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Abstract. The recombinant protein RTL1Tc¢, encoded by
the non-LTR (long terminal repeat) retrotransposon L1Tc
from Trypanosoma cruzi, has been shown to have reverse
transcriptase (RT) activity using poly(rA)/oligo(dT) and
poly(rC)/oligo(dG) homopolymers as template/primers.
The optimal RT activity was detected at a concentration
of 5 mM Mg?*, pH 8 and between 28 and 37°C. Site-di-
rected mutagenesis in the RT catalytic site proved that
substitution of aspartic acid 313 for isoleucine

(RTD313IL1Tc) practically abolishes the RT activity of
the RTL1Tc protein. RT-polymerase chain reaction as-
says revealed that the RTL1Tc protein has the ability to
use both homologous and heterologous RNA templates.
Also, it is shown that the RTL1Tc protein is capable of
synthesizing complementary DNA molecules by consec-
utive switching of the oligo molecule, which the protein
uses as a template. This template switching may be in-
volved in the retroelement integration process.
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The Trypanosomatidae family is made up of different
unicellular protozoan parasites, most of which cause se-
rious diseases of worldwide importance in humans and
animals. They are one of the most primitive known eu-
karyotes. However, the molecular mechanisms regulat-
ing the biology of these organisms remain largely un-
known. Trypanosoma cruzi, the agent responsible for
Chagas’ disease or American trypanosomiasis, presents
significant genomic polymorphism and a high degree of
genome plasticity [1]. Approximately 9—14 % of the to-
tal 7' cruzi DNA is formed by DNA repeat sequences
which, as has been suggested, may be implicated in the
generation and maintenance of tandem gene structures
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and also in regulation of gene expression [2]. The major-
ity of the described DNA repeat sequences correspond to
SINE-like sequences, retrotransposons which do not en-
code for proteins with enzymatic activity. In this context,
we previously characterized the L1Tc LINE, which was
repeated at least 2300 times in the 7. cruzi genome and
actively transcribed as a 5-kb-long messenger RNA
(mRNA) [3]. L1Tc ORF (open reading frame) 1 codes
for a protein endowed with AP endonuclease, 3" phos-
phatase and 3’ phosphodiesterase activities [4, 5]. Inter-
estingly, this element was reported to be associated with
a gene coding for a transporter protein from the ABC
family [6], to be integrated in the coding sequence of the
DNAj gene endowed with chaperone activity [7], and
also to be located in the subtelomeric region of different
T. cruzi chromosomes [8]. The possible active presence



CMLS, Cell. Mol. Life Sci.  Vol. 60, 2003

of this LINE element in the 7' cruzi genome is consid-
ered of biological relevance due to the possibility of pro-
viding to the SINE-like sequences the enzymatic ma-
chinery necessary for their transposition, as reported for
some eukaryotes [9]. Association of the L1Tc element
with the SINE-like sequences, both dispersed through-
out the parasite genome, was recently described [10, 11].
The SINE NARTc and the LINE L1Tc elements share a
conserved 3" motif preceding the poli-A tail, with an
85 % nucleotide homology over 13 nucleotides. This mo-
tif may be the docking site for the reverse transcriptase
(RT) of the L1Tc element to initiate retrotransposition of
both retroelements [11].

In the present paper, we show that the recombinant pro-
tein encoded in the L1Tc ORF2, containing the con-
served motifs present in the RT from non-long terminal
repeat (LTR) retrotransposons [3], denominated RTL1Tc,
has RT activity measured against nonspecific synthetic
RNA homopolymers as well as homologous and heterol-
ogous in vitro transcribed RNAs. The RTL1Tc appears to
be Mg?" ion dependent. Moreover, there is evidence that
the RTL1Tc protein also has the capability of using syn-
thetic DNA homopolymers as templates as well as of syn-
thesizing complementary DNA (cDNA) molecules by
consecutive switching of templates. Detailed analysis of
the strand switching performed by RTL1Tc indicates that
at least two nucleotides should anneal between templates
in order to efficiently switch the template.

Materials and methods

Cloning and expression of L1Tc ORF2

L1Tc ORF2 was amplified by polymerase chain reaction
(PCR) using pSFM5S5 clone as a template [3] and em-
ploying L1Tcb ;g4 (5’ AACGAGTCTGCAGCTACATC-
TAC3’) and Tcreb4c 3,37, (S AAAGCAGAATTCCAAC-
CCCTGC3’) primers, which included, respectively, the
Pstl and EcoRlI restriction sites (underlined). The 1893-
nucleotide-long amplified fragment was digested with
Pstl and EcoRI enzymes, and cloned into the pTcrHis ex-
pression vector (Invitrogen), which was digested with the
same enzymes, generating the pTcRTL1Tc clone. In or-
der to improve the RTL1Tc expression rate, the cloned
fragment was excised from pTcRTL1Tc by BamHI and
Sall digestion and subcloned into BamHI and Sall di-
gested pQE;, vector (Qiagen), generating the pQERT
L1Tc clone.

To generate RTA37//ML1Tc and RTD313IL1Tc mutated
proteins, site-directed mutagenesis was performed by a
three-step PCR using pQERTL1Tc vector as a template
and a pair of complementary primers containing the de-
sired nucleotide change (GCG — ATG and GAC — ATC)
[12]. The first PCR reaction was carried out using pQE
forward primer (5GGCGTATCACGAGGCCCTTTCG3")
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and an antisense primer containing the appropriate nu-
cleotide substitutions, which are shown in boldface:
RTM2 5735, for RTA31/MLI1Tc mutant (5GGGTGT-
CACAGCAGACATGTATATGGACG3?’), and RTI2 ;43
primer for RTD3/3/L1Tc mutant (5GGGTGTCACAGC
AGACATGTATGCGGACATCCTCTC3"). A second PCR
reaction was performed using pQE reverse (5'CAT
TACTGGATCTATCAACAGG3’) primer and a sense
primer containing the desired point mutation, RTM1 5,
for RTA371IML1Tc mutant (5CGTCCATATACAT-
GTCTGCTGTGACACCC3’) and RTI1 ; for RTD3131
L1Tc mutant (5GAGAGGATGTCCGCATACATGTCT-
GCTGTGACACCC3’). A third PCR was performed, in
each case using a mixture of the amplified fragments
generated in the first two PCRs as a template and the ex-
ternal pQE forward and pQE reverse primers. The 2-kb-
long A311M and D3131 DNA fragments were BsU36I
and Nrul digested and subcloned into the pQERTL1Tc
vector digested with the same enzymes, producing, re-
spectively, the pQEA311M and pQED313I clones. The
generated clones were fully sequenced and the introduced
mutations confirmed.

The recombinant proteins were overexpressed in Esch-
erichia coli M15 strain by 0.1 mM isopropyl-1-thio-f-D-
galactopyranoside (IPTG) induction for 90 min at 28°C.
Proteins were solubilized in RT buffer, pH 7 (50 mM
NaH,PO, containing 0.3M NaCl, 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), 10 mM MgSO, and 0.2 pg/ml
leupeptin), bound to Ni?*-nitrilotriacetic acid (NTA)-
agarose resin for 3 h and eluted with RT buffer, pH 6, con-
taining 100 mM imidazole. Fractions containing the re-
combinant proteins were diluted with RT elution buffer,
reducing the imidazole concentration up to 25 mM,
and the proteins were repurified to homogeneity follow-
ing the above-described methodology. Protein concen-
tration was calculated after SDS-polyacrylamide gel
electrophoresis (PAGE) by comparing the intensity of
Coomassie Blue-stained bands with that of known con-
centrations of bovine serum albumin as described [13]
and by the standard Bradford method.

RT activity

RT activity assays were performed with poly(rA)/
oligo(dT) and poly(rC)/oligo(dG) synthetic homopo-
lymers (Pharmacia) using [a-?P]dNTP (Amersham)
as previously described, except that 80 mM of potas-
sium chloride was used in the reaction [14].
20 pg/ml of the correspondent homopolymer, 1 pCi of
[a?P]dNTP and 25 ng of RTLI1Tc protein, and
RTA31IML1Tc or RTD313/L1Tc mutated proteins were
used per reaction, and MuLV RT enzyme (Roche) was
employed as a positive control. NL1Tc protein was puri-
fied as described previously [4], and 25 ng of the protein
was used as a negative control. RT reaction buffer
(50 mM Tris-CIH pH 8, 2 mM DTT, 2 mM MgCl,,
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80 mM KCl, 0.1% NP40, 1 mM EGTA and 0.2 mM
dNTP) was conveniently modified in order to analyze the
pH effect and the enzyme ion metal dependence.
Poly(dA)/oligo(dT) or poly(dC)/oligo(dG) homopoly-
mers (20 pg/ml) (Pharmacia) were also used to measure
the DNA-dependent polymerase activity associated to the
RTLI1Tc protein. The reactions were carried out at 37°C
for 1 h except where indicated. Retained radioactivity
was measured using an Instantimager (Hewlett-Packard).
RT-PCR assays were performed in ampliwax (Perkin-
Elmer) compartmentalized tubes using the conditions
described by Lugert et al. [15], except that 0.5 pM of
each primer was used in the PCR reaction and products
were analyzed on a 1% agarose gel. 1 pg of activated
DNA (Sigma) was included in the reaction, which leads
to complete inhibition of aberrant but not pure RT activ-
ity. MuLV RT (Roche) was used as positive control. For
all assays, 25 ng of each purified recombinant protein
(wild-type and mutated) were used. For the PCR reac-
tion, the Expand High Fidelity Tag DNA Polymerase
(Roche) was used, a thermostable DNA polymerase with
a low error rate (8.5 errors/10°bp). Two different RNA
templates, BMV and in vitro transcribed L1Tc RNA,
were used as template. For Brome Mosaic Virus (BMV)
the RT reaction was carried out using RNA from BMV
(Promega) as template, and RT primer (S"GGTCTCTTT-
TAGAGATTTACAGTG3’). PCR was performed with
BMV1 (5CGTGGTTGACACGCAGACCTCTTAC-3")
and BMV2 (5TCAACACTGTACGGCACCCGCAT
TC3’) primers.

Template-switching assay

To in vitro transcribe the region comprised within nu-
cleotides 232 and 1468 of the L1Tc retrotransposon, this
sequence was PCR amplified, using pSFMS55 clone
as template [3] and LITc-232 (535 TCGGAAGGGT
ACCAGATGGAGCC3’) and L1Tc-1446 (5 1465 TGGCT
CGTCTAGATTTAACTTGC3’) primers, and cloned
into pGEMT vector under the transcriptional control of
the T7 RNA polymerase promoter, generating the pGT
L1Tc,3,_1465 clone. For in vitro transcription, 2 pg of Xbal
linearized pGTL1Tc,5, 144 clone and 0.5 U of T7 RNA
polymerase (MBI Fermentas) were used. The employed
T7 RNA polymerase provides an average error rate lower
than 0.01% [16]. In vitro transcribed RNA was subse-
quently RNase-free DNase I treated. After ethanol pre-
cipitation, RNA purity was tested for DNA absence by
PCR using two oligonucleotides which map inside the
PGTLITcCy;, 146 insert, Tcreal (5 34GGAAGGGAT-
CCAGATGGAGCCATT3") and Tcrealc (5 5,GCC-
TGGGACCGTCCTTGTGCA3").

RT-PCR using DNA-free in vitro transcribed L1Tc RNA
was carried out as described above using the RTL1Tc and
MuLV RT enzymes. In a first subset of assays the reverse
transcription was performed using the STWI-oli primer
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(51359 CGGTAACTGTAGATAGCG3’). For subsequent
PCR assays the LITc 961 (55, ATTAAGGCTTTCAC-
GAGA 3%) and STW1-oli primers were used. The STWI-
oli primer can anneal with itself by the last two nu-
cleotides at its 3" end. Another assay was performed
under the same conditions but using for the RT reaction
the STW2-oli (5135 GTAACTGTAGATAG3’) primer,
which cannot anneal by its 3" end. A third RT-PCR was
also carried out with DNA-free in vitro transcribed
L1Tc RNA but using as primers for the RT reaction an
equimolecular amount of STW2-oli and STW3-oli
(51351 GGTAACTGTAGATATC3’) primers, which can
anneal by one nucleotide at their 3’ ends. For the PCR,
STW2-oli and L1Tc 961 primers were used.

The DNA-amplified products were, in each case, purified
and cloned into pGEMT vector. Subsequently, both
strands from individual clone inserts were fully se-
quenced, and sequences compared with the original tem-
plate.

Results

Cloning, expression and purification of the
recombinant protein encoded by the L1Tc ORF2

To determine the putative RT activity of the protein en-
coded by the L1Tc ORF2, we generated a construct for
ORF2 expression in E. coli, denominated pQERTLI1Tc.
The clone utilizes the AUG of the pQE vector as the trans-
lation initiation codon, allowing the expression of the L1Tc
RT protein in phase with a polyhistidine tract tagged to the
N-terminus of the recombinant protein. The protein ends at
the natural ORF2 stop codon. The profile of the overex-
pression of the RTL1Tc protein in the E. coli M 15 strain af-
ter IPTG induction and SDS-PAGE and Coomassie Blue
staining revealed, relative to noninduced transformed bac-
teria, the presence of an intensely stained band of ~65 kDa
(fig. 1 A-L, lanes 1 and 2), which is consistent with the ex-
pected size of the RTL1Tc primary structure. RTL1Tc was
purified to homogeneity by passing the soluble bacteria ex-
tract through Ni** affinity chromatography and eluting it
with 100 mM imidazole (fig. 1 A-II, lane RTL1Tc). To de-
termine the functional implication of the RT activity of the
protein of two of the conserved amino acids involved in the
RT catalytic site, we produced two mutated proteins con-
taining nucleotide changes which result in a single amino
acid conversion (fig. 1B). Thus, the D amino acid at posi-
tion 313 was converted to I, and the A amino acid at posi-
tion 311 was converted to M. The mutated proteins were
overexpressed in E. coli and purified to homogeneity as the
RTL1Tc wild-type protein. Figure 1 A-II (lanes D3131 and
A311M) shows the mutated purified recombinant proteins
after SDS-PAGE and Coomassie Blue staining. Figure 1 A-
IIT shows the NL1Tc purified recombinant protein [4] used
as control.
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Figure 1. Purification of RTL1Tc, RTD3/3/L1Tc and RTA311M-
L1Tc mutated proteins. (4) SDS-PAGE of E. coli whole lysates and
of the purified recombinant proteins. Panel I, whole lysates from E.
coli M15 strain transformed with pQERTL1Tc, noninduced culture
(lane 1) or 0.1 mM IPTG-induced culture for 90 min (lane 2). Panel
11, the purified recombinant proteins after elution from the Ni?'-
NTA agarose affinity column, RTL1Tc (lane RTL1Tc),
RTD313/L1Tc mutant (lane D3131) and RTA37/ML1Tc mutant
(lane A311M). Panel 111, the NL1Tc recombinant protein after elu-
tion from the Ni?*-NTA agarose affinity column and after Mono S
column chromatography (Pharmacia). MW, molecular weight
markers in kDa. (B) Schematic representation of L1Tc. Numbers
indicate the position of the endonuclease (EN), reverse transcrip-
tase (RT), RNase H (RH) and Zn-finger (C2H2) motifs. Consensus
sequence of RT catalytic domain and the RTL1Tc, RTD3/3/L1Tc
and RTA37IML1Tc catalytic domains are shown at the bottom of
the figure. The generated point mutations are indicated in italics.

RT activity

The enzymatic RT activity of the wild-type purified
RTLI1Tc protein was measured by [a-*>P]dNTP incorpo-
ration into synthetic poly(rA)/oligo(dT) and poly(rC)/
oligo(dG) homopolymers, which were used as tem-
plate/primer sets. The RT enzyme from MuLV (Roche)
was used as a positive control of enzymatic activity, and
the endonuclease NL1Tc encoded by L1Tc [4] was used
as a negative control. Figure 2 A shows the data of the in-
corporated radioactivity (net cpm) obtained for each sub-
strate. The results indicate that the recombinant protein
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Figure 2. RT and DNA-polymerase activities of the RTLI1Tc
recombinant protein. RT (4) and DNA-polymerase (C) activities
were measured using an Instantimager (Hewlett-Packard) as the
net counts per minute (cpm) incorporated using as substrate:
(4) Poly(rA)/oligo(dT), lanes rA/dT and poly(rC)/oligo(dG), lane
rC/dG; (C) poly(dA)/oligo(dT), lanes dA/dT and poly(dC)/
oligo(dG), lane dC/dG. 25 ng of RTL1Tc (RTL1Tc) were used in
each reaction, and MuLV RT enzyme (MuLV) were used as a posi-
tive control. As a negative control 25 ng of AP endonuclease protein
(NL1Tc) encoded by the element [4] were used. Represented data
are the average of three independent assays. (B) 6% denaturing
polyacrylamide gel electrophoresis of an RT reaction using
RTL1Tc enzyme and poly(rA)/oligo(dT) as substrate. MW, molec-
ular weight marker (in bp) corresponds to two in vitro transcribed
and radioactively labeled transcripts of known size.

encoded by the L1Tc element has RT activity on a syn-
thetic homopolymer, and that the mean value is higher for
the homopolymer poly(rA) than for the poly(rC). The
length of the reaction products ranged into the hundreds
of nucleotides as detected by PAGE (fig. 2B). Since the
molar concentration of the RT proteins used in the assays
were similar, we calculated that the activity of the RT en-
zyme encoded by L1Tc is, under our experimental condi-
tions, 10-fold lower than the activity of the MuLV RT en-
zyme. As expected, no RT activity was detected in the re-
actions containing the NL1Tc recombinant protein [4]. In
order to analyze the nature of the reaction products, we
added RNase H and S1 nuclease to the reaction mixture
containing either the poly(rA) or the poly(rC) homopoly-
mers and observed complete hydrolysis of the reaction
products, indicating that the generated products were in
both cases RNA/DNA hybrids. To analyze whether the
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RTL1Tc recombinant protein is associated with DNA-de-
pendent polymerase activity, poly(dA)/oligo(dT) and
poly(dC)/oligo(dG) template/primer sets were also used.
The results, shown in figure 2C, indicate that the
RTLI1Tc recombinant protein also has DNA-dependent
polymerase activity, with higher [a-?P]dNTPs incorpo-
ration when the poly(dC) homopolymer is used than
when the poly(dA) homopolymer is employed. The rela-
tively low DNA-dependent polymerase activity observed
when the MuLV RT enzyme was used could be due to the
tight ionic requirements of the enzyme [17], which differs
from those employed in this assay.

In order to determine RTL1Tc optimal temperature and
pH conditions, RT activity was measured under different
temperatures and pH values in the presence of 5 mM
Mg?" ion concentration. The optimal pH and temperature
conditions for the RT activity were pH 8 and 37°C, al-
though it was also active under a wide range of tempera-
tures from 28 to 42°C (fig. 3A). The ion requirement of
RT activity of the RTL1Tc protein was analyzed at dif-
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Figure 3. Analysis of RT optimal activity conditions of the
RTL1Tc protein. (4) Study of temperature (X) and pH (O) optimal
conditions for the RT activity of the RTL1Tc protein carried out in
buffer containing 5 mM Mg?". (B) Study of the Mg?* ion require-
ment (@) determined at pH 8 and 37°C. RT activity of the RTL1Tc
protein is presented as the net radioactivity incorporated (cpm)
using poly(rA)/oligo(dT) as substrate. The data represent an aver-
age of three independent assays + SD.

RT of the L1Tc retroelement

ferent Mg?* ion concentrations, pH 8 and 37°C. The
RTL1Tec protein was shown to require Mg?" with an opti-
mal concentration of 5 mM Mg?* (fig. 3 B).

To analyze the effect that mutations in the YADD cat-
alytic domain would have on the RT enzymatic activity of
the RTL1Tc protein, two mutated proteins were produced
separately. The first mutation affects the D amino acid at
position 313, described as critical for activity of the RT
enzyme from retrovirus and LTR retroelements which
was substituted for the I amino acid. The second mutation
affects the A at position 311, which was substituted for
M, the amino acid present in the active site of the RT pro-
tein from retrovirus [18]. The enzymatic activity of both
mutated recombinant proteins, determined against ri-
bonucleotide and deoxynucleotide homopolymers fol-
lowing the aforementioned methods, is shown in figure 4.
Thus, substitution of D in position 313 for I (RTD3131
L1Tc) produces a reduction of the RT enzymatic activity
from 80 to 85% using as substrates the poly(rC)/
oligo(dG) and poly(rA)/oligo(dT) template/primer sets,
respectively, relative to the enzymatic activity of the non-
mutated protein. However, the substitution of A in posi-
tion 311 for M (RTA37//ML1Tc) does not significantly
affect the protein’s enzymatic activity. The NL1Tc protein
was used as a negative control.

RT activity associated with the RTL1Tc recombinant pro-
tein was also tested by the RT-PCR assay, using heterolo-
gous RNA from BMV as a template in the presence of
activated DNA. As shown in figure 5A, both the L1Tc
encoded enzyme and the control MuLV RT gave rise to a
clear amplification band of ~150 bp long, the expected
size for the primers used. Figure 5B shows that the am-
plified bands were recognized by a y-32P labeled oligonu-
cleotide which maps inside the amplified DNA fragment.
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Figure 4. RT enzymatic activity of the purified recombinant pro-
teins. RT activity was determined with poly(rA)/oligo(dT) (white
boxes) and poly(dA)/oligo(dT) (black boxes) templates, using [a-
2P]dTTP, 25 ng of each purified RT recombinant protein, RTL1Tc
(bars RTL1Tc), RTA37//ML1Tc mutant (bars A3//M) and
RTD313/L1Tc mutant (bars D313/) in the presence of 5 mM of
Mg?". The activity level, measured as incorporated radioactivity, is
represented as the percentage of activity of each enzyme relative to
the activity observed for the wild-type RTL1Tc enzyme. 25 ng of
NL1Tc protein were used as a negative control (bars NL1Tc). The
data represent an average of three independent assays * SD.
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Figure 5. RT-PCR assay. (4) RT-PCR products after 2% agarose
gel electrophoresis when no enzyme [control (—)], RTL1Tc enzyme
(RTL1Tc) or MuLV RT enzyme (MuLV) was added to the RT reac-
tion. The arrow indicates the position of the PCR-amplified prod-
ucts. The MW line shows the molecular weight markers in Kb. (B)
An autoradiography corresponding to the Southern blot of the gel
shown in (4) hybridized with the radiolabeled BMV primer used as
an internal probe.

The RTL1Tc protein has a tendency to switch the
template during cDNA synthesis

In order to check whether any type of deletion or ex-
tranucleotide addition occurs in the reverse transcription
initiation site, as has been described for some retroviral
RTs [19] and for the RT from Bombyx mori R2Bm non-
LTR retrotransposon [20], an RT-PCR was carried out. In
the PCR, the same primer employed in the RT reaction
was used (fig. 6 A). Thus, the in vitro synthesized L1Tc
transcript was used as template for cDNA synthesis using
STW1-oli primer. Subsequently, a PCR was carried out
employing STW1i-oli and L1Tc,;, primers to generate a
150-bp amplicon. Figure 6B (plot a), shows that both
MuLV and L1Tc RTs generated the expected amplifica-
tion band of 150 bp. Remarkably, a smear of a higher size
was observed only when the RTL1Tc enzyme was used.
Cloning of the amplified products and sequencing of 20
individual clones for each enzyme showed that 70% of
the clones generated by RTL1Tc enzyme had at the am-
plicon 3” end a tandem repetition (from 9 to 22 copies) of
the STW1-oli primer lacking the first two nucleotides.
Figure 6 C shows the sequence of the longest-sequenced
clone, which contains 22 tandem copies of the STWI-
oli(-2 nt) primer. The STWI-oli tandem repetition was
never detected in the clones generated by the MuLV RT
enzyme. A scheme representing generation of the clones
containing the STW1-oli(-2 nt) tandem repetition down-
stream of the cDNA fragment derived from the L1Tc
RNA used as template is shown in figure 7. The process
implies template switching and requires annealing of two
STW1-oli molecules by two nucleotides located at the
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51 ATTAAGGCTT TCACGAGAGC GCTTATAACT TCGTATCGAC GACATTGCCC
101 CCGCGGCATG CACAAGGACG GTCCCAGGCT TTGGGACGAC ACTCTCATGG
151 AGGCAGAGCG GATTGCTACC GACAGCAAGG CCCGCTATCT ACAGTTACCG
201 CTATCTACAG TTACCG/CTAT CTACAGTTAC CG/CTATCTAC AGTTACCG/CT
251 ATCTACAGTT ACCG/CTATCT ACAGTTACCG/CTATCTACAG TTACCG/CTAT
301 CTACAGTTAC CG/CTATCTAC AGTTACCG/CT ATCTACAGTT ACCG/CTATCT
151 ACAGTTACCG/CTATCTACAG TTACCG/CTAT CTACAGTTAC CG/CTATCTAC
401 AGTTACCG/CT ATCTACAGTT ACCG/CTATCT ACAGTTACCG/CTATCTACAG
451 TTACCG/CTAT CTACAGTTAC CG/CTATCTAC AGTTACCG/CT ATCTACAGTT
501 ACCG/CTATCT ACAGTTACCG/CTATCTACAG TTACCG/CTAT CTACAGTTAC
551 CG/GACAATCA CTAGTGCGGC CGCCTGCAGG TCGACCATAT

Figure 6. Template-switching assays. (4) Schematic representa-
tion of RT-PCR carried out using in vitro transcribed L1Tc mRNA,
where RT primer is also used as one of the PCR primers. (B) RT-
PCR products, reverse transcribed by addition of the RTL1Tc
protein (RTL1Tc), the MuLV RT enzyme (MuLV) or without
enzyme addition [Control (—)] and electrophoresed on 1 % agarose
gel. MW line indicates the molecular weight markers, in bp.
The arrows indicate the position of the 150-bp expected ampli-
con, and asterisks the PCR product also generated by the RTL1Tc
protein. Above each panel is shown the primer used in the RT-PCR:
STW1-oli (a), STW2-oli (b) and STW2-oli + STW3-oli (c). (C) DNA
sequence of one clone reverse transcribed by the RTL1Tc prote-
in and PCR amplified. The 502-bp-long chimeric fragment is
composed by the 150-bp L1Tc-RNA derived sequence (bold let-
ters) followed by 22 tandem repetitions of STW/-oli(-2nt) primer
(italics). The pGEMT cloning vector sequence is shown under-
lined.
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Figure 7. Hypothesized schematic representation of the mechanism responsible for generating chimeric products by RTL1Tc protein. Sub-
strate A is generated by annealing of two molecules of STWI-oli primer by the GC dinucleotide located at the primer 3" end. RTL1Tc uses
substrate A as a template for initiating the reverse transcription (step 1), employing any of the two free 3" OH. For simplicity, only one of
the possibilities is shown, but both would generate the same substrate C. Afterward, RTL1Tc switches the template to a new molecule of
STW1I-oli oligo (step 2) and continues the reverse-transcription process (step 3). Successive template switching of RTL1Tc to a new STW1-
oli molecule and reverse transcription [steps 2 and 3, ] generate a long cDNA molecule composed of tandem repetitions of STWI-oli lack-
ing the two nucleotides implicated in the oligo annealing, substrate C. Subsequently STW1-oli primer is annealed to the 3” end of the C
molecule (step 4). RTL1Tec starts the reverse transcription up to the 5" end of the STW1-oli tandem repetition, switching the template one
more time to the L1Tc mRNA annealed to C substrate and continuing the reverse-transcription process (step 5). As result, a chimeric cDNA
molecule formed by tandem repetitions of STW1-oli primer, lacking the two nucleotides at its 3" end, followed by the L1Tc RNA antisense

strand sequence is produced (step 6).
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primer 3’ end. For RTL1Tc and MuLV RT enzymes any
type of deletion or extranucleotide addition at the RT ini-
tiation site has not been observed.

To extend our understanding of the strand-switching fea-
tures of the RTL1Tc enzyme, the STW2-oli and STW3-oli
primers were used as described above but using for the
RT reaction the STW2-oli primer or an equimolecular
amount of STW2-oli and STW3-oli primers. When STW2-
oli is used, there is no possibility of oligo annealing, and
when the mix of STW2-oli and STW3-oli primers is em-
ployed, they can anneal by one nucleotide of their 3" ends.
Figure 6B (plots b and c) shows that in the PCR both
RTL1Tc and MuLV RTs enzymes generate the expected
amplification band of 150 bp. Moreover, in contrast to
that observed in the RT-PCR when the STW1-oli is used,
after fully sequencing 25 different clones of each assay,
no template-switching phenomena, responsible for oligo
tandem repetition, could be identified. As was previously
observed, clones containing tandem repetitions were not
detected when MuLV RT was used.

As described in figure 7, the proposed mechanism sug-
gests a successive annealing of two molecules of the RT
primer by their 3 ends working respectively as an
RTL1Tc template and as the primer initiator for the re-
verse transcription. The annealing of two molecules of the
primer could be stabilized by the potential binding capac-
ity of the RTL1Tc protein to nucleic acids. Thus, RTL1Tc
reverse-transcribes the template sequence (step 1). Then it
switches the template, employing a new molecule of the
primer (step 2) and continues the reverse transcription
process (step 3). Template switching and successive re-
verse transcription occur several times [steps 2 and 3(n)],
generating a chimeric cDNA formed by tandem repeti-
tions of the oligo. Annealing of the same primer to the
chimeric molecule (C substrate) 3" end (step 4) would ini-
tiate the reverse transcription process and generate the
complementary strand to the previously synthesized
chimeric molecule. In a new step the RTL1Tc would again
switch the template to the L1Tc mRNA/primer hybrid and
would continue reverse transcription using the single
L1Tc RNA strand as template (step 5), generating a cDNA
composed of primer repetitions followed by a molecule
complementary to the L1Tc RNA (step 6).

Discussion

Application of the term ‘retrotransposon’ to LINEs is
based on the assumption that they encode a protein with
RT activity capable of copying the complementary chain
of intermediate RNA transcribed from the element itself
[18]. However, the majority of LINE and LINE-like ele-
ments described to date are inactive elements, and the ev-
idence of RT activity is assumed by the presence of se-
quences bearing homologous domains to those present in
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RT proteins from retrovirus and LTR retrotransposons.
The present study shows that the 65-kDa RTL1Tc recom-
binant protein, encoded by the ORF2 of the L1Tc element
from T cruzi, expressed in an E. coli system, has RT ac-
tivity because it is capable of directing DNA polymeriza-
tion using different ribonucleotide templates. The highest
RT enzymatic activity was observed when the poly(rA)/
oligo(dT) template was used. This is also the case for pro-
teins encoded by Crithidia fasciculata CRE1 non-LTR
element [21], the jockey non-LTR element from Droso-
phila melanogaster [22], as well as the RT activity that we
previously characterized using 7. cruzi epimastigote whole
extracts [14]. In addition, and like other RT enzymes, the
RTLI1Tec protein is able to use DNA templates. When us-
ing deoxynucleotide homopolymers, the greatest activity
is detected with the poly(dC)/oligo(dT) substrate. The ex-
istence of this DNA polymerase activity associated with
the RTL1Tc protein would allow both synthesis of the
complementary chain to intermediate RNA and synthesis
of a second DNA chain necessary to complete the ele-
ment’s integration, as described for RTs from retrovirus
and LTR retrotransposons [18], and recently for the RT
from human L1 element [23].

The RT enzymatic activity detected in the RTL1Tc pro-
tein was found to be 10-fold lower, on a molar basis, than
that observed with the retroviral MuLV RT enzyme. The
RT activity of the protein encoded by the L1Tc element is
Mg?" dependent, with an optimal concentration of 5 mM.
The higher ionic concentration required for the RT activ-
ity as determined in 7. cruzi parasite (20 mM) [14] could
be attributed to the use of whole lysates. However, the ex-
istence of other RT enzymes in 7. cruzi cannot be ex-
cluded. The temperature range observed for RTL1Tc ac-
tivity (from 28 to 37°C) would be in agreement with the
optimal growth temperatures of the different 7. cruzi
forms, 28 °C for epimastigotes and 37 °C for amastigotes.
As has been shown previously for the RT enzyme from
the human L1 element [24], substitution of the second as-
partic acid from the YADD RT catalytic motif provokes in
the RTL1Tc enzyme strong reduction of its enzymatic ac-
tivity. Substitution in the RTL1Tc protein of alanine for
methionine residues present in retroviral enzymes in the
catalytic motif does not significantly affect RT activity.
RT-PCR assays revealed that the RTL1Tc protein is also
active on heterologous RNA templates. This RT enzy-
matic activity is not inhibited by the presence of a high
concentration of activated DNA, the preferred substrate
of DNA polymerases. Due to the ability of the RT protein
encoded by the LINE-L1Tc element to use heterologous
RNAs as substrates, we suggest that this enzymatic ma-
chinery could be used by the 7. cruzi SINE-like se-
quences for transposition. In addition, we have recently
observed that the deduced amino acid sequence of the re-
gion located downstream of the RT motif from L1Tc ex-
hibits RNase H activity as measured on homologous and
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heterologous RNA/DNA hybrid substrates [25]. A func-
tional relationship has been suggested for different SINE
and LINE sequences in higher eukaryotes [26, 27], and
multiple mammalian LINE and SINE sequences may be
viewed as examples of ongoing coevolution [28]. Recent
reports indicate that the RT protein encoded by the human
L1 element also has the capability of using heterologous
RNAs as substrate [29]. It has been reported that the
LINE (UnaL2) and SINE (UnaSINE1) from eel share a
similar 3 tail which is recognized by the RT encoded by
the LINE (UnaL2) and that it is needed for their transpo-
sition [9]. In the T’ cruzi context, a similar sequence iden-
tity between L1Tc LINE and NARTc SINE has also been
described [11], which could be the sequences recognized
by RTL1Tec for initiating the transposition process.
When an RT-PCR assay is carried out using STW1-oli and
LiTc 961 primers and L1Tc RNA as substrate, the
RTL1Tec protein is able to synthesize chimeric long cDNAs
as a consequence of continuous reverse transcription and
template switching. As a result of this RTL1Tc property
and after PCR selection, an amplified fragment bearing
tandem repetitions of the primer at the 3" end of the ampli-
con is generated. These tandem repetitions were never ob-
served when the MuLV RT protein was used for RT-PCR,
showing that the RTL1Tc protein was responsible for this
phenomenon. The results obtained in the RT-PCR assays
performed with different primers allowed us to conclude
that the RTL1Tc protein shows efficient strand switching
when two molecules of the oligonucleotide employed as
primer are able to anneal by two nucleotides. Template-
switching events have been described for retroviral RT en-
zymes [ 18], although they require annealing of longer se-
quences than the RTL1Tc enzyme. It was recently de-
scribed that RT from the R2Bm non-LTR retrotransposon
has the ability to make multiple rounds of cDNA synthesis
and template switching on a primed reverse transcription
without any sequence homology [30]. A similar activity ca-
pable of strand switching has been proposed to be involved
in the retrotransposition of non-LTR elements, and it is
thought to be a property of non-LTR RTs [30]. In this con-
text it is interesting to note the similarity between the in-
termediate molecule D in figure 7 and the one generated in
the first steps of the TPRT reaction [20], a mechanism that
explains the presence of target site duplications (TSDs)
flanking the inserted non-LTR element.
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