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In addition to their central function in protein biosynthesis, tRNAs also play a pervasive role in genome evolution
and architecture because of their extensive ability to serve as templates for retroposition. Close to half of the human
genome consists of discernible transposable elements, a vast majority of which are derived from RNA via reverse
transcription and genomic integration. Apart from the presence of direct repeats (DRs) that flank the integrated
sequence of retroposons, genomic integrations are usually marked by an oligo(A) tail. Here, we describe a novel
class of retroposons that lack A-tails and are therefore termed tailless retropseudogenes. Analysis of ~2500
tRNA-related young tailless retropseudogene sequences revealed that they comprise processed and unprocessed
(pre-)tRNAs, 3’-truncated in their loop regions, or truncated tRNA-derived SINE RNAs. Surprisingly, their mostly
nonrandom integration is dependent on the priming of reverse transcription at sites determined by their 3’-terminal
2-18 nucleotides and completely independent from oligoadenylation of the template RNA. Thus, tailless
retropseudogenes point to a novel, variant mechanism for the biogenesis of retrosequences.

[Supplemental material is available online at www.genome.org and http://zmbe2.uni-muenster.de/expath/addmat/
tailless_retropseudogenesl.htm. The sequence data from this study have been submitted to GenBank under accession
nos. AY550309-AY550335. The following individuals kindly provided reagents, samples, or unpublished information

as indicated in the paper: C. Roos.]

tRNAs play an ancient, but still central biological role in protein
biosynthesis (Brosius 2001). Initial sequencing and analysis of
the human genome revealed 497 tRNA genes and 324 pseudo-
genes (Lander et al. 2001). Because SINEs (Short INterspersed El-
ements) are chiefly tRNA-derived retroposons (Daniels and Dein-
inger 1985; Sakomoto and Okada 1985; Okada 1991), the true
number of tRNA pseudogenes exceeds tens, even hundreds of
thousands in vertebrate genomes. Their role in genome architec-
ture and evolution is pervasive (Brosius 1999a).

Mature tRNAs can serve as templates for retroposition, pre-
sumably after atypical polyadenylation (Schmid and Maraia
1992). The same is true for tRNAs at various stages of posttran-
scriptional processing. Here, we show that mammalian tRNAs
can also serve as templates in various stages of decay, even when
processing has not been completed. Retroposons are generated
by reverse transcription of RNA molecules with concomitant ge-
nomic integration of the cDNA and can be subdivided into non-
autonomous SINEs and autonomous LINEs (Long INterspersed
Elements; Deininger et al. 2003). LINE-encoded RT can be used in
trans for SINE retroposition (Kazazian 2000; Weiner 2000), where
it is thought to prime on the oligo(A) tract of, for example, SINE-
RNAs (Eickbush 1992). Apart from the presence of an oligo(A)
tail, genomic integrations of younger retroposons are marked by
discernible short direct repeats (DRs) flanking the integrated se-
quence. Once reverse transcribed and integrated into a new chro-
mosomal location, the fate of retroposons essentially depends on
the chromosomal environment. On rare occasions, internal and
cis-acting external promoter elements are combined, resulting in
the birth of one or a few transcribable master SINEs. These con-
stitute the sole sources for template RNAs for further retroposi-
tion events (Deininger et al. 1992; Schmid and Maraia 1992; Bro-
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sius 1999b; Kuryshev et al. 2001). Without proper external and
internal control elements, the integrated sequence is condemned
to life as an inactive retropseudogene.

We have discovered a novel class of multiple-source tRNA-
related tailless retropseudogenes that lack the classic oligo(A) tail,
but usually feature the 5’ portion of the original tRNA or SINE
founder RNA. They preferentially terminate in the region corre-
sponding to the anticodon, variable, or T¥C loop. The availabil-
ity of large numbers of tailless retropseudogene sequences and
their genomic environments, including analyses of orthologous
loci devoid of such retroposons, enabled us to document the
likely events from processing to RT priming and genomic inte-
gration, and allowed us to propose a potential mechanism of
tailless retropseudogene generation.

RESULTS AND DISCUSSION

Search Results and Species Distribution

Using a computational, genome-wide search strategy for extract-
ing preferentially young, 30-100 nucleotide-long integrations
marked by perfect DRs, we found close to 2.7 million candidates
in the genomes of human, mouse, and rat. To specifically focus
on truncated tRNA-related sequences, we performed local BLAST
searches (NCBI) of the extracted short sequences against a com-
pilation of available tRNAs from any known species and identi-
fied ~2500 matches (Supplemental Fig. 1). In contrast, we were
able to detect less than a handful of young retroposed full-length
tRNAs with perfect DRs. Moreover, we also detected a lineage-
specific distribution of tailless retropseudogenes (Fig. 1). Searches
in complete genomes (see Methods) of fish, fruit fly, nematode,
and plants, or in large sequenced genomic portions of birds and
amphibians, failed to detect tailless retropseudogenes. However,
we readily discovered tailless retropseudogenes in similarly large
sequenced portions of additional mammals such as pig, cow,
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Figure 1 Taxonomic distribution of tailless retropseudogenes based on
GenBank searches. Tailless retropseudogenes were retrieved exclusively
from mammalian representatives (bold lines) indicating a mammalian-
specific distribution with the presumed origin marked by a dot. Species
represented in GenBank with their entire genome sequences are shown in
bold letters. Branches of the phylogenetic tree are not drawn to scale.

dog, cat, and hedgehog, but not marsupials and monotremes,
possibly due to a lack of available sequences. Thus, a variant
mechanism appears to exist for generating retroposons, which
seems to be restricted to mammals.

The novel class of tailless retropseudogenes described here
are a highly abundant class of tRNA-related retroposons derived
from diverse 3’ truncated RNA templates. Hence, all tRNA-
derived tailless retropseudogenes represent the internal A-box
promotor region, but lack a B-box sequence. With the exception
of tRNA"™, thus far, all tRNA classes, as well as SINE RNA-derived
templates were found to yield tailless retropseudogenes. Our
findings reveal that tailless retropseudogenes are generated via a
common mechanism of truncation and/or retroposition that
arose during an early stage of mammalian evolution.

tRNA-Derived Tailless Retropseudogenes

We found 225, 58, and 116 tailless retropseudogenes directly
derived from tRNAs or pre-tRNAs, 3’ truncated at recurrent po-
sitions, primarily in single-stranded domains in the human,
mouse, and rat genomes, respectively. Relaxing the conditions to
more moderately conserved flanking DRs (see Methods) revealed
an additional 583, 514, and 456 tailless retropseudogenes, respec-
tively. Among the 225 tailless retropseudogenes with perfect DRs
extracted from the human genome, we distinguished two sub-
groups; 33 tailless retropseudogenes feature the mature 5’ ends of
the corresponding tRNA templates, and the other contain a few
additional 5’ terminal nucleotides. Although only 49 of those 5’
extensions matched 2-8 nucleotides of the 5’ unique leader se-
quences of the corresponding pre-tRNAs, the remaining exten-
sions could be explained by sequence variation or nontemplated
additions.
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SINE-RNA Derived Tailless Retropseudogenes

A large number of rodent tailless retropseudogenes were detected
that are not derived directly from either tRNAs or pre-tRNAs. We
found 446 tailless retropseudogenes in mouse and 1597 in rat
that originated, instead, from similarly 3'-truncated tRNA-
derived SINE transcripts. All 446 mouse and 1453 of the rat se-
quences are derived from 4.5S; RNA (Gogolevskaya and Kramerov
2002), whereas the other 144 rat tailless retropseudogenes are
derived from BC1 RNA (DeChiara and Brosius 1987) or tran-
scribed ID elements (Kim et al. 1995).

Breakpoints of Tailless Retropseudogenes

Of the tRNA-derived tailless retropseudogenes with discernible
priming sites (Supplemental Table), 77.4% of the truncations oc-
cur in the anticodon loop, 13.8% in the variable loop, 4.2% in
the anticodon stem, 1.7% in the TWC stem region, and 2.9% in
the TWC loop. Interestingly, 85.8% of all tailless retropseudo-
genes terminal nucleotides are purines (Figs. 2, 3; Supplemental
data; see Methods). Surprisingly, this demonstrates that 3'-
truncated, tRNA-derived RNAs, at various stages of processing,
can serve quite efficiently as templates for retroposition. Al-
though we cannot completely rule out internal priming on
single-stranded regions of RNA templates (Cost et al. 2002), we
currently favor priming at free processed 3’ ends, as the nicking
is expected to release single-stranded priming sites from previ-
ously inaccessible secondary/tertiary structures.

Genomic Priming Sites

Reverse transcription of (pre)-tRNAs should be mediated by
LINE-1 retroelements, as they encode the only known endo-
nuclease/RT that is active in trans (Dewannieux et al. 2003). A
characteristic feature of LINE-mediated enzymatic activity is
nicking of 5" TT/AAAA 3’ recognition motifs in genomic se-
quences. The stretch of several T-residues on the opposite strand
is the presumed primer for SINE founder RNAs that contain
adenosine-rich sequences (Jurka 1997; Cost and Boeke 1998).
However, in 1839 of the 2442 tailless retropseudogenes, we iden-
tified discernible priming sites all complementary to 2-18
nucleotides of the 3’ termini of the truncated template RNAs (Fig.
2A; Supplemental Table). The priming sites are distinguishable in
183 different sequence motifs. Thus, on the basis of Jurka’s kink-
able DNA sites (Jurka 1997), we formulated a more heterogeneous
integration motif characteristic for tailless retropseudogenes, TT/
WX 17 (Fig. 2B,C; Supplemental data; see Methods). The two
target-specific T residues in this motif are individually conserved
in 53% and 66% of all analyzed integration sites, the subsequent
W-residue is 85% conserved, about equally as either a T- or an
A-residue (Fig. 2). X(;_;7, denotes the remainder of the DNA tar-
get, part of which acts as a DNA primer for reverse transcription,
and the first five nucleotides of which are predominantly aden-
osines (Supplemental Fig. 3).

Unspliced tRNA-Templates

In eight examples, the priming site is complementary to intronic
sequences of the pre-tRNA (Fig. 3; Supplemental data; see Meth-
ods). Three additional tailless retropseudogenes feature complete
internal tRNA-specific introns. These and examples with addi-
tional 5'-precursor sequences demonstrate that truncation can
take place prior to completion of splicing and/or RNase P-
catalyzed 5’ tRNA processing (Fig. 3).

The use of pre-existing DNA nicks in LINE1 endonuclease-
independent retroposition has been described in vitro and in cell
lines (Cost et al. 2002; Morrish et al. 2002). Unlike the mecha-
nism corroborated by Morrish et al. (2002), which does not yield
direct repeats, tailless retropseudogene integrations at the ge-
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Figure 2 Genomic integration mechanism of tRNA-derived tailless ret-
ropseudogenes. (A) RNA break point (arrow) and priming site (boxed
nucleotides) in an example in which a fragment of pre-tRNA®* serves as
a tailless retropseudogene template. Tailless retropseudogene-specific
substitutions differing from the presumed tRNA precursor template are
encircled. Nucleotides representing the remainder of the tRNA precursor,
but not part of the tailless retropseudogenes, are depicted as “thin”
letters. (B) The genomic integration site with the consensus sequence
TT/WX,_;, (in this particular case, TT/WX,) is shown above the bracket.
The RNA priming site is boxed, the direction of reverse transcription is
indicated by an arrow. The presumed single-stranded, staggered end is
shown by a double-headed arrow, part of which (seven nucleotides in
this case) acts as a DNA primer for reverse transcription. (C) Sequence of
chromosomal locus after integration of the tailless retropseudogenes.
Direct repeats (DR) are indicated by arrows. Note that the priming site
(within the boxed tailless retropseudogenes) is part of the DR.

nomic level are always accompanied by DRs typically longer than
the staggered-end DNA-priming site. As a precautionary note, it
is worth mentioning that the events in vitro and in cell lines may
not reflect the dynamics and germ-line events that actually occur
in the genomes of organisms.

Presence/ Absence Analyses

To obtain further information on genomic target sites for the
integration of tailless retropseudogenes, we PCR amplified tailless
retropseudogene loci for representatives of all primate infraorders
(Fig. 4). Presence/absence analyses in primates (Shedlock and
Okada 2000; Schmitz et al. 2001), spanning about 63 million
years (Myr), revealed one human-specific tailless retro-
pseudogene that is probably younger than 6 Myr, one tailless
retropseudogene at orthologous loci in only human and chim-
panzee, five tailless retropseudogenes restricted to the human,
chimpanzee, and gorilla branch, one tailless retropseudogene
common to all hominoids (apes), and one tailless retropseudo-
gene common to all anthropoids that integrated between 40 and
63 Myr ago (Goodman et al. 1998). Thus, our data are consistent
with continuous tailless retropseudogenes’ retroposition in pri-
mates over a period of more than 40 Myr (Fig. 5).

Lack of Oligo(A) Tails

The most striking feature of tailless retropseudogenes is their
complete lack of oligo(A) tails. Previously, Saba et al. (1983) de-
scribed one 4.55,-derived, oligo(A)-less, retroposed sequence dis-
playing features of our tailless retropseudogenes. Roy-Engel et al.
(2002) recently reported that not only is the presence of an oli-
go(A) tail important for efficient retroposition of Alu SINE RNA,
but that its length largely determines whether an Alu element is
retropositionally active as a master gene or not (but see Hagan et
al. 2003). Among the tailless retropseudogenes, there are tRNA-

related templates, including 4.5S; RNA or BC1 RNA, that do con-
tain short internal stretches of A-residues and that prime at such
sites. Thus, in a fraction of cases, reverse transcription primes
exclusively on A-residues. However, in these cases, the retropo-
sition process does not extend the length of the A-tail.

In conclusion, we have discovered a novel class of retro-
posons in mammals, termed tailless retropseudogenes, derived
from truncated tRNAs and tRNA-related SINE RNAs and gener-
ated by a hitherto unknown variant retroposition mechanism,
probably guided by the LINE reverse transcriptase, in which nei-
ther the presence of an oligo(A) tail on the RNA template or its
length are important for retroposition. Variable tailless retro-
pseudogenes priming sites also imply that the proposed competi-
tive template switching involving the A-rich regions of LINE and
SINE RNAs (Cost et al. 2002) is not a general requirement for SINE
retroposition. Finally, nicking sites acting as primers search per-
fectly matched complementary RNA sequences for integration
sites. Recently, we detected thousands of additional tailless ret-
ropseudogenes, in which other RNAs such as ribosomal 5S RNA
or small nuclear RNAs (snRNAs) served as efficient templates
(data not shown). This underscores the numerically significant
proliferation of tailless retropseudogenes in mammalian ge-
nomes.

METHODS

Computer-Based Extraction of Young
Tailless Retropseudogenes

We developed a computer algorithm to identify recent, tRNA-
derived short integrations in entire genomes. We restricted our
initial screening of the entire human, mouse, and rat genomes to
30-100 nucleotide-long sequences flanked by at least 10 nucleo-
tide-long perfect direct repeats. The sequences retrieved from this
search were blasted against all published tRNA sequences, and
the resulting matches cross-checked by the RepeatMasker pro-
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Figure 3 Precursor and cleavage point of a tailless retropseudogene
from an intron-containing tRNA. In an example where human pre-
tRNAP" serves as a precursor for a tailless retropseudogene, the RNA
breakpoint 3’ to a purine residue (arrow) is located in the intron (lower
case letters). The priming site, also located in the intron, is boxed. The
boxed nucleotides at the 5'-end represent unprocessed nucleotides that
are present in the integrated tailless retropseudogene. Nucleotides rep-
resenting the remainder of the tRNA precursor, but not part of the tailless
retropseudogene, are depicted by “thin” letters.
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HsM1 ACATATTGTGTGATT- - | CCAAC- | TATATGACATTCT - - - - - -A= === ===~ GCATTGGTGGTTCAGTAGTAGAATTCTCGCCTG - - - === = = === === === ==~ | CCA~ - - ACTATATGACATTCT- - - | -GGAAATGGCAAAGCTATAGAGATCA AL445242
PEM1 ACGTACTGTATGATC- - - ACTATGTGACATTCT- - - [ - CTAAAAGGCAAAACTAGGGTGAAAA AY550309
Gly = mmmmmmmmmmmmmmmmedem b e e - - - - GCATTGGTGGTTCAGTGGTAGAATTCTCGCCTG = = = = = = = = = = == = = = = = = OO - - o o oo - CGCGGGAGGCCCGEE

HsM2 AACATACAACTTCCT- - - TGCATGATCT-------- -GCCAAGATTGAATAATGAAGAAATA AC069548
PtM2 AACATACAACTTCCT- - - TGCATGATCT- - - -GCCAAGATTGAATAATGAAGAAATA AY550310
GgM2 AACATACAACTTCCT- - - TGCATGATCT- -GCCAAGATTGAATAATGAAGAAATA AY550311
Tle  mmmmmmmmmmmmmfe oo b _GGCCGGTTAGCTCAGTTGGTtAGAGCGTGGTGC -~~~ ---=---------LTAATAN-- -~ --------------- - CGCTAAGGLCGCGGG

HsM3 TAACTATTGTCCATT- - {ACAA- - | AGGCTCTGAGATCAGGC: GGTCGGTTAGCTCAGTTGGTTAGAGCGTGGTGCTG- - AGGCTCTGAGATCACCT- [ - CCTAAACATAGTGGGAAGAGAGAGT AC009509
PtM3 TAACTATTGTCCATT- - { ACAA- - | AGGCTCTGAGATCAGGC GGTCGGTTAGCTCAGTTGGT TGGTGCTG- - AGGCTCTGAGATCACCT - | - CCTARACATAGTGGGAAGAGAGAGT AY550312
GgM3 TAACTATTGTCCATT- - { ACAA- - | AGGCTCTGAGATCAGGC: GGTCGGTTAGCTCAGTTGGTTAGAGCATGGTGCTY - AGGTTCTGAGATCACCT - | - CCTARACATAGTGGGAAGAGAGAGT AY550313
PpM3 TAACTATTGTCCATT -~ f = = == == b= = === === = = = e o e o o o o o oo oo oo - AGGCTCTGAGATCACCT - | - CCTAAACATAGTGGGAAGAGAGAGT AY550314
Ile  mmmmmmmmmmmmmmmme e b GGCCGGTTAGCTCAGTTGGTtAGAGCGTGGTGCTA - -~ = === = === = === =~ L ATAA=- - = = === === === ===~ -CGCTAAGGtCGCGGG

HsM4 ATACCAGGGTTGGGC- - { TAA- - - | AATGTCAGATGACC- - - - -AGTC- - - - - - GGCCGGTTAGCTCAGTTGGTTAGAGCATGGTGCTGA -~ - - -~ === === ===~ - AATATCAGATGACC- - - - | -TCAGTATCTTTTGGAAATCATCT AC007682
PtM4 ATACCAGGGTTGGGC- - { TAA- - - | AATGTCAGATGACC- - - |- -AGTC- - - - - -GGCCGGTTAGCTCAGTTGGT TGGTGCTGA- - - AATGTCAGATGACC- - - - | -TCAGTATCTTTTGGAAATCATCT AY550315
GgMa ATACCAGGGTTGGGC- - { TAA- - - | AATGTCAGATGACC- - - - -AGTC- - - - - -GGCCGGTTAGCTCAGTTGGTTAGAGCGTGGTGCTGA - - - AATGTCAGATGACC- - - - | -TCAGTATCTTTTGGAAATCATCT AY550316
PpM4 B B T - AATGTCATATGACC- - - - | ~TCAGTATCTTTTGGAAATCATCT AY550317
Ile B TR GGCCGGTTAGCTCAGTTGGTaAGAGCGTGGTGCTGA - - - - - - - === === = -~ L TAR= - - oo - CACCAAGGLCGCGGG

HsMS AGTAGAAAATAT-GTT: AATCAGCTTAAATTAA- |- - TTGTGA- - - -GGTTCCATGGTGTAATGGTGAGCACTCTGGACTCTGAATCC- - - - - = === == A TCAGCTTAAATTAA- - | -ACCT-ATACTGTTACTGATAG-CCTCARAAA  AC117430
PMS AGTAGAAAATAT-GTT- 1AG- - - - | AATCAGCTTAAATTAA - | - ~TTGTGA- - - -GGTTCCATGGTGTAATGGTGAGCACTCTGGACTCTGAATCC - - A TCAGCTTAAATTAA- -  -ACCT-ATACTGTTACTGATAG-CCTCAAAAA  AY550318
GgMs AGTAGAAAATGCAGTT- -} AATCAGCTTAAATTAA- A TCAGCTTAAATTAA- - | -ACCT-ATGCTGTTACTGATAGCTTTCAAAAA  AY550319
PpMS AGTAGAAAATAT-GTT- A ATCAGCTTAAATTAA- - | -ACCT-ATACTGTTACTGATAG-CCTCAAAAA  AY550320
Gln  mmmeemememeeee- AG--—A--------mmmmmmoooe -CGATCCGAGTTCGAG

HsM6 GAAAAAGAATCCTTC- - { CTTAG- | AAATTTAAATGCATTCA |- ~GAG- - - - - - - GCTCTCTTAGTGCAGTGGGCAGCGCGTCAGTCTCATAATCTGAAGGTC - - - - - ARATTTAAATGCATTCA- [ -TGTCTGTAAAGAACAGTAARAAAGC AC002981
PtM6 GAAAAAGAATCCTTC- - { CTTAG- [ AAATTTAAATGCATTCA{ - -GAG- - - - - - -GCTCTCTTAGTGCAGTGGGCAGCGCGTCAGTCTCATAATCTGAAGGTC- - AAATTTAAATGCATTCA- [ - TTTCTGTAAAGAACAGTAAAAAAGC AY550321
GgMe GAAAAAGAATCCTTC- - { CTTAG- | AAATTTAAATGCATTCA |- -GAG- - -GCCCTCTTAGTGCAGTGGGCAGCGCATCAGTCTCATAATCTGAAGGTC - - ARATTTAAATGCATTCA- [ -TTTCTGTAAAGAACAGTAAARAAGC AY550322
PpM6 L T e -1 ->rp:ZSH ARATGTAAATGCATTCA- [ - TTTCTGTAAAGAACAGTAAARAAGC AY550323
L T S B Y GCCCTCTTAGCGCAGCGGGCAGCGCGTCAGTCTCATAATCTGAAGGEC- - - - - CTGAGH- - - - === === === ==-=--~~ -TTCGAGCCTCAGAGA

HsM7 TTAGGACATTCCAGA- - {GAA- - - [ AATTCTCATGAGGTTA- {- -GAG----- - - GCCCTCTTAGCGCAGTGGGCAGCGCGTCAGTCTCATAATCT - - - - = = === - = AR TTC-TCATG-AGGCTA - AGGGAAG-ATATTTGGGCTTCAGGG AJ239329
PEM7 TTAGGACATTCCAGA- - {GAA- - - | AATTCTCATGAGGTTA- { - -GAG- - - - - - -GCCCTCTTAGCGCAGTGGGCAGCGCGTCAGTCTCATAATCT - - - AR TTC-TCATG-AGGCTA} - AGGGAAG-ATATTTGGGCTTCAGGG AY550324
GgM7 TTAGGACATTCCAGA- - {GAA- - - | AATTCTCATGAGGTTA- { - -GAG- - -GCCCTCTTAGCGCAGTGGGCAGCACGTCAGTCTCATAATCT - GAA TTC- TCATG-AGGCTA - AGGGAAG-ATATTTGGGCTTCAGGG AY550325
PpM7 TTAGGACATTCCAGTA- f - === b= === m e e o o oo e e oo AR TTCTTCATGCAGGCTAL AGGGAAGTATATTTGGGCTTCAGGG AY550326
Met  mmmmmmmmmm oo b GCCCTCTTAGCGCAGCGGGCAGCGCGTCAGTCTCATAATCT - - - - - - === - = GAA---- - ---mmooeoooooe -GGt CCTGAGTTCGAG

HsM8 AACAGCAAAGTATCA- - 1 TCTA- - | - - -AATATACTCTGGATH - - AACTCG- - - -GGGCCAGTGGCGCAATGGAT - - AACGCGTCT - GACTACGG - ATCAGAAGAT - --TCTA- |- AATATACTCT - GGATA- - | -GAAATACAGGTTAAAACTT AC024032
PtM8 AACAGCAAAGTATCA- - { TCTA- - | - - - AATATACTCTGGATA - -AGCTCG- - - -GGGCCAGTGGCGCAATGGAT - -AACGCGTCT - GACTACGGGATCAGAAGAT - - -TCTA- - AATATACTCT - GGATA- - [ -GAAATACAGGTTAARACTT AY550327
PpM8 AACAGCAAAGTATCA- - 1 TCTA- - | - - -AATATACTCTGGATH - - AGCTCG- - - -GGGCCAGTGGCGCAATGGAT - - AACGCGTCTTGACTACGGGATCAGAAGAT - - TCTA- |- AATATACTCT - GGATA- - | -GAAATACAAGTCAARACTT AY550328
HIM8 AACAGCAAAGTATCA- - 1 TCTA- - | AATAATATACTCTGGATA - -AGCTCG- - - -GGGCCAGTGGTGCAATGGATCGAACGCGTCT - GACTACGGGATCAGAAGAT - --TCTA- |- AATATACTCTTGGATA- - | -GAAATACAAGTTAAAACTT AY550329
MmMg AACAGCAAAGTATCA- - {------ [TCTA- - - ATATACTCT - GGATA- - | -GAAATACAAGTTAAAACTT AY550330
Arg = mmmmmemmmmmmmmeofe--oo FTCTA-o------------=mmmm- -GGTTCGACTCCTGGC

HsM9 GTCAATTCCTTCATC- - { TGAAA- | AACAGAGATGA- - - - - = - TARAATATGCATAATATTGCAGT] AC003669
PEM9 GTCAAGTCCTTCATC- - 1 TGAAA- H AACAGAGATGA - - - - - - - TAAAATATGCATAATATTGCAGTAA AY550331
HIM9 GTCAGTTCCTTCATC- - { TGAAA- [ AACAGAGATGA- - - - - - - TARAATATGCATAATATTGCAGTAA AY550332
MmM9 GTCAGTTCCTTCATC- - { TGAAA- [ AACAGGGATGA- - - - - - - TAAAATATGCATAATATCGCAGTAA AY550333
L1M9 GTCAGTTCCTTCATC- - { TGAAA- | A-CAGGGATGA- - TARAATATGCATAATATTACAGTAA AY550334
LcM9 CTCAGCTCCTTCATC- - f-- -~~~ - TAATAAAATCTACATAATATCACAG AY550335
Ser  mmemememmeeeeoooleooooo -TCCATTGGGGTCTCC

Figure 4 Tailless retropseudogene presence/absence alignments for primates. In the alignments of orthologous loci for M1-M9 markers (one or several
with tailless retropseudogenes and one or more orthologous loci without tailless retropseudogenes) all direct repeats are boxed and priming sites are
shaded. The nonorthologous, most closely related tRNA species is given in the last line of each of the nine alignments. Hyphens represent gaps in the
sequences. Homo sapiens (Hs); Pan troglodytes (Pt); Gorilla gorilla (Gg); Pongo pygmaeus (Pp); Hylobates lar (HI) for Hominoidea; Macaca mulatta (Mm) for
Cercopithecoidea; Lagothrix lagotricha (LI) for Platyrrhini; Lemur catta (Lc) for Strepsirrhini. Accession nos. or internal reference numbers are shown in bold.

gram. We subsequently retrieved all available sequence informa-
tion from the NCBI GenBank to establish the taxonomic distri-
bution of tailless retropseudogene sequences in the entire ge-
nomes of fish (Takifugu rubripes, Danio rerio), fruit fly (Drosophila
melanogaster), nematode (Caenorhabditis elegans), and plants
(Oryza sativa, Arabidopsis thaliana), or in large sequenced ge-
nomic portions of birds (Gallus gallus) and amphibians (Xenopus
tropicalis). A flowchart of the computational strategy is shown as
Supplemental Figure 1. We carried out BLAT searches for a rough
estimation of the human genome-wide tailless retropseudogene
frequency using the table browser option with the chrN_rmsk
table and the tRNA repClass. We then separated tailless retro-
pseudogenes from full-length tRNA genes and pseudogenes using
the RepeatMasker.

Presence/ Absence Analyses in Primates

To perform presence/absence analyses in primates, we subjected
entire tRNA sequences to a genome BLAST of the human NCBI
nucleotide databases (NCBI BLASTN 2.2.6). From the graphic
output of the BLAST results, we randomly selected 50 fragmented
tRNA sequences displaying tailless retropseudogene characteris-
tics. Flanking PCR primers were designed for representatives of all
major primate clades including Hominoidea (Homo sapiens, Pan
troglodytes, Gorilla gorilla, Pongo pygmaeus, Hylobates lar); Cercopi-
thecoidea (Macaca mulatta); Platyrrhini (Lagothrix lagotricha);
Strepsirrhini (Lemur catta). In ZOO-PCRs, small products indicate
the absence of respective tailless retropseudogenes. Thus, we es-
tablished nine clear presence/absence patterns. From the species
distribution of tailless retropseudogenes, we deduced the time of
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integration and verified the presence/absence data by sequence
analyses (Figs. 4,5).

Sixteen additional presence/absence patterns were retrieved
computationally from GenBank by searching mouse and rat ge-
nomes (Supplemental Fig. 2A,B). Sequence comparisons enabled

H
Homo
olA
Chimpanzee|m | N
| T
Gorilla H
25 MYA g R
A0 MYA Orangutan 0
63 MYA I
Gibb o|°
ibbon s (I)
Rhesus monkey|p
S
Woolly monkey

Strepsirrhini

Figure 5 Timeframes of integration of primate tailless retropseudo-
genes defined by presence/absence analyses. Dots on the lineage leading
to human mark the nine established single-integration events. Species
splitting times are adapted from Goodman and Page (Goodman et al.
1998).
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us to reconstruct nicking sites, staggered ends—parts of which are
priming sites on template RNAs—and the formation of DR.

URLs

Our data are available at: http://zmbe2.uni-muenster.de/expath/
addmat/tailless_retropseudogenesl.htm. Genomic sequences
were downloaded from ftp://ftp.ncbi.nih.gov/genomes. We used
the RepeatMasker (A.F.A. Smit and P. Green; RepeatMasker at
http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker) to
screen out repetitive sequences. Structural analysis of the human
tRNA integrations were compared with the predicted tRNA sec-
ondary structures compiled at http://rna.wustl.edu/GtRDB/Hs/
Hs-align.html. UCSC Genome Bioinformatics searches (BLAT)
were performed using (http://genome.ucsc.edu/cgi-bin/
hgGateway; http://genome.ucsc.edu/cgi-bin/hgBlat)
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