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Abstract: Introduction: An important portion of the Trypanosoma cruzi genome is composed of mo-
bile genetic elements, which are interspersed with genes on all chromosomes. The L1Tc non-LTR
retrotransposon and its truncated version NARTc are the most highly represented and best studied of
these elements. L1Tc is actively transcribed in all three forms of the Trypanosoma parasite and en-
codes the proteins that enable it to autonomously mobilize. This mini review discusses the enzymatic
properties of L1Tc that enable its mobilization and possibly the mobilization of other non-autonomous
retrotransposons in 7rypanosoma. We also briefly review the Hepatitis Delta Virus-like autocatalytic
and 2A self-cleaving viral-like sequences contained in L1Tc that regulate post-transcriptional proper-
ties such as relative protein abundance and mRNA stability. Special emphasis is placed on the Pr77
dual system, which is based on the RNA pol II-dependent internal promoter of L1Tc and NARTc and
the HDV-like ribozyme activity encoded by the first 77 nucleotides of the element’s DNA and RNA.
The high degree of conservation of the Pr77 sequence, referred to as the “Pr77-hallmark”, among dif-
ferent trypanosomatid retroelements suggests that these mobile elements are responsible for the distri-
bution of regulatory sequences within the genome they inhabit.

Conclusion: We also discuss how the involvement of L1Tc and NARTc in the gene regulatory processes
of these parasites could justify their domestication and long-term coexistence in these ancient organisms.

Keywords: Trypanosomatid, Non-LTR retrotransposon, Promoter, AP endonuclease, RNAse H, Nucleic acids chaperone, 2A-

self cleaving sequence, HDV-like ribozyme.

1. INTRODUCTION

1.1. Mobile Genetic Elements: Important Components of
Trypanosomatid Genomes

Different species of trypanosomatids are responsible for a
wide range of human diseases [1-3]. All trypanosomatid ge-
nomes sequenced have been found to contain a large number
of retrotransposons that compose up to 5% of the nuclear
genome [4, 5]. Retrotransposons are mobile genetic elements
capable of jumping from site to site in the genome via re-
verse transcription of their own transcribed mRNA. The
most abundant retrotransposons in trypanosomes are non-
LTR retrotransposons, which are mobilized by a mechanism
known as Target Primed Reverse Transcription (TPRT) [6,
7]. Among non-LTR retrotransposons are Long Interspersed
Nucleotide Elements (LINEs), which encode the proteins
involved in their mobilization, and Short Interspersed Nucleo-
tide Elements (SINEs), which do not encode proteins and
must be mobilized in trans by LINE machinery. The best
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characterized LINE in trypanosomatids is the L1Tc element
of T. cruzi [8, 9] (Fig. 1), which together with its Trypano-
soma brucei homologue ingi gives name to the ingi/L1Tc
clade [10]. Study of the genomic distribution and organiza-
tion of 7. cruzi L1Tc has shown that this element is distrib-
uted along the parasite’s genome in a high copy number; it
can be found in single copies or clustered in tandem repeats
[11]. Analysis of the chromosomal distribution of L1Tc in
various 7. cruzi strains suggests that this type of clustering
might be a common feature of the genomes of these parasites

[11].

Elements homologous to L1Tc and ingi, as well as trun-
cated versions of these retrotransposons, have been identified
in the genomes of trypanosomatids such as 7. cruzi, T.
brucei, Trypanosoma vivax and Trypanosoma congolense
(Tvingi, L1Tco, Tcoingi and NARTc, TbRIME, TvRIME,
and TcoRIME) (Fig. 1) [12, 13]. Altered versions of LINEs
and SINEs that have accumulated mutations disabling their
coding capacity also form a part of the trypanosomatid ge-
nome. These elements are known as degenerate ingi/L1Tc-
related elements (DIREs) and short interspersed degenerate
retrotransposons (SIDERs) and are unable to mobilize by

©2018 Bentham Science Publishers
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Fig. (1). Schematic representation of the structure of the well- studied non-LTR retrotransposons from Trypanosomatids and the homologous
LINE and SINE in human and mouse. The conserved domains are indicated in each element, in black letters into a white box when the enzy-
matic activity has been experimentally reported and white letter when the domains have been in silico identified.

themselves (Fig. 1) [14]. SIDERs and DIREs are particularly
abundant in Leishmania species, which contains over 2000
SIDERs compared to the 20 found in 7. brucei [15]. Re-
markably, all of these retroelements contain the conserved
Pr77 sequence, which was initially described as part of
L1Tec; it is consequently referred to as the “Pr77-hallmark”
or “Pr77 signature” [16].

The T. cruzi genome also contains site-specific non-LTR
retrotransposons [17], such as CZAR (cruzi-associated retro-
transposon) [18] and TcTREZO (7. cruzi tandem repetitive
element ZO) [19, 20] (Fig. 1). The insertion of CZAR as
well as that of the homologous SLACS sequence in T. brucei
[21] occurs between nucleotides 11 and 12 of the miniexon
in the spliced-leader (SL) gene locus [18]. TcTREZO ele-
ments consist of sequences derived from different regions of
the genome and are mostly inserted into MASP pseudogenes
[19]. The T. cruzi genome includes several hundred of copies
of a tyrosine recombinase (YR) retrotransposon called VI-
PER (vestigial interposed retroelement) that is frequently
located in regions containing other retroelements and
retroelement-related genes, such as ingi/L1Tc-like elements
and RHS genes (Fig. 1) [22, 23]. It carries an open reading
frame (ORF) that harbours three domains encoding a GAG-

like, a tyrosine recombinase and a reverse transcriptase-
RNase H protein, similar to those present in LTR-
retrotransposons [22]. Recently, similarity between the C-
terminal portion of the third VIPER protein and those found
in syntenic locations in other trypanosomatids such as
Leishmania braziliensis, Leishmania panamensis, Lepto-
monas pyrrhocoris and Crithidia fasciculata have been re-
ported (Fig. 1), suggesting a gene domestication event [23].

2.L1Tc ENCODES ENZYMATIC MACHINERY THAT
CONFERS AUTONOMOUS CHARACTER.

2.1. AP Endonuclease

The presence of an AP endonuclease homologue in a
non-LTR retrotransposon was first reported for the L1Tc
retrotransposon of 7. cruzi (Fig. 2) [8, 24, 25]. 212 amino
acids at the amino terminal end of L1Tc were found to be
20.3% homologous to the human protein Apl [8]. Moreover,
L1Tc contains several highly conserved regions with func-
tional domains in positions similar to those described for AP
endonuclease [8]. Remarkably, these domains are conserved
among L1s, L1-like elements and other non-LTR retrotrans-
posons, suggesting that they share a retrotransposition
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Fig. (2). Schematic representation of the L1Tc¢ retrotransposon.

(a) A single ORF of the L1Tc element is represented by a rectangular

box. The functional domains of the element are indicated in colours: AP endonuclease (AP), reverse transcriptase (RT), RNase H (RH) and
Nucleic Acids Chaperone (NAC). Pr77 internal promoter is indicated with a flag and the 2A self-cleaving sequence with a purple bar. Poly-A
track is located at the 3’ region of the element and is indicated by a grey circle (pA,). Target Site Duplication sequences (TSD) with direct
orientation are flanking the element. (b) L1Tc mRNAs bear the HDV-like structure at their 5° end (L1TcRz). Predicted L1TcRz folding is
detailed at nucleotide level and cleavage point is indicated by a red arrow. (¢) L1Tc protein encoded proteins constitute the element enzymatic
machinery. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)

mechanism [26]. Subsequent studies have provided experi-
mental evidence that the 40-kDa NL1Tc protein encoded by
a region of the L1Tc element exhibits AP endonuclease ac-
tivity [27-29]. A potential biological role of the NL1Tc pro-
tein is suggested by its ability to complement the exonucle-
ase III enzyme repair activity of bacteria lacking the coding
gene for this enzyme: expression of NL1Tc in these bacteria
provides resistance to the DNA damage caused by both alky-
lating (MMS-induced) and oxidative (H,O,- and #BuO,H-
induced) agents [27].

Based on the mechanisms proposed for integration of
non-site-specific non-LTR retrotransposons [6], it was pro-
posed that the endonuclease activity encoded by the L1Tc
element plays a key role in the first stage of transposition
(Fig. 3). In this model, NL1Tc generates free 3'-OH sites in
chromosomal DNA where the integration of transposable
elements would occur. Likewise, the NH, terminal of the
human L1 ORF2, which is highly homologous with the T.
cruzi NL1Tc gene and the nuclease family of proteins, ex-
hibits nuclease activity, although it has no preference for AP
sites [30]. NL1Tc was also shown to be endowed with 3'-
phosphodiesterase and 3’-phosphatase activities, which may
allow the 3’-blocking ends to function as targets for the in-
sertion of the L1Tc element [28]. The presence of NL1Tc 3’
repair activity could indicate a possible role for the L1Tc
element in repair. In this context, the NL1Tc endonuclease
protein reduces the DNA breaks originating from treatment

with the anthracycline antibiotic daunorubicin [29]. The re-
pair activity associated with these elements could act as a
signal for new transposition and integration events, thereby
influencing the rate of LINE retrotransposition. Indeed, it has
been reported that human L1 elements can integrate into
DNA lesions, resulting in a retrotransposon-mediated DNA
repair mechanism in mammalian cells [31].

The identification of a (GAxxAxGaxxxxxtxTATG?
Axxxxxxxxxxx) conserved pattern in the sequenced 7. cruzi
genome (CL-Brener strain) preceding most L1Tc and
NARTCc elements does not appear to be compatible with in-
sertion at apurinic/apyrimidinic sites via APE-mediated re-
pair activity [32]. Interestingly, alignment of the AP protein
family consensus sequence and non-LTR elements with se-
quences present in the SWISS-PROT database revealed high
similarities with selected domains of DNase I proteins from
different organisms [26]. Thus, 8 out of the 12 amino acids
that form the DNA interaction domain of DNase I are con-
served in all non-LTR retroelements. The His252 residue
proposed by Weston et al. [33] to be involved in DNase I
acid-base catalysis, as well as Asp168 and Asnl70, which
contact the scissile phosphate group, is conserved in all non-
LTR retrotransposons [26]. Further evidence of homology
has been obtained via crystallographic analyses, which show
that the fold of exo III is similar to that of DNase I, despite
less than 20% overall sequence similarity between the pro-
teins [26]. Thus, because non-LTR retrotransposons share
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Fig. (3). Hypothetical model for L1Tc retrotransposition. Pr77-derived L1Tc transcripts (1) are exported towards the cytoplasm (2) where
are translated forming a ribonucleoprotein together the element mRNA (RNP) (3). The RNP is transported into the nucleus (4). The AP en-
donuclease is responsible of the DNA minus-strand cleaving at the target insertion site (5). The cDNA is synthesized by the RTL1Tc em-
ploying the L1Tc mRNA as template (6). The RNase H hydrolyses the RNA molecule from the RNA-cDNA duplex (6). The upper DNA
strand is probably cleaved by the AP endonuclease (7) and the second-strand cDNA synthesis mediated by the DNA polymerase activity of
the RT (7). Thus, a new copy is inserted into a new position of the genome (8).

DNase I conserved domains, it is tempting to think that these
elements might recognize into the 7. cruzi genome sequence-
dependent structural variations similar to those recognized
by DNase I which would also act as insertion sites of the
elements [26]. Supporting this hypothesis is the fact that all
the L1Tc copies analysed in different position in the CL-
Brener strain (those found as single copy and those in a tan-
dem repeated form) were flanked by the direct repetition
sequence (TGCAGACAT) known as Target Site Duplication
(TSD) which is a distinctive feature of the LINE sequences
of higher eukaryotes. Interestingly, the same sequence of
nine nucleotides was present in a genomic clone from the
Maracay strain where the same repetitive sequences were
conserved with a similar genomic organization than that
found in the CL-Brener strain although the L1Tc element
was not present [11]. Thus, it was suggested that this se-
quence of 9 nts and the surrounding sequences may function
as the site of insertion of the element [11]. However, subse-
quent analyses showed that approximately half of the 7.
cruzi L1Tc and NARTc elements from the 7.cruzi genome
(CL-Brener strain) was not flanked by a TSD and that these
TSD-less elements were also preceded by the above referred
conserved sequence (GAxxAXGaxxxxxtxTATGTAXXxXxX
xxxxX) [32]. This indicated that most, if not all, L1Tc and
NARTCc elements as the ingi/RIME and human L1/Alu pairs

were not randomly distributed in the parasite genomes as
previously proposed, but instead showed a relative site speci-
ficity probably dictated by the retroelement-encoded endo-
nuclease [32].

2.2. Reverse Transcriptase

The most characteristic feature shared by all the retro-
transposons is a long ORF containing an RT-related se-
quence. The L1Tc element maintains all seven motifs con-
served in the RT and in RT-related proteins (Fig. 2) [8, 34],
which fit better into the non-LTR retrotransposon branch [8].
Thus, 36 of the 42 conserved amino acids as well as the
“Y/FXDD box” catalytic site required for the activity of RTs
are found in identical positions in L1Tc [8].

The 65 kDa recombinant protein RTL1Tc exhibited RT
activity on different template/primer sets, including het-
erologous RNAs used as substrates. This activity may be
related to its capacity to reverse transcribe and transpose T.
cruzi SINE-like sequences (Fig. 3) [35]. The RTL1Tc pro-
tein also has a tendency to switch the RNA template during
cDNA synthesis, a phenomena known as a “template switch-
ing”, which is a hallmark of retroviral reverse transcriptases.
Thus, the RTL1Tc is able to synthesize chimeric long
cDNAs as a consequence of a continuous reverse transcrip-
tion and template switching [35].
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The RTL1Tc recombinant protein also exhibits DNA-
dependent polymerase activity. This DNA polymerase activ-
ity allows the synthesis of both the complementary chain to
intermediate RNA and the synthesis of a second DNA chain
necessary to complete the element’s integration (Fig. 3), as
described for RTs from retroviruses and LTR retrotranspos-
ons [36, 37]. It has been reported that RT binding to L1 ele-
ment RNA occurs at or near the poly(A) tail [38]. The
mechanism underlying how L1Tc recognizes retrotransposon
RNA remains unknown. Independent of sequence conserva-
tion between the 3” ends of LINEs and SINEs, it was re-
cently hypothesized that RT recognition occurs via the 3'-
end RNA stem-loop structure, which is known to be recog-
nized by the LINE RT [39, 40].

2.3. RNase H

A sequence sharing significant homology with the
RNAse H domain found in retroviruses and Escherichia coli
(26.9 and 31.6%, respectively) has been identified down-
stream of the RT motif domain in the L1Tc ORF (Fig. 2).
The three amino acids essential for catalysis by E. coli
RNAse H and its neighbouring regions are conserved in
L1Tc [41]. Although RNase H activity has not been reported
for any non-LTR retrotransposon, this activity could be re-
sponsible for removing the RNA template from the
RNA/cDNA hybrid during the transposition process in order
to facilitate the synthesis of second strand DNA (Fig. 3). The
enzymatic activity of the corresponding recombinant protein
RHLI1Tc was demonstrated using in vitro cleaving assays
with various RNA/DNA substrates homologous and het-
erologous to L1Tc. The RHLITc enzyme generated RNA
cleavage products similar to those generated by the HIV and
E. coli enzymes, although it was found to be 40- and 15-fold
less active than homologous proteins [41]. The activity of
RHLI1Tc is much more pH- and temperature-permissive than
its bacterial and viral homologues, which may be related to
the life cycle of the parasite and the diverse environmental
conditions within hosts.

2.4. Nucleic Acids Chaperone

Analysis of the 3’ end of L1Tc revealed cysteine motifs
with the CX,CX,HX;sH structure that are similar to C,H,
zinc fingers found in transcription factors of high eukaryotic
genomes (Fig. 2) [8]. The same structure was also found in
trypanosomatid retrotransposons such as VIPER and CZAR.
This sequence conservation may indicate a functional rela-
tionship with TFIIIA transcription factor motif. Analysis of
the L1Tc 3’ end region revealed positively charged regions
flanking the two C,H, motifs as well as the presence of two
RRR stretches located immediately upstream and down-
stream of the C,H, motifs. Upstream of the first C,H, motif,
an RRRKEK stretch, which functions as a nuclear localiza-
tion signal (NLS) and a DNA binding region, was also found
[42]. The corresponding C2L1Tc protein exhibited binding
properties to nucleic acids with different affinities in a se-
quence independent-manner. However, the RNA-binding
capacity of C2L1Tc depends on the structure of the individ-
ual RNA. C2L1Tc also bound DNA with a 16-fold higher
affinity for ssDNA than for dsDNA. The first zinc finger
plays an important role in the binding of the protein to
dsDNA, while the second zinc finger is primarily responsible
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for binding to ssDNA [43]. C2L1Tc exhibited Nucleic Acid
Chaperone (NAC) activity on different DNA templates.
Thus, C2L1Tc has the ability to accelerate the annealing of
two complementary oligonucleotides, prevents melting of
perfect DNA duplexes, and facilitates strand exchanges be-
tween DNAs to generate the most thermodynamically stable
DNA duplex in competitive displacement assays [42]. The
regions of C2L1Tc implicated in nucleic-acid binding are the
same as those implicated in its NAC activity. The RRR and
RRRKEK sequences as well as the upstream C,H, zinc fin-
ger are the main motifs responsible for the protein’s strong
affinity for RNA [43]. NAC activity has been described for
the non-LTR retrotransposons from the human (bearing
CCHC domain) and mouse (lacking zinc finger domain)
LINE-1 associated to the named ORFlp protein which is
located at the amino terminal end of these elements in con-
trast to the carboxy terminal location of C2L1Tc (see scheme
of Fig. 1) [44].

The NAC activity of C2L1Tc and its stronger affinity for
RNA may be implicated in the transposition mechanism of
the L1Tc on different levels. Thus, C2L1Tc could mediate
the production of a ribonucleoprotein particle composed of
L1Tc mRNA and the proteins encoded by the element as
well as its transport into the nucleus (Fig. 3). C2L1Tc NAC
activity could promote strand exchange and stabilize priming
between the L1Tc mRNA poly(A) tail and the T-rich region
located at the cleaved target site. This pairing would allow
the 3’ end of the cleaved target site to act as a primer for
reverse transcription and first-strand cDNA synthesis. Fur-
ther studies are needed to determine whether NAC activity
could also facilitate the strand exchange required by TPRT
to synthesize second strand DNA and whether cooperation
with RNase H encoded by the element helps to unblock the
5’ end of the generated cDNA, thereby mediating more effi-
cient transfer of the second strand [42].

2.5. 2A-like Self-cleaving Sequence

A 2A-like self-cleaving sequence similar to that de-
scribed in viral organisms was found at the 5” end of L1Tc,
upstream and in-frame with the proteins encoded by the ele-
ment (Fig. 2) [45]. To analyse the functional characteristics
of this sequence, named LI1Tc2A, artificial polyproteins
comprising two reporter proteins flanking the L1Tc2A,4 se-
quences containing the consensus domain (-DxExNPGP-)
were generated. In vitro transcription and translation experi-
ments showed that the L1Tc2A had self-cleavage activity
and that the sequence upstream of L1Tc2A influenced cleav-
age activity, increasing its efficacy by up to 95.79% [45].
L1Tc2A-mediated cleavage has been shown to play a role in
determining the ratio of cleavage products. In a native con-
text, the presence of NL1Tc downstream of the L1Tc2A se-
quence produced a strong imbalance of the translation prod-
ucts, allowing for a lower level of NL1Tc [45]. Experimental
evidence has shown that this imbalance is due to changes in
the translation machinery rather than post-translational
events or differences in the stability of the translated proteins
[45]. The 2A consensus domain is also present at the N ter-
minus of the endonuclease encoded by LINE-like elements
in trypanosomatids such as T. congolense, T. brucei gambi-
ense and T. vivax, suggesting an important role in the transla-
tion and function of retrotransposons [46].
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2.6. The Dual DNA/RNA System of L1Tc¢’s First 77 Nu-
cleotides

The absence of reports of promoters for coding se-
quences in the 7. cruzi genome as well as the lack of known
consensus promoter sequences raised the question of how
L1Tc transcription occurs. The fact that its first 77 nt are
identical to those of NARTc focused our attention on this
sequence. Pr77 showed to behave as a RNA polymerase II-
dependent promoter element, generating abundant and trans-
latable transcripts (Fig. 2) [47]. The strong activity of this
L1Tc Pr77 sequence is likely responsible for the high abun-
dance of L1Tc mRNA. Pr77-derived transcripts are
unspliced and are initiated at nucleotide +1 of L1Tc [47, 48].
Further analyses revealed the existence in Pr77 of a small
core sequence described [49] which consists of 4 nucleotides
(CGTG). This sequence corresponds to that described for
Downstream Promoter Elements known as DPEs [48] and
lies in Pr77 at positions +25 to +28 of the nucleotide +1 in
L1Tc mRNA. The complete DPE is conserved in terms of
composition and location in 99% of closely identical Pr77
sequences of L1Tc elements present in the genomes of dif-
ferent T. cruzi strains (available at http://tritrypdb.org/). The
Pr77-DPE is involved in the transcription of Pr77 [48] as
well as the first nucleotides of Pr77 and other nucleotides
along the Pr77 sequence. These nucleotides are probably
involved in binding of transcription factors that mediate Pr77
transcriptional function as nuclear proteins by binding spe-
cifically to the Pr77 sequence.

The DPE motif is conserved in terms of sequence com-
position and distance from the TSS within the Pr77 consen-
sus sequence, independent of their coding or non-coding
nature and degree of degeneration [48].

Remarkably, folding and sequence analyses of the first
77 nucleotides of L1Tc mRNA revealed specific characteris-
tics compatible with those of Hepatitis Delta Virus (HDV)-
like ribozymes, which have been shown experimentally to be
active [50]. Thus, the three helices of HDV-like ribozymes,
known as P1, P2 and P4, as well as two pseudoknots were
detected during L1Tc RNA folding. In vitro transcription
assays and an analysis of co-transcriptional cleavage activity
showed that the L1Tc Pr77 RNA sequence possesses HDV-
like autocatalytic activity within the sequence predicted to
fold into an HDV-like ribozyme conformation. Conse-
quently, this sequence is referred to as L1TcRz [50]. The
hydroxyl nature of the 5° end of the co-transcriptional 3’-
products of L1TcRz is consistent with the fast biochemical
cleavage reaction of HDV-like ribozymes [50].

L1TcRz self-cleaving activity may be affected by the
sequences surrounding these 77 nts, which can induce RNA
structural changes that sequester the L1TcRz into a non-
catalytic conformation [50]. The precise structure of the
L1TcRz may supply a protective cap function to lend stabil-
ity to Pr77-derived transcripts that lack an SL at their 5'-
ends. The existence of an RNAse P-recognition motif, to-
gether with the absence of a capped spliced leader structure
at the L1Tc RNA 57 end, suggests a cap-independent transla-
tion mechanism for L1Tc that may be IRES-like. Consis-
tently, the non-coding NARTc element lacks an IRES-
related RNAse P motif [50].
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The cleavage point is located at the 5” end of the +1 nt of
L1Tc (see scheme in Fig. 2), which is consistent with the
previously reported Pr77 driven L1Tc mRNAs transcription
starting site. Consequently, the in vivo cleavage activity of
the L1Tc ribozyme, may be responsible of the L1Tc tran-
scripts starting at the L1Tc nucleotide +1. L1TcRz activity
may ensure the production of a precise 5° end for Pr77-
driven RNAs or those released from host co-transcripts and
polycistronic transcripts. The L1TcRz will prevent the mobi-
lization of upstream sequences and insure the individuality
of the LITc/NARTc copies transcribed from associated tan-
dems. Because L1TcRz cleaves upstream of its catalytic do-
main (Fig. 2), the ribozyme and internal promoter functions
persist within the L1Tc mRNAs insuring that the promoter
and ribozyme functions travel with L1Tc during retrotrans-
position [51].

Prediction of HDV-ribozyme secondary structure re-
vealed that the first of two Pr77 signatures found in the SI-
DER?2 subgroup of L. infantum, L. donovani, L. major, L.
mexicana and L. braziliensis appear to conform to the HDV-
like ribozyme folding of L1TcRz [52]. Pr77 from T. brucei
SIDER?2 showed hybrid folding of ribozyme L1TcRz and the
R2 retrotransposon. The Pr77-hallmark of 7. congolense
L1Tco and NARTco and of 7. vivax SIDER1 also exhibited
folding similar to that of L1TcRz. In vitro co-transcriptional
activity data indicated that the SIDER2A ribozymes of L.
infantum, L. donovani, L. major and L. mexicana but not that
of L. braziliensis were functional albeit with moderate activ-
ity. The putative ribozymes in Trypanosoma species revealed
that TVSIDER2A, L1Tco and NARTco were highly active.
However, none of the assayed SIDER ribozymes from 7.
congolense and T. brucei showed catalytic activity. For
L1TcRz, the regions located up- and downstream of the Pr77
sequence may influence Rz activity. Interestingly, the HDV-
like ribozymes in Trypanosoma spp were more effective
under co-transcriptional conditions, reaching cleaving rates
of 100%. In contrast, Leishmania spp ribozymes showed
greater cleavage efficiency at 2 h post-transcription than co-
transcriptionally [52]. This is consistent with an externally
controlled post-transcriptional regulatory function. The ri-
bozyme activity of the largely immobile SIDER elements of
Leishmania spp, which are typically located in 3 UTRs,
suggests that these sequences may play a regulatory role
[53]. In fact, some of these sequence repeats are involved in
the downregulation of their host mRNA via endonucleolytic
cleavage prior to deanylation [52]. The existence of a ri-
bozyme in Leishmania suggests that SIDERs may be in-
volved in this cleavage. The mobile nature of Pr77-bearing
retrotransposons may have promoted the spread of HDV-like
ribozymes throughout trypanosomatids, thereby permitting
exaptation events that turned these mobile elements into
regulatory sequences.

3. FUNCTIONS OF RETROTRANSPOSONS IN HOST
GENE REGULATION

The coexistence of a ribozyme and internal promoter
systems within the L1Tc and NARTc elements may play a
role in the genetic regulation of the host [51]. Trypanoso-
matid genomes are organized in large directional polycis-
tronic clusters that are transcribed by RNA polymerase II and
are separated by Strand Switch Regions (SSR). Transcription is
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Table1. Common and unique characteristics of the best known non-LTR retrotransposons in which the enzymatic activities have
been experimentally reported. ORFs (number of Open Reading Frames), AP (AP-endonuclease), RT (Reverse Tran-
scriptase), RH (RNase H), NAC (Nucleic Acid Chaperone), ORF1p protein with NAC activity (the human ORF1 bears
CCHC domain and the mouse ORF1p protein lacks zinc fingers), DBD (DNA-Binding Domain at N- and C-terminal), EN
(Endonuclease from R2 element, similar to type II restriction enzymes).

. T inti
TE Type Size ran?crlp ton ORFs Domains Unique Features
(kb) (Mediated by)
e Pr77-dual system: pro-
moter (DPE motif) and
HDV-like ribozyme.
i o 2A-self cleaving se-
LITC- LINE 49 Pr77 internal promoter sequence 1 AP, RT, RH, NAC g
(T. cruzi) (autonomous) (RNAPII-dependent) quence.
e RNaseH domain.
* No antisense promoter
activity.
¢ AP domain shows
Ll | . dat SUTR 3’—5’ exonuclease
ternal promoter located at 5’ . s
human L1 LINE1 m proofreading activity.
. 6 of the element 2 ORFlp, AP, RT
(Homo sapiens) | (autonomous) (RNAPII-dependent). e Antisense promoter
activity that regulates
L1 mobilization.
e Translation via dicis-
‘o q tronic mRNA that con-
Repeating promoter motif located at 5’ .
m L1 LINE1 tains an IRES.
M ouse fus) | (aut ) 7 UTR of the element (RNAPII- 2 ORFlp, AP,RT )
us musculus autonomous
dependent) and followed by 5’UTR. * Antisense promoter
activity that regulates
L1 mobilization.
e HDV-like ribozyme.
R2Bm Site-specific The R2 RNA is initially co-transcribed , L
_ P 42 with host ribosomal 28S RNA by | | N-DBD,RT,EN, C-DBD | * > and 3’ regions of the
(Bombyx mori) (R2) R2 RNA are binding
RNAPIL
sites for R2 polyprotein.

mainly initiated at SSRs located between diverging clusters
[54]. Sequence alignment of different chromosomes from
T. cruzi, T. brucei and L. major parasites indicate that all
the identified non-LTR or retrotransposon-like sequences
appear to be located in areas of chromosome inversion or
strand-switch or at chromosome ends [55]. Analysis of
retrotransposon distribution in the 7. brucei genome clearly
demonstrated a strong bias in transposable element (TE)
density within strand-switch regions, with ~60 and ~4
times more TEs than in Directional Gene Clusters (DGC)
and subtelomeric regions, respectively. A high retrotrans-
poson density was also observed in L. major strand-switch
regions [56]. The number of L1Tc elements in sense orien-
tation with respect to the policystronic cluster in which the
element is inserted is one order of magnitude higher that
the number of elements inserted in an antisense orientation
with respect to the transcription orientation of the polycis-
tronic clusters where the elements are located, as deduced
from an analysis of L1Tc elements found in T. cruzi ge-
nomes (http://tritrypdb.org) [48]. Together, these data led
us to suggest that Pr77 could be responsible for or partici-
pating in the transcription of adjacent genes and polycis-
trons [47, 48, 51, 56] and that dispersed copies of L1Tc
could prevent the decay of the transcription level of distal
regions, thereby ensuring the correct expression of the dis-

tal genes of each cluster. In addition, L1TcRz ensures the
proper release of any L1Tc or NARTc elements that are co-
transcribed as part of a polycistronic RNA. The fast reac-
tion of L1TcRz suggests that RNA cleavage occurs early
during element expression, thereby permitting early co-
transcriptional cleavage in vivo.

CONCLUSION

Thus, because many functions are encoded by L1Tcs,
these elements and their derivatives are likely to mediate
several functions in host genomes. Consequently they may
constitute an example of domestication and expansion of a
whole TE family that has evolved to fulfil an essential role
for the organism as it has been suggested for the Leishmania
SIDERs [56]. Homologous LINEs have been found and
well-studied in higher eukaryotes and insects with common
and unique functions and features to L1Tc (Table 1). These
elements are mobile and are useful under specific conditions.
However, it is likely that the hosts have also evolved to con-
trol the expansive mobilization of these elements.
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