’ end of DNA to prime
reverse transcription is not limited to the cleaved target site.
In the absence of its target site, R2 RT can synthesize cDNA
efficiently using either the 3’ end of any RNA or the 3’ end of any
DNA as the primer. This priming again occurs in the absence of
any complementarity between the template and primer (Bibillo
and Eickbush, 2002b).

Processivity studies have also been conducted with R2-RT on
both RNA and DNA templates. Processivity refers to the length
of the DNA product that can be catalyzed by the enzyme before
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it dissociates from the template. In single cycle reactions, R2 RT
synthesized cDNA over twice the length of that synthesized by
AMV RT on complex templates and over four times the length of
AMYV RT on poly(rA) templates (Bibillo and Eickbush, 2002a).
The rate of polymerization of R2 RT on RNA templates was
approximately similar to that of AMV RTs. The processivity of
R2 RT on DNA templates was about threefold higher than that
on RNA templates. The processivity of R2 RT on these DNA
templates was again about twice that of AMV RT (Kurzynska-
Kokorniak et al., 2007). The difference in processivity between
the RTs may reflect where in the cell the polymerizations occur.
First and second strand DNA synthesis by retroviral or LTR RTs
occurs within or associated with a VLP within the cell. When
these RT's dissociate from the template the reaction simply stalls
until they reassociate, therefore multiple rounds of dissociation
and reassociation occur in each cycle. DNA synthesis by R2 RT
occurs in the nucleus directly at the target site (Fig. 2). If R2 RT
dissociates from the RNA template, reassociation is less likely,
because DNA repair may take over or second strand DNA syn-
thesis could initiate, resulting in a 5’ truncated copy. Thus there
should be strong selective pressure on 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. This end-to-end template jumping can generate contin-
uous cDNA products from two or more templates and occurs in
the absence of sequence identity between the templates (Bibillo
and Eickbush, 2002b, 2004). This activity is related to the abil-
ity of R2 RT to use the free 3’ end of any RNA or DNA to
prime polymerization. However, end-to-end template jumping
is more efficient and is brought about by R2 RT’s ability to add
non-templated nucleotides to the cDNA when it reaches the end
of the template. The terminal transferase activity of R2 RT can
add up to 5 nucleotides, thus is even higher than that observed
with Tf1 (Kirshenboim et al., 2007). In these terminal trans-
ferase reactions R2 RT preferentially adds purines, rather than
the non-templated T’s seen in a TPRT reaction. The overhanging
nucleotides generated by R2 RT anneal to the sequences at the
3’ end of the acceptor template promoting higher frequencies
of the template jumps (Bibillo and Eickbush, 2004). End-to-
end template jumps are similar to the template jumps that have
been seen for viral RNA directed RNA polymerases (Arnold and
Cameron, 1999). However, they differ from the template switch-
ing reaction associated with retroviral cDNA synthesis because
they do not require initial sequence identity between the donor
and acceptor RNA templates (Peliska and Benkovic, 1992).

The high processivity of R2 RT on both RNA and single-
stranded DNA templates is consistent with the ability of this
enzyme to make both DNA strands during a retrotransposition
reaction. However, the R2 ORF has no RNase H domain (Malik
etal., 1999), and no RNase H activity has been detected in vitro
(Luan et al., 1993; Kurzynska-Kokorniak et al., 2007). Thus
the template for second strand DNA synthesis is an RNA:DNA
duplex (see Fig. 2). How is the RNA removed from the first
strand of synthesized DNA to allow second strand synthesis?
We have shown that R2 RT can efficiently displace an annealed
RNA or DNA strand as it uses an RNA or DNA strand as tem-

plate (Bibillo and Eickbush, 2002a; Kurzynska-Kokorniak et al.,
2007). Indeed, the processivity of R2 RT on DNA templates is
not significantly reduced by the presence of an annealed RNA
or DNA strand. Retroviral RT, on the other hand, shows limited
ability to displace RNA annealed to DNA and greatly reduced
processivity when displacing DNA from a DNA strand. We
have postulated that the more extensive finger subdomains of
non-LTR retrotransposon RTs enable additional binding of the
RT to the template upstream of the active site, permitting more
extensive displacement synthesis. Because most non-LTR retro-
transposons do not have RNase H domains, it seems likely that
this displacement ability might be a common property of their
RTs.

Finally, recent studies conducted with R2 RT have shown
that this polymerase has a relatively low fidelity, comparable
with that of HIV-1 RT (Jamburuthugoda and Eickbush, unpub-
lished data). The low fidelity was found in assays that monitored
either misincorporation or mismatch extension. The proficiency
at which R2 RT could extend mismatched base pairs could be
related to its ability to use the 3’ end of any nucleic acid to
prime reverse transcription in the absence of sequence homol-
ogy. Interestingly, consistent with the low fidelity of R2 RT, this
enzyme has an alanine in position X in the conserved YXDD
motif. As described above, the amino acid in this position has a
crucial affect on the fidelity of RTs from retroviruses. Replace-
ment of the hydrophobic residue at this position in retroviral
RT with an alanine gave rise to a four—eight-fold reduction in
fidelity (Kaushik et al., 2000).

5.2. Human L1

Studies conducted with the human L1 element were among
the first to express the protein of a non-LTR retrotransposon and
show that it had authentic reverse transcriptase activity (Mathias
etal., 1991). Unfortunately, the L1 protein has proven very diffi-
cult to express in an active form that would enable more detailed
studies. The entire ORF containing the RT has been expressed
in a baculoviral system and several of the critical steps of retro-
transposition have been documented (Cost et al., 2002). The L1
RT can utilize the 3" hydroxyl of nicks generated in DNA by its
APE domain in a TPRT reaction (Fig. 2). L1 RT can also use pre-
existing nicks to initiate reverse transcription on double-stranded
DNA ends with either 5’ or 3’ overhangs. As in the case of R2,
the junctions between the target DNA and the L1 sequences
often contained non-templated residues. Finally, products were
generated that were primed by the DNA target that appeared
to correspond to second strand DNA synthesis. The efficiency
of these reactions were extremely low, however, in that PCR
amplification was needed to monitor the DNA products.

In a more recent study, the human L1 RT ORF was expressed
in a manner that enabled greater activity (Piskareva et al., 2003;
Piskareva and Schmatchenko, 2006). Primer extensions by L1
RT directly demonstrated both DNA- and RNA-directed DNA
polymerase activities. Again, as with R2 RT the processivity
of L1 RT was found to be significantly higher than that of
MLV RT on RNA templates. Finally, RNP complexes con-
taining L1 RT have also been isolated from mammalian tissue
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culture cells (Kulpa and Moran, 2006). The addition of DNA
primers that could anneal to the 3’ ends of L1 transcripts gave
rise to reverse transcription indicating that the complexes were
active. Interestingly, many of the products had been extended
from primer-template complexes that contained terminally mis-
matched bases. These combined studies suggest that many of
the basic enzymatic properties of R2 RT are also characteristic
of L1 RT.

5.3. Trypanosome cruzi L1

Studies of this non-LTR retrotransposons L1Tc were the first
to identify the APE domain (Martin et al., 1995) and the enzy-
matic activities of this endonuclease were among the first to be
characterized in vitro (Olivares et al., 1997, 1999). L1Tc rep-
resents a distinct lineage of non-LTR retrotransposons that is
somewhat unusual in that the element does not contain a first
gag-like ORF typical of most non-LTR elements with APE
domains. However the C-terminal region of L1Tc’s single ORF
has been shown to contain nucleic acid chaperone activity simi-
lar to the L1 ORF1 (Heras et al., 2005). This chaperone activity
has been suggested to be involved in the TPRT reaction because
it can promote the annealing of complementary oligonucleotides
and can facility strand exchange between DNAS to form the most
stable duplexes. L1Tc is among the small fraction of non-LTR
retrotransposons that contain RNase H domains, and represents
the only element to date where this activity has been charac-
terized in vitro (Olivares et al., 2002). The RNase H activity
could be monitored as a separate 25-kDa protein, and showed
many similarities to that of retroviral and E. coli RNase H
domains. Finally the protein encoded by L1Tc was shown to
have both RNA-directed and DNA-directed DNA polymerase
activity (Garcia-Perez et al., 2003). Interestingly this RT activ-
ity has the ability to jump between oligonucleotide templates in
a manner reminiscent of the R2 element (Section 5.1). Template
jumping was extremely efficient when the oligonucleotides com-
plementary sequences of their terminal 2 nts. However, L1Tc
does not appear to have the extensive terminal transferase activ-
ity of R2 to allow template jumps in the absence of short terminal
complementarity between templates (Garcia-Perez et al., 2003).

6. Concluding remarks

It is likely that we have only scratched the surface in doc-
umenting the variety and the distribution of retrotransposons
within eukaryotic genomes. New elements belonging to each
of the four groups of retrotransposons as well as completely
new groups of elements will no doubt be discovered in the mas-
sive amounts of repetitive DNA present in most genomes. These
elements have played a major role in determining the size and
composition of eukaryotic genomes, and are responsible for
much of their instability. Yet we still know surprisingly little
about the nature of the proteins these elements encode and their
mechanism of insertion. At present the Penelope-like elements
are especially interesting since the analysis of their abundance in
eukaryotes has only started, and their different structures suggest
a variety of retrotransposition mechanisms. Continued charac-

terization of the enzymatic activity of the RTs associated with
all retrotransposons will also be important as it will help us to
understand in general how polymerases function. For example,
the RTs of non-LTR retrotransposons and Penelope-like ele-
ments have a variety of activities that resemble the enzymatic
activity of telomerase. Indeed, retrotransposons of both classes
may even serve as the telomeres in some species. The era of
“genomics” is indeed an exciting time for the retrotransposon
field.
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