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The ingi (long and autonomous) and RIME (short and nonautonomous) non—long-terminal repeat retrotransposons are
the most abundant mobile elements characterized to date in the genome of the African trypanosome Trypanosoma brucei.
These retrotransposons were thought to be randomly distributed, but a detailed and comprehensive analysis of their
genomic distribution had not been performed until now. To address this question, we analyzed the ingi/RIME sequences
and flanking sequences from the ongoing 7. brucei genome sequencing project (TREU927/4 strain). Among the 81 ingi/
RIME elements analyzed, 60% are complete, and 7% of the ingi elements (approximately 15 copies per haploid genome)
appear to encode for their own transposition. The size of the direct repeat flanking the ingi/RIME retrotransposons is
conserved (i.e., 12-bp), and a strong 11-bp consensus pattern precedes the 5'-direct repeat. The presence of a consensus
pattern upstream of the retroelements was confirmed by the analysis of the base occurrence in 294 GSS containing 5'-
adjacent ingi/RIME sequences. The conserved sequence is present upstream of ingis and RIMEs, suggesting that ingi-
encoded enzymatic activities are used for retrotransposition of RIMEs, which are short nonautonomous retroelements. In
conclusion, the ingi and RIME retroelements are not randomly distributed in the genome of T brucei and are preceded by

a conserved sequence, which may be the recognition site of the ingi-encoded endonuclease.

Introduction

Retrotransposons are ubiquitous mobile genetic
elements, found in the genome of most organisms, which
transpose through an RNA intermediate (Capy et al. 1998).
The current model for transposition of non-LTR retro-
transposons was developed based on the analysis of the
insect R2 element (Luan et al. 1993). This model predicts
that an element-encoded endonuclease creates a single-
strand nick in the target DNA, generating an exposed 3’
hydroxyl that serves as a primer for reverse transcription of
the element’s RNA. The complementary strand of the new
DNA copy of the element is thus directly synthesized onto
the chromosome by the element-encoded reverse tran-
scriptase. The second single-strand nick is created in the
other strand a few base pairs downstream of the first nick,
by the same element-encoded endonuclease, generating
a primer for the second-strand synthesis of the retroele-
ment. Consequently, most of the non-LTR retroelements
are flanked by a direct repeat corresponding to the
sequence between the two single-strand nicks generated
by the element-encoded endonuclease. Most of these
elements have a variable length poly(A) or A-rich 3’ tail
because of the involvement of an RNA intermediate.
Recently, an alternative model proposing that the non-LTR
retrotransposons integrate at staggered breaks has been
confirmed for the human L1 elements (Morrish et al.
2002), indicating that retrotransposition of these elements
is not always endonuclease-mediated.

Non-LTR retroelements are very diverse in structure
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and can insert into a wide variety of different types of DNA
targets. Some integrate within very specific sequences, such
as rDNA genes (R2 and R4), the spliced leader RNA genes
(NeSL-1, SLACS, CZAR, CREl, and CRE2), and
subtelomeric or telomeric repeats (Genie I and TRASI)
(for review see Craig [1997]). Other retroelements (Zepp,
TART, and HeT-A) are restricted to the telomeric regions of
chromosomes, but they do not show the extreme site-
specificity (Pardue and DeBerardinis 2002). Most of the
non-LTR retroelements, exemplified by the autonomous
human L1 element (a long interspersed nucleotide element
[LINE]), are considered to be randomly distributed in
the genome. However, the observed bias in the base com-
position at the insertion sites of the L1 elements correlates
with the relative sequence specificity of the L1-encoded
endonuclease, indicating that the distribution of these
retroelements is not random (Feng et al. 1996; Jurka
1997; Cost and Boeke 1998).

Trypanosomes are unicellular protists and human
pathogens responsible for African sleeping sickness
(Trypanosoma brucei) and Chagas’ disease (Trypanosoma
cruzi). Non-LTR retrotransposons constitute the most
abundant mobile elements described in the genome of T.
brucei (ingi, RIME, and SLACS) (Aksoy 1991). SLACS
are site-specific retroelements only found in the spliced
leader RNA genes (Aksoy et al. 1987), whereas ingis and
RIMEs have been reported as randomly distributed in
the host genome (Hasan, Turner, and Cordingley 1984;
Kimmel, Ole-MoiYoi, and Young 1987; Murphy et al.
1987). The ingi (5.25-kb) retroelement presents the char-
acteristics of the autonomous LINE elements, whereas the
RIME (0.5-kb) are short nonautonomous retroelements.
The ingi retroelement is composed of a 4.7-kb fragment,
bordered by two separate halves of the RIME retroelement
called RIME-A and RIME-B for the 5’ and 3’ extremities,
respectively (fig. 1). It encodes a large single protein
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Fic. 1.—Schematic representation of the ingi and RIME non-LTR retrotransposons present in the 7. brucei database. The ingi and RIME

retroelements shown here are based on the fifth (26P8.i5) and first (26P8.r6) retrotransposons, respectively, present in the fully sequenced BAC-26P8
(GenBank accession number AC087701). RIME elements are 0.5-kb nonautonomous retroelements (Hasan, Turner, and Cordingley 1984). According
to the nomenclature previously proposed, the first 248-bp of RIME are called RIME-A, and the last 250-bp are called RIME-B (Hasan, Turner, and
Cordingley 1984). The “LINE-like” ingi is a 5.25-kb retroelement composed of an ingi-specific 4.75-kb DNA fragment (thick line) flanked by the
RIME-A (5’ extremity) and RIME-B (3’ extremity) sequences (gray boxes) (Kimmel, Ole-MoiYoi, and Young 1987; Murphy et al. 1987). The ingi
potentially functional retroelements contain a single long ORF (4,971-bp) from position 9 (ATG codon) to position 4,980 (TAA codon), which encodes
a 1,657 aa protein. The percentage of identity between the 5" and 3’ extremities of the ingi (26P8.i5) and RIME (26P8.16) sequences is indicated, and
the black box at the end of both maps represents the poly(dA) terminal sequence. The open black boxes labeled 5’ probes represent the 75-bp sequence

used for Blast search.

containing a central reverse transcriptase domain, a
C-terminal DNA-binding domain (Pays and Murphy
1987), and an N-terminal apurinic-apyrimidinic-like endo-
nuclease domain (Olivares, Alonso, and Lopez 1997).
The original characterization of the ingi and RIME
retroelements suggested they were randomly distributed in
the nuclear genome of T. brucei (Hasan, Turner, and
Cordingley 1984; Kimmel, Ole-MoiYoi, and Young 1987;
Murphy et al. 1987). However, we recently characterized
a large multigene family, called RHS, that contains a hot
spot for insertion of ingi/RIME retrotransposons (Bringaud
et al. 2002). Indeed, approximately one-third of the 280
RHS (pseudo)genes present in the diploid genome contain
one (or more) retroelement(s) inserted at the same relative
position. To study the global insertion site specificity of
these retrotransposons, we have analyzed ingi and RIME
sequences identified in the ongoing 7. brucei genome
sequencing project data: about 800 from the genome
survey sequences (GSS: 90,000 sequences) and 81 from
chromosome-specific sequencing reads.

Materials and Methods
Sequence Analyses

DNA and amino acid sequences were analyzed using
DNA STRIDER and Artemis (The Wellcome Trust Sanger
Institute, http://www.sanger.ac.uk/Software/Artemis/) pro-
grams, and database searches were performed using Blast.
Multiple alignments of DNA sequences were performed
using MacVector version 6.0.1 and AutoAssembler version
2.0 (PerkinElmer).

Statistical Analysis

The distribution of bases in the genome survey
sequence (GSS) was analyzed using the Kolmogorov-
Smirnov (K-S) two-sample test. The base composition at
an individual position is compared with a “background”
distribution sampled further upstream from the (suspected)
conserved domain. The K-S test is nonparametric and
generally more powerful than parametric tests (such as
a y” test). It determines the probability that two observed

distributions are drawn from the same parent population
without making any assumption about the sampling
characteristics of the distributions involved. However,
the significance estimates translate directly into the more
familiar y* test scores (for two degrees of freedom [Siegel
and Castellan Jr. 1988]) and those are the ones presented
here.

Results
Analysis of Ingi/RIME Retroelements from
Chromosome Sequencing

To analyze the ingi and RIME retroelements, we
studied all the retroelement sequences (full-length or not)
present in the T. brucei (TREU927/4 strain) sequence
database that contains the 1.1 Mb chromosome Ia (Chrla)
(the Wellcome Trust Sanger Institute) (Hall et al. 2003) and
about 45 sequenced BAC clones containing genomic DNA
fragments of approximately 140 kb (TIGR) (El-Sayed et al.
2000). Twelve of these BAC sequences have been
assembled to generate a contig covering the 1.2 Mb
chromosome II (Chrll) (El-Sayed et al. 2003). These
contigs represent about 7.4 Mb of large, fully sequenced
genomic DNA fragments, corresponding to 27.7% of the
haploid genome (26.7 Mb, excluding minichromosomes).
Blast searches with the ingi and RIME sequences identified
81 retroelement sequences within these contigs, suggesting
that the nonminichromosomal haploid genome contains
approximately 292 retroelements (192 ingis and 100
RIMES). This is consistent with a previous Southern blot
analysis, which estimated the ingi copy number to be in the
range of 200 per haploid genome (Murphy et al. 1987).

These 81 retroelements correspond to 46 ingis (29 full
length and 17 truncated), 21 RIMEs (20 full length and
one truncated), three half-RIMEs (RIME-A sequences
flanked by a duplicated motif [data not shown]) and 11
incomplete RIME sequences, which may correspond to
either truncated ingi or RIME retroelements. Among them,
49 (60%) are complete RIME or ingi retroelements, but
only three ingis code for a full-length protein (1,657 amino
acids), suggesting that less than 7% of the ingis potentially
code for their own retrotransposition.
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A -

NAME GENE GROUP 5 DUPLICATED MOTIF ingi/RIME DUPLICATED MOTIF 2
26P8.i7+ RHS1 1 crIfrcdeERcEgzlccT TTCTGTTATACA RIME(26P8.i6)
26P8.r6* RHS1 1 (26P8. 17)@ TTCTGTTATACA Hhgd (26P8.15)
26P8.i5* RHS1 1 TTCTGTTATACA AACTACTACATTATGA
lie* RHS1 1 TTTTGTTATACA RIME (1r5)
271+ RHS1 1 C TACTGTTATACA RIME(2r2)
2r3+ RHS1 1 tzrug:l_gg TACTGTTATACA RIME(2r3)
2ra* RHS1 1 (2r2) RIME TACTGTTATACA AACTACTGCATTATGA
216 RHS3 2 TTTTGCTTCATT CACTGCTTCACTTCCA
30P15.1i2* RHS3 2 WCAT TTTTGCTTCATT RIME (20P15.12)
30P15.r2* RHS3 2 (20P15.13) ingd TTTTGCTTCATT CCCTGCTTCACTTCCA
26P8.i2+ RHS3 2 (26P8. zuw I ITTTGCTTCATA FHgd (26P8.13)
26P8.i3% RHS3 2 T TTTTGCTTCATA Fmgi (26P8.i4)
4512.r2 RHS2 3 TCCTGCTCCAAA GETTGCTGCATTACGA
i1 RHS2 3 TTCTGCTCCAAA CGTTGCTGCATTACGA
ir3 RHSS 4 TTCTCCTTCACA AACTAAAGCATGATGC
1i2 RESS 4 TTCTCCTTCACA AACTAAAGCATGATGC
2311 5 TCCAAATGCATT TTGCGATGTGATTTGT
2809.12 6 TACTGCTACTGC AGCCAGGGAATTTTAG
3R7.11 7 TGAAAAAAGATT TCTCTGCTGTCTTTCC
2ri2 8 GTctTETGTETC TTCTTCTTTTCCTTTT
219 9 EB§E ACATGCTGCAgA ACTTGGGGTGGTGCCT
2110 9 ACATGCTGCAgA ACTTGGEGTGGTGCCT
45I2.13 9 i ACATGCTGCAgA ACTTGGGGTETTGCCT
1P6.rl 10 i ATGACCGTCACG GTGTTTGCGGCCGCCA
1P6.12 10 2 ATGACCGCCACG GTGTTTGCGGCCGCCA
1P6. 13 10 2 ATGACCGCCACG GTGTTTGCGGCCGCCA
3C6.11 11 TTCTCACAATGC TACGCCATGACTGATG
12C12.1i1 11 A TTCTCACAATGC TACGCCATGACTGATG
2909.12 12 | AaATATTGAATC ATTTCTCGCTTARATT
4512.r1 12 ATATATTGAATC ATTTCTCGCTTARATT
1I18.13* 13 ATCAAGTGAGTA RIME (1I118.11)
30021.r1 14 A ATATATAGAACA TGCAACTTCGGGCGGA
45I12.1i5 15 A ACTAGCCAAATA AGTGCGGCTGCGGTCG
131313 16 AtTTAAGARAGA CTACARAAGAAMGGATT
B SEQ PUTATIVE PUTATIVE

NAME GENE GROUP 5¢ DUPLICATED MOTIF ingil /RIME DUPLICATED MOTIF ar GENE
1x5* RHEL: 1 (1i6)ingi TACA GTGRATGTACAA CGAATCGCACA
26P8.i4* RHS3 2 (26P8. 13}%& CATA TATTGETTCCCT TACCAGCCCCA
247 RHS5 4 ACTGGCCAC CACA TGAGCTGGECAC CGTCAGTTGTC
26P8.18 17 ATARGG ccc ACTCTCCCATGC TTCTGCTCCAAA GGTTGCTGCAT RHS2
4512.104 18 AATGCGGTGEETGACAT ACAATANTTGCA EE TACTGTTATACE AACTACTGCAT RHS1
1i14 19 cfizcata § TTTAGCGGTATT TTCTTGCATTT
2313 20 TGTICTCGTAGA TATATATATATA TATACGTTAAT
25K13.12 21 fe TV Yel Telelelery TAGTTCCGCACE GCTGGACGCCT
2809.11 22 TGAAAAATTATA TTAGGTTCTGGC TCATCTATTGT
2909.13 23 TATAMARCTGCA TTAAATTAATTA TTCTTACCAGA
2N9.1i4 24 TACAGCGATGTG GTCTATAGGCAA ACCTCTACCCT
1i16 25 TCARTCRSTTTC § TCTTTCGAGETT GGTTECTTGTC
2114 26 TACAACHACGGC TTGGTGTTGCTC CATATATTCET
29K13.11 26 TACAACHACGGC TATAATATGTTA AATTTTTCAAA
2H15.14 27 CCIG CTGCC GCTHCTGCTECT GTGAGAAAGATG GARARAACTGC
29K13.13 28 GACAMGCCAAAC TAATTCTTAGTC TTTTTITTCTG
24M18.i2 29 CATGGCGTAGACTGTCT TGAAGTCAGGAT TTAACTTTTCAT GTGACATCCCG
1118.14 30 CGAATGCCGTCTGRTCT THCEATCTGATA @88 CGAACACACTCT TCTTCGCACCC

Fi1G. 2.—Comparison of the 5'-adjacent and 3’-adjacent sequences flanking the ingi/RIME retroelements identified by T. brucei chromosome
sequencing. The retroelements flanked by a direct repeat are shown in (A), and those that are not flanked by a direct repeat are shown in (B). The
alignment of all the selected sequences was based on the retroelement sequences (gray column headed “ingi/RIME”) from which only the first and the
last 6-bp, separated by the name of the retroelement (ingi/RIME) or “retroelement-like” (half-RIME), are shown. The potentially functional ingis,
which code for a full-length protein (1,657 aa) are indicated by white characters on a black background. Retroelements from the same BAC or
chromosome that are labeled by an asterisk (*) in column “NAME” are arranged head-to-tail and separated by the duplicated flanking motif. In (A), the
direct repeat flanking the retroelements (called “DUPLICATED MOTIF”) is indicated by boldfaced and capital characters, and in (B), the equivalent
sequences of the direct repeat—less retroelements are indicated as “PUTATIVE DUPLICATED MOTIFE.” For the last 11 sequences of (A), the extent of
the duplicated motif is hard to discern because of the presence of a poly(dA) sequence that always precedes the downstream duplicated motif.
Additional A residues that may belong to the motif are shown (boldfaced capitals). Lowercase characters in the duplicated motifs (A) correspond to
nonconserved residues. The 5’ and 3’ sequences that flank the duplicated motifs are indicated, and, where known, the genes to which the flanking
sequences correspond are identified (column called “GENE”). In some cases, the analyzed retroelements are preceded by further retroelement
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Analysis of the Duplicated Motif Flanking the
Ingi/RIME Retroelements

The insertion of non-LTR retrotransposons, including
ingis or RIMEs, generates a duplication of the target
sequence to form a direct repeat of a few bases flanking the
inserted retroelement. Among the 52 full-length ingi and
RIME/half-RIME elements identified by chromosome
sequencing, 34 (65%) are flanked by a short duplicated
motif, shown in figure 2A (14 ingis, 17 RIMEs, and three
half-RIMEs). The size of the direct repeat sequence is
clearly 12-bp for the first 23 retroelements shown.
However, the presence of one or more A residues at the
5" extremity of the upstream direct repeat in the last 11
sequences (named “SEQ 10” to “SEQ 16” in figure 2A4)
prevents a precise size determination of the duplicated
motif, because the poly(dA) sequence always precedes the
downstream direct repeat (except for the half-RIME
sequences). In these particular cases, the size of the direct
repeat varies from 11- and 14-bp but may also be 12-bp
(fig. 2A).

Analysis of the Ingi/RIME 5'-Adjacent Sequences in
the Genome Survey Sequence Database

To analyze the ingi/RIME insertion sites, we also
took advantage of the T. brucei GSS database containing
90,000 end sequences (about 1.8-fold coverage of the
nonminichromosomal 7. brucei haploid genome). The
strategy consists of searching for GSS sequences contain-
ing the 5’ flanking region of ingi/RIME elements by Blast
analyses using the first 75-bp of the 250-bp RIME-A
sequence (5’ probe), which is conserved in ingi and
RIME elements (fig. 1). After discarding all the sequences
containing less than 20 nucleotides of 5'-adjacent se-
quence, 315 GSS were selected and analyzed after
removing the ingi/RIME sequences. All these sequences
were compared and ordered into groups of related
elements. To belong to the same group, two sequences
should be at least 90% identical and have the ingi/RIME
element inserted at exactly the same position. This
analysis, summarized in figure 3, indicates that among
these 315 GSS sequences, 70 sequences are unique (22%
of the selected GSS sequences), whereas the other 245
sequences are divided into 70 groups containing between
two and 29 identical or nearly identical sequences.

The second largest group containing 21 nearly
identical sequences, is composed of tandemly arranged
ingi/RIME sequences, revealing a 12-bp sequence inserted
between the poly(dA) tail of the RIME-B sequence and
the 5’ extremity of the adjacent RIME-A sequence (fig. 4).
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Fic. 3.—Grouping DNA sequences upstream of the ingi/RIME
retroelements. A Blast search of the T. brucei GSS database (composed of
about 90,000 single-pass sequences) with the 5’ probes, revealed 315
sequences containing at least 20-bp upstream of the ingi/RIME sequence.
These sequences were aligned and ingi/RIME flanking sequences sharing
at least 90% identity and starting at the same relative position were
grouped. The resulting distribution of the number groups (Y-axis) against
the number of sequences per group (X-axis) is shown. On top of each bar,
the number of groups are shown with the percentage of the 315 sequences
contained in each category in parentheses. The position of the groups
containing the RHS sequences, some of the half-RIME sequences, and the
ingi/RIME dimers are indicated. For example, column 8 shows that,
among the 315 ingi/RIME 5’ flanking sequences, 16 sequences (4.5% of
the total sequences) fall into two groups, and each group contains eight
nearly identical sequences. One of these two groups contains the RHS2
sequence, and the other contains a half-RIME flanking sequence (RHS
subfamilies were defined in Bringaud et al. [2002]).

These 12-bp sequences are probably the result of multiple
ingi/RIME insertions at the same site with, as conse-
quence, multiple duplications of the target site, each
flanked by retroelements (Bringaud et al. 2002). In-
terestingly, most of these 12-bp sequences (19 out of 21)
are identical to the direct repeats flanking ingi/RIME
retroelements inserted in RHS (pseudo)genes (figure 4 and
see figure 5 in Bringaud et al. [2002]). In addition, 31 GSS
sequences contain a unique retroelement sequence pre-
ceded by the 5’ extremity of a RHS pseudogene (fig. 3).
This indicates that 15.9% of the retroelements analyzed in
these 315 GSS sequences are inserted at the same relative
position in the RHS (pseudo)genes, which confirms the
presence of a hot spot for retroelement insertion in the RHS
(pseudo)genes (Bringaud et al. 2002).

The Ingi/RIME Retroelements Are Preceded by
a Conserved Motif

The hot spot for insertion in the RHS (pseudo)genes
suggests that the ingi/RIME retroelements resemble site-

«—

sequences (indicated by the words “ingi” or “RIME,” shaded in gray and identified in parentheses). Residues within the duplicated motif and 5’
flanking sequences that match the consensus are indicated with white characters on a black background. Sequences are grouped by the upstream
retroelement flanking sequences and numbered 1 to 29 in column “SEQ GROUP.” Underlined names correspond to retroelements identified in the fully
sequenced Chrla (the Wellcome Trust Sanger Institute—http://www.sanger.ac.uk/Projects/T_brucei/) and ChrIl (TIGR—http://www.tigr.org/tdb/e2k1/
tbal/); the first number indicates chromosome 1 versus 2, the letter and the last number indicate the retroelement (i or r for ingi or RIME, respectively)
and its order of appearance on the chromosome. The other names (not underlined) correspond to retroelements identified in BACs of chromosomes
whose sequencing is not completed (TIGR); the name of the BAC is followed by a dot, the nature of the retroelement (i or r), and the position on the

BAC sequence.
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GsSs RIME-B [poly (dA) DUPLICATED MOTIF RIME-A GENE

120d01lr CCGCGCCAGTGGGGGGAAACTCTCACGAAGGCACGAAGAARATTC (Jiw
214h05r CCGCGCCAGTGGGGGGARACTCTCACGAAGGCACGAAGARAATTC
44E23 . TF CCGCGCCAGTTGGGRGAAACTCTCACGRAGGCACGAAGAARATT
106GE8 . TE CCGCGCCAGTGGGGGAAAACTCTCACGAAGGCACGAAGARAATTC
17h0o7f CCGCGCCAGTTGGGAGAAACTCTCACGAACGGCACGAAGARARATTC
224b05r CGCCAGTTGGGAGAAACTCTCACGAAGGCACGAAGAARATTC-
242do1f ARAATTC-
242d0lr CCGCGCCAGTGGGGGGAAACTCTCACGAAGGCACGAAGARAATTC
278d08f CCGCGCCAGTTGGGAGARACTCTCACGAAGGCACGAAGAARATTC -
196k04r CCEGCECCCACTTGGGAGAAACTCTCCCGAAGGCACGARGAATATTC -
282d10r CCGCGCCAGTGGGGGGARACTCCCACGARAGCGCACGAAGRRRAATTC
32G5ellf CCGCGCCAGTTGGGAGRAARCTCTCACGRAGGCACGAAGRARATTC -
70a0lr CCGCGCCAGTTGGGAGAAACTCTCACGA - GGCACGAAGARARATTC -
51P17.TF CCOGCGCCAGTGGGGGGAAACTCTCACGAAGGCACGAACAARATTC -TACTGTTATACAccotggogatgocggocace RHS1
5CS.TF CCGCGCCAGTGGGGGGAARACTCCCACGAAGGCACGAAGARRATTC -TACTGTTATACAccctggegatgeaggecace RHS1
368h02r CCECECCCACTCAGCCEARACTCCCACCAACCCACCAACAAAATT TCEEERELE- - - — - - TTTTGCTTCATAccctggegatgecggecace RHS3
40a06f CCGCGCCAGTGAGGGEGARACTCTCACGARGECACGARAGRAARATT T (A — — — — — — TTTTGCTTCATAccctggegatgecggecace RHS3
80C2.TR CCGCGCCAGTGAGGGGAAACTCCCACGAAGGCACGAAGARRATTT ----TTTTGCTTCATAccctggegatgecggecace RHS3

a- - --ATCAAGTGAGTAccctggogatgecgacocgee

----ATCAAGTGAGTAccctggogatgocgacecgee

----TTCTGCTCCAAAccctggegatgecggeecace RHS1
----TICTGCTCCAAACCCctggegatgoccggecace RHS1
----TTCTGCTCCAAACCotggegatgooggocace RHS1
-TTCTGTTATACAccctggogatgoaggocace RHS1
-TTCTGTTATACAccctggegatgocggecace RHS1
--TTICTGTTATACAccctggegatgecggocace RHS1
--TTCTGTTATACAccctggegatgececggecace RHSL
--TTCTGTTATACGecetggegatgeegtccace RHS1
-TACTGTTATACAccctggegatgoeggecace RHS1
BTACTGTTATACACcctggogatgooggocace RHS1
--TACTGTTATACAccctggogatgeooggocace RHS1

43L23.TR AGAAACTCTCACGAAGGCACGAAGAARATTC - ----TTTTGCTTCATTecctggegatgecgacecace RHS3
10A9.TV CACTCTCACGARGGCCCGAAGARAATTCTERERER - - - - - - - - TTTTGCTTAATTccctggegatgeaeggecace RHS3
2D10.TP GCGCCAGTTGGGAGARACTCTCACGAAGGCACCGAAGAAGATTC - ------TTTTGCTTITATTCCCcEggegatgeccggecace RHS3

F1G. 4.—Comparison of all the GSS sequences containing both the 5’ and the 3’ extremities of the ingi/RIME retroelements separated by a short
sequence. Gaps (-) were introduced to maximize the alignment of the 21 sequences, which correspond to the GSS sequences contained in column 21 of
figure 3. The name of the GSS sequence determined at TIGR (underlined) or the Wellcome Trust Sanger Institute is indicated on the left side. The
identical residues in the RIME-A (lowercase) and RIME-B (capital letters) sequences are shaded in gray, and the poly(dA) tail present at the 3’
extremity of the ingi/RIME retroelements is indicated by white characters on a black background. The sequence located between the poly(dA) tail and
the RIME-A sequence, which corresponds to the duplicated motif flanking ingi/RIME, is underlined and bold. Where known, the name of the RHS gene
subfamily from which this 12-bp duplicated motif is derived, is indicated on the right (RHS subfamilies were defined in Bringaud et al. [2002]).

specific non-LTR retrotransposons. However, they are not
restricted to a single target site. According to the current
model for retrotransposition of non-LTR retrotransposons,
the process is initiated by the element-encoded endonu-
clease, which performs a sequence-specific or nonspecific
single-strand cleavage. To determine whether conserved
residues are present in the vicinity of the ingi/RIME
insertion sites, we compared the regions flanking the full-
length retroelements identified by chromosome sequenc-
ing. Only the 34 retrotransposons flanked by a direct repeat
were analyzed (fig. 2A) because the first single-strand
cleavage of the endonuclease corresponds to the 5’
extremity of the flanking duplicated motif. Based on the
nature of the retroelement flanking sequences, these 34
sequences are subdivided into 16 different sequence
groups (fig. 24). The patterns of bases in regions flanking
the retroelements are presented in figure 5A. Sequence
conservation in the sequences adjacent to the downstream
duplicated motif is limited. Indeed, among the first 20
nucleotides, only T residues at two positions (+04 and
+12) are found in more than half (53%) of the sequences.

For the duplicated direct repeat, greater conservation is
observed. At least four out of 12 residues constituting the
flanking direct repeat are moderately conserved. Upstream
of the 12-bp motif shows considerable sequence conser-
vation. For instance, in the region —15 and —34 upstream
of the retroelement, specific bases occurs in three pos-
itions, with a frequency of 56% to 69%, and at six
positions, with a frequency of 75% to 94%. Although the
number of sequences analyzed is relatively small, this
suggests that a consensus pattern is present within the first
34 bp upstream of the retroelements. Interestingly, the
conserved residues are found upstream of both ingi and
RIME retroelements (fig. 2A).

To determine whether the consensus pattern upstream
of the retroelements is statistically significant, this analysis
should be performed on a larger set of sequences. The GSS
containing sequences upstream of RIME-A are good
candidates for this analysis because this set consists of
294 sequences (the 21 sequences corresponding to ingi/
RIME dimers that do not contain the region preceding the
direct repeat were not retained) (figs. 3 and 4). Un-

—

FiG. 5.—Base frequencies at different positions of the flanking direct repeat and adjacent regions of the ingi/RIME retrotransposons identified by

chromosome sequencing (A) and GSS database analysis (B) and (C). In (A), the frequencies have been analyzed in the 12-bp direct repeat and the 5'-
adjacent and 3'-adjacent sequences (27- and 16-bp, respectively) of 32 full-length ingis and RIMEs flanked by a direct repeat (fig. 2A). The ingi/RIME
and downstream 12-bp direct repeats have not been analyzed. In (B) and (C), the region upstream of ingi/RIME retroelements identified in 294 GSS
sequences (B) or in a smaller set of 139 GSS sequences, using only one sequence per group of nearly identical GSS sequences as defined in figure 3 (C),
have been compared. The first column (called “pos”) indicates the nucleotide position: for the 5’ flanking region of both panels (from position —01 to
—40) the numbering starts before the 5’ extremity of the retroelement; for the 3’ flanking region of (A) (from position +01 to +16), the numbering starts
after the 3’ extremity of the downstream 12-bp direct repeat; and for the ingi/RIME sequences of (B) and (C) (from position +01 to +20) the numbering
starts from the 5’ extremity of the retroelements. The values in columns “T,” “C,” “A,” and “G” represent the percentage of the T, C, A, and G
residues, respectively, at individual positions. Values superior to 50% are indicated: 50% to 60% (underlined), 60% to 70% (underlined and boldfaced),
70% to 80% (underlined and gray shaded), 80% to 90% (underlined, boldfaced and gray shaded), and 90% to 100% (white characters on a black
background). The last column (named “cons”) shows the conserved residues. An arrow in the right margin indicates the position of the first single-
strand cleavage.
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Pos T c A G cona Pos T c A G cons Pos T c A G cons
-40 13 25 31 31 -40 30 24 28 18 -40 34 18 26 22
-39 37 25 13 25 -39 29 32 18 21 -39 28 26 19 27
-38 37 13 31 19 -38 39 23 21 17 -38 26 26 24 24
-37 19 13 19 49 -37 30 14 28 28 -37 37 12 23 28
-36 0 38 31 31 -36 25 27 21 27 -36 20 22 25 24
=35 31 25 31 13 -35 25 22 31 22 =35 27 15 35 23
-34 ] ] ﬂ 12 A -34 17 10 E 17 A -34 17 10 ﬂ 23 A
-33 12 19 44 25 -33 26 22 38 14 =33 23 25 34 18
<32 16 A9 95 a7 <390 21 14 .23 49 -32 23 15 18 44
.31 69 6 6 19 T -31 39 21 25 15 -31 43 19 20 18
-30 6 49 14 131 -30 31 32 13 24 -30 34 30 16 20
-20 25 13 37 325 -20 22 23 24 31 -29 23 23 31 23
-28 38 25 6 31 -2B 44 26 15 15 -28 45 21 16 18
-27 38 12 37 13 -27 39 13 36 12 -27 41 17 28 14
-26 Bl 13 o 6 -26 64 19 11 6 T -26 56 24 12 8 T
-25 26 25 0 49 -25 41 15 5 38 -25 35 29 9 37
-24 0 38 13 49 -24 13 28 13 46 -24 14 32 14 40
-23 26 49 0 25 -23 29 39 15 17 -23 34 32 14 20
-22 0o o0 12 g8 @ -22 13 6 13 68 G -22 11 6 18 65 @
-21 ﬁ 19 6 6 T -21 E 23 g8 14 T =21 2 18 S 14 T
-20 44 25 6 25 -20 35 29 11 35 -20 35 26 12 27
-19 12 o o @ @ 19 16 4 9 G B 19 18 4 10 68 @
<18 o e o [ER .18 17 6 7 @@ B .18 17 6 12 65 @
.17 31 31 31 7 -17 39 23 22 16 -17 232 25 22 21
-16 @8 6 6 13 f -16 64 7 14 15 T .16 57 8 19 16 T
-15 6 25 13 56 G -15 20 23 19 18 -15 25 19 22 34
-14 19 25 44 22 -14 24 22 35 19 -14 31 20 28 21
-13 31 13 25 31 -13 34 21 27 18 -13 37 21 22 20
<« «— €«
-12 50 o0 43 7 T 12 42 2 45 11 -12 43 4 41 12
-11 63 25 6 6 T |12 -11 47 22 22 9 12 -11 51 14 23 11 T |12
-10 25 44 25 6 bp -10 27 32 24 17 bp -10 28 34 23 15 |bp
-09 63 0 31 6 T -09 62 10 21 7 T -09 52 11 26 11 T |
-o8 6 19 37 38 R -0B 21 14 26 39 R -08 24 20 29 27 |R
-07 19 49 25 7 E -07 24 44 16 16 E -07 30 34 18 18 |E
-06 63 13 12 12 T [P -06 68 10 12 12 T |P -06 59 14 14 13 T |P
-05 13 12 37 38 E -05 23 21 21 15 E -05 25 17 23 35 |E
-04 12 44 38 6 A -04 35 30 27 8 A -04 38 18 33 11 |a
03 13 o [F§ 12 & T -03 18 4 53 25 A |T -03 25 6 37 32 |'T
-02 44 31 6 19 -02 32 42 14 12 -02 32 38 14 18 |
-01 19 25 49 7 -01 27 17 46 10 -01 34 23 34 10 |
ingi / RIME +01 2 B 2 o 01 2 f 2 o @]
+02 1 B 1 o +02 1 B 1 o [ |
12 bp repeat +03 1 B 2 1 +03 1 g 2 1 [ |
+04 2 1 1 i +04 4 1 1 @i
+01 33 7 40 20 +05 0 2 5 EHE n +05 1 1 5 93 el 'n
402 @3 a3 B7 29 +06 1 3 5 [h g +06 2 2 a4 kb [ g
+03 33 46 7 14 +07 20 @8 2 o0 @€ |i +07 11 BT 2 o0 @€ |4
+04 53 20 7 20 T +08 3 0 4 e |/ +08 1 o0 3 S |/
+05 20 20 33 27 +09 o 1 E@ 3 R |r +09 0 1 2 K |r
+06 13 40 20 27 +10 8 0 0 @I +10 4 1 0 I
+07 40 13 20 27 +11 a o 2 € M +11 € 1 0 €] M
+08 33 13 7 47 +12 1 B o 1 [§|E +12 1 B 1 1 @ |E
+09 27 40 13 20 +13 13 @8 1 o § +13 6 B 1 o @
+10 20 0 47 33 +14 3 0 2 EB E +14 4 1 1 @ B
+11 33 40 13 14 +15 1 0o o EE [ +15 2 1 1 B [
+12 53 13 7 27 T +16 3 B o o @ +16 s B 1 o0 §
+13 33 T 23 33 +17 & EE] 1 o] C +17 4 EN 1 8] C
+14 46 27 20 7 +18 2 4 1 +18 T 1 B
+15 27 33 7 33 +19 1 B o o [e +19 1 B o 1 [8
+16 33 13 33 20 +20 1 83 16 o € +20 2 Ey s o [8
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fortunately, the site of the first single-strand cleavage is
unknown for all these sequences because the sequence
downstream of the retroelements encoded by these GSS
sequences is unknown. However, we have shown that most,
if not all, of the direct repeats flanking the ingi/RIME
retroelements are the same size (i.e., 12-bp) (see fig. 2A).
Consequently, if we assume that cleavage occurs 12-bp
upstream of the ingi/RIME sequence, the analysis of the
base occurrence in the vicinity of the first single-strand nick
can be performed on this set of 294 GSS sequences.
Because this set of GSS sequences contains a lot of repeated
sequences (including 31 RHS sequences), which may skew
the statistical analysis, we also considered a smaller set of
139 GSS sequences, which contains only one sequence per
group of nearly identical sequences (fig. 3). The base
occurrence analysis of these two sets of 294 sequences (fig.
5B) and 139 sequences (fig. 5C), confirms the presence of
a consensus pattern upstream of the retroelements. This
conclusion is confirmed by the K-S test performed on the
set of 139 sequences (fig. 6). It is noteworthy that the
conserved G nucleotides located upstream (positions —26,
—22,—19, and —18) and within (positions +5, 46, +8, +11,
+14, and +15) the retroelement sequence, show comparable
xz values, which further confirms the high level of
conservation observed for residues located upstream of
the ingi/RIME insertion sites. In conclusion, these statistical
analyses demonstrate the presence of a conserved sequence
(34 AxxxxxxxTtgxTGXGGxTxxx TtTXTxT —6) up-
stream of the ingi/RIME retroelements, with an 11-bp
core consensus sequence (underlined residues) located 4- to
14-bp upstream of the first single-strand cleavage (arrow).

Discussion

The ingi and RIME non-LTR retrotransposons, which
were believed to be randomly distributed, are the most
abundant mobile elements characterized so far in the
genome of Trypanosoma brucei (Hasan, Turner, and
Cordingley 1984; Kimmel, Ole-MoiYoi, and Young 1987;
Murphy et al. 1987). Our analysis of 81 ingi/RIME
retroelements and approximately 800 GSS obtained from
the T. brucei genome sequencing project has revealed that
(1) the size of the direct repeat flanking the ingi/RIME
retrotransposons is conserved at 12-bp; (2) these retroele-
ments are not randomly distributed in the genome; and (3)
they are preceded by a highly conserved consensus pattern
(=34 AxxxxxXthngGXGGXTXXXTtTXTXT —6), with
a core consensus sequence located 4- to 14-bp upstream of
the first single-strand nick.

The presence of a consensus pattern in the vicinity
of the ingi/RIME retroelement insertion sites suggests
that retrotransposition is mediated by protein binding to
a conserved motif. Because the current model for
retrotransposition predicts that the first step is mediated
by a retroelement-encoded endonuclease, which deter-
mines the sequence specificity of site-specific retroele-
ments (Feng, Schumann, and Boeke 1998; Yang, Malik,
and FEickbush 1999; Christensen, Pont-Kingdon, and
Carroll 2000; Anzai, Takahashi, and Fujiwara 2001), it is
tempting to assume that the observed consensus is the
DNA binding site of the ingi-encoded endonuclease.

The T. brucei ingi belong to the group of non-LTR
retrotransposons, which encode an apurinic-apyrimidinic
(AP)-like endonuclease domain related to the Escherichia
coli exonuclease III (Feng et al. 1996; Olivares, Alonso,
and Lopez 1997; Malik, Burke, and Eickbush 1999). The
AP-endonucleases recognize modified purine and pyrim-
idine residues in the DNA, as observed for the AP-like
endonuclease domain encoded by the Trypanosoma cruzi
L1Tc retrotransposon (Olivares, Alonso, and Lopez 1997).
However, other analyzed AP-like endonuclease domains
from non-LTR retroelements present a strong bias for
insertion (human L1 [Feng et al. 1996; Cost and Boeke
1998]) or an absolute target site specificity (TRASI
[Anzai, Takahashi, and Fujiwara 2001] and TxIL
[Christensen, Pont-Kingdon, and Carroll 2000]) not related
to apurinic-apyrimidinic sequences. This indicates that the
retroelement-encoded AP-like endonucleases have a wide
range of site specificity, which is in agreement with the
relative site specificity proposed for the ingi-encoded
AP-like endonuclease. However, we cannot rule out that
another domain of the long ingi-encoded protein (1,657
amino acids) is responsible for this relative site specificity.
Indeed, McClure, Donaldson, and Corro (2002) recently
found that the C-terminal half of the protein encoded by
the ingi element contains two additional endonuclease
signatures related to retrovirus encoded integrase. In
addition, this part of the ingi-encoded protein contains
a large DNA-binding domain with five zinc-binding
motifs, which may play a role in recognition of the target
site (Pays and Murphy 1987). Functional expression of the
different DNA-binding and endonuclease-like domains
encoded by the T. brucei ingi will help to confirm its
relative site specificity and to help to characterize any
domain that are involved in target-site recognition.

The T. brucei chromosome sequencing project has
revealed 34 ingi/RIME retroelements flanked by a direct
repeat to date. For 23 of them, the size of the direct repeat
is 12-bp. The size of the duplicated motif flanking the 11
other retroelements could also be 12-bp. However, the
exact size cannot be determined because of the presence of
A residues at the 5’ extremity of the direct repeats located
upstream of the elements (fig. 2A). As far as we know, the
size conservation of the flanking duplicated motif is unique
to trypanosome retroelements. Indeed, all of the other non—
site-specific non-LTR retrotransposons characterized so far
have polymorphic flanking direct repeats, as exemplified
by human L1, Alu, and ID elements, whose sizes range
between 4- and 26-bp (Jurka 1997). The size of the
flanking direct repeat primarily depends on the position of
the second-strand cleavage. The mechanism of the second-
strand cleavage at the downstream site is poorly un-
derstood. However, it is commonly accepted that the
element-encoded endonuclease is responsible for the first
and second single-strand nick of the target DNA. Thus, it
is tempting to propose that the conservation of the size of
the direct repeat, resulting from the retrotransposition of
the T. brucei retroelements, occurs because of mechanistic
properties of the ingi-encoded AP-like endonuclease.

About one-third of the full-length ingi and RIME/
half-RIME elements identified by chromosome sequencing
(18 out of 52 elements) are not flanked by a direct repeat
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Sequence position

FiG. 6.—The y? values for individual positions of the putative duplicated motif (flanking direct repeat) and adjacent regions. (4) Nucleotide
sequence of residues presenting a nonrandom distribution, as determined in (B). The putative 12-bp duplicated motif preceding the retroelement
sequence (called “ingi/RIME”) is boxed, and the position of the first and second cleavages, probably performed by an ingi-encoded endonuclease, are
indicated. (B) The x* values were calculated as described in Materials and Methods from the set of 139 GSS sequences analyzed in figure 5C. The base
composition upstream from position —40 was used to determine the background base distribution (the same result was obtained using the chromosome I
sequence as reference) % values above the broken horizontal line (13.8) correspond to significance levels of P < 0.001 for two degrees of freedom. The
discrete xz values were represented as vertical bars. Positions —34, —26, —22, 21, —19, —18,—-16, —11, -9, —6, and +1 to +20 have very high x2 values,
indicating a nonrandom distribution of nucleotides at these positions. These nucleotides are indicated by capital letters in (A). The three nucleotide
positions (—25, —24, and —12), which present xz values close to 13.8 (P < 0.001 for two degrees of freedom), are indicated by small case characters in

(A).

(fig. 2B). Two lines of evidence suggest that the loss of
the duplicated flanking motif may be the consequence of
homologous recombination between retroelements, which
would generate chimeric retrotransposons flanked by
unrelated sequences. First, one flanking extremity in five
out of these 18 retroelements corresponds to a RHS
pseudogene, whereas the sequence of the other flanking
extremity is not related to the RHS multigene family (first
five sequences in fig. 2B). Second, among the 29 full-
length ingis, 52% (15 retroelements) are not flanked by
a short duplicated motif, compared with only 15% of the
full-length RIMEs (3 out of 20). Therefore the loss of the
duplicated flanking motif is about three times more
common in ingis (5.25 kb), as compared with RIMEs
(0.5 kb) (fig. 2), commensurate with the expected increase
of homologous recombination frequency caused by in-
creased size of the homologous sequences. However, we
cannot rule out the possibility that endonuclease-indepen-
dent retrotransposition may generate ingi/RIME retro-
elements lacking the flanking direct repeats. Indeed,
endonuclease-independent retrotransposition of L1 ele-

ments, recently observed in mammalian cells to repair
double-stranded DNA breaks, is not associated with the
duplication of the target DNA (Morrish et al. 2002).
Interestingly, some of the direct repeat—less ingi/RIME
elements do not contain the consensus pattern (fig. 2B)
proposed to be the endonuclease-binding site, suggesting
that retrotransposition of these few elements was an
endonuclease-independent process.

In conclusion, the autonomous ingi and nonautono-
mous RIME T. brucei non-LTR retrotransposons present
some characteristics that are not (or rarely) observed in
other non-site-specific elements encoding an AP-like
endonuclease domain: (1) very few 5’ truncations, (2)
conservation of the direct repeat size (12-bp), (3) a strong
consensus pattern 4- to 14-bp upstream of the direct repeat,
and (4) a tendency to form head-to-tail retroelement
clusters. These features are probably the consequence of
enzymatic activities encoded by the ingi element, which
are involved in retrotransposition of ingis and prob-
ably RIMEs. Functional analyses of the ingi-encoded
enzymatic activities, such as the AP-like endonuclease and
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the reverse transcriptase, will help to explain the molecular
mechanisms leading to these particular features observed
in the T. brucei retroelements described here.
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