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Abstract A new superfamily of transposons from fungi,
nematodes, and flies related to the pogo element of
Drosophila melanogaster was recognized that represents
a branch of the extended superfamily of transposase
and integrase proteins sharing a common D,D35E
catalytic domain. Searches of human sequences in the
public databases for similarity to this domain revealed
at least two members of this new superfamily, with
many highly mutated copies, in the human genome.
A full-length consensus was constructed for one of
them, which includes the MER37 medium reiteration
frequency sequence recognized previously, from 343
human sequence accessions (261 of which are unique).
Most of these were Expressed Sequence Tags, some
were Sequence-Tagged Sites, and a few are from long
genomic sequences. The 2417 bp consensus has the
hallmarks of a pogo superfamily {ransposon, including
12 bp inverted terminal repeats, and encodes two long
open reading frames. The first ORF encodes a poly-
peptide with 42% amino acid sequence identity to pogo
in the D,D35E region. The second element shows 49%
amino acid sequence identity with the first, and 40%
with pogo in this region. These elements coincide with
those described recently as Tiggerl and Tigger2, re-
spectively. These transposons appear to have been
active 80-90 Myr ago in the genome of an early primate
or primate ancestor.
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Introduction

Transposable elements that move via a cut-and-paste
mechanism, also known as DNA-mediated or Class II
transposons (Finnegan 1989), are known in almost
all well-studied organisms (sce Berg and Howe 1989).
Until recently mammals were a major exception; how-
ever, two distinct mariner family transposons have now
been discovered in the human genome by several
groups (Auge-Gouillou et al. 1995; Morgan 1995;
Oosumi et al. 1995; Reiter et al. 1996; Smit and Riggs
1996; Robertson et al. 1996). The individual copies of
these transposons are highly mutated from their pre-
sumed ancestrally active sequences, differing from their
consensus sequences by 10-20% in DNA sequence, and
usually having suffered multiple insertions and dele-
tions. In each case, a few full-length genomic sequences
are known, but most of the available sequences are
from various human Expressed Sequence Tag (EST)
projects (see Boguski 1995) and human genome map-
ping projects employing Sequenced-Tagged Sites
(STSs) (e.g. Green et al. 1991), as well as PCR fragments
generated from internal sequences (Auge-Gouillou et
al. 1995; H. M. Robertson and K. L. Zumpano, unpub-
lished data). These “molecular {ossils” are thought to
represent an element that was once active in the
genome of an early primate.

In an effort to discover the transposase source re-
sponsible for generation of numerous short inverted
repeat pairs in the human genome, Smit and Riggs
{(1996) also similarly constructed consensus sequences
for two transposons in the human genome related to
the pogo element of Drosophila melanogaster, called
Tiggerl and Tigger2. Here 1 describe an independent
derivation of consensus sequences for these elements,
report the possible existence of a third rare Tigger
element, and date the origin of Tiggerl in the primate
genome.

The pogo transposable element was discovered as an
insertion in the white eye color gene of D. melanogaster
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(Tudor et al. 1992), and all strains examined, but not
other drosophilid species, have copies of this trans-
poson (Boussy et al. 1993). A putatively full-length
element of 2120 bp called pogoR11 was sequenced,
revealing 21 bp inverted terminal repeats and two
ORFs separated by a short intron. When spliced, the
mRNA encodes a 499 amino acid protein presumed to
be the pogo transposase. The only amino acid sequence
similarity these authors could detect in the public
databases was an enigmatic similarity to a major hu-
man centromere-associated antigen (CENP-B) (Earn-
shaw et al. 1987). Since then an equally enigmatic
similarity to the jerky gene of mice, which is involved in
epileptic seizures, has been recognized (Toth et al.
1995). A more distant similarity was recognized by
Doak et al. (1994) in their description of an extended
superfamily of transposases that encode a D,D35E pu-
tative catalytic domain with similarity to the catalytic
domain of retroviral and retrotransposon integrases.
This extended superfamily includes the mariner and
Tcl families (see Robertson 1995). They noted that the
pogo transposase had a similar domain, but because
the final conserved glutamic acid was not present, they
did not include it in the superfamily.

Results and discussion

Searches of the public databases using TBLASTN
(Altschul et al. 1990) revealed that the D, D35E region
of the pogo transposase has significant similarity to the
transposases of several other transposons. The most
similar are three elements from fungi, the Fotl element
of Fusarium oxysporum (Daboussi et al. 1992), the Pot2
element of Magnaporthe grisea (Kachroo et al. 1994),
and the Fccl element of Cochliobolus carbonum (Panac-
cione et al. 1996). A large fragment of a closely related
element is present in the 3’ region of the agdA gene of
Aspergillus oryzae (Minetoki et al. 1995). The trans-
posases of these elements are approximately the same
length as that of pogo and they share 21-26% amino
acid sequence similarity in the central conserved and
alignable D,D35E region (the N and C termini are
difficult to align with those of pogo) (see Fig. 1). Three
transposons from the nematode Caenorhabditis elegans
are more distantly related to pogo. The Tc4 (Yuan et al.
1991; Li and Shaw 1993) and Tc5 (Collins and Ander-
son 1994; EMBL Z35400) elements encode trans-
posases with 19 and 14% identity to the D,D35E
region of pogo, respectively, and again the N- and
C-termini are quite divergent and the N-termini are
considerably longer. Finally, the sequenced copy of the
Tc2 element (Ruvolo et al. 1992) encodes similarity to
the region surrounding the first Asp residue, but be-
cause the published copy has suffered many mutations,
it is difficult to include it in comparisons. All of these
transposons share another feature that supports their

relationship to the D,D35E superfamily: the duplica-
tion of a target TA upon insertion. They can all be
considered members of the pogo superfamily of trans-
posons, named for the original pogo element of
D. melanogaster, with homology and probably similar
catalytic activity to the extended D,D35E superfamily
of transposases and integrases (see Craig 1995; Grin-
dley and Leschziner 1995). Three families can be recog-
nized within this pogo superfamily, those similar to the
Tcd, Fotl, and pogo transposases.

A search of the public databases with the D,D35E
region of the pogo transposase using TBLASTN detec-
ted several human sequences encoding significantly
similar amino acid sequences. Database searches with
these sequences in turn, using BLASTN, revealed an
overlapping series of sequences that extended in each
direction. Repeated searches with the ends of each
newly constructed consensus of these sequences ex-
tended the consensus to 2417 bp before similarity of the
sequences ended. Included in these sequences are a set
recognized as a medium reiteration frequency sequence
called MER37 in the June 1994 Release 2.1 of the
Reference Collection of Human Repetitive Elements
(see Jurka et al. 1992). The sequences were aligned by
eye in the editor of PAUP v3.1.1 for the Macintosh
(Swofford 1993) and a preliminary majority rule con-
sensus constructed by eye. This consensus was searched
against the public databases to recover sequences
missed in the initial compilation, and then evaluated
and corrected using the “match first” capability of
MacClade v3.0 for the Macintosh (Maddison and
Maddison 1993). This consensus sequence is available
from GenBank as accession number U49973. It is one
base pair shorter than the Tiggerl consensus of Smit
and Riggs (1996) and differs by 2% nucleotide diver-
gence. These differences are due to uncertainties in the
construction of the consensus described below, and will
soon be resolvable with the acquisition of more
genomic sequences by the Human Genome Sequencing
Project.

Altogether, 343 human sequence accessions had sig-
nificant similarity, generally over 75% nucleotide se-
quence identity, to the consensus. The majority of these
were ESTs, most of which were from the
WashU/Merck ILM.A.G.E. consortium (see Boguski
1995), some were STSs, and a few were from long
genomic sequences (see below). Some of the ESTs were
essentially identical to each other, presumably from
equivalent cDNA clones from the same genomic copy,
however none matched the genomic sequences. The
remainder appear to represent independent copies of
this transposon; however, the ESTs and STSs are gen-
erally less than 500 bp in length, so it is possible that
some derive from different regions of the same trans-
poson copy. Altogether 261 unique sequences were
used to build the consensus.

The majority rule consensus was generally staight-
forward to derive because the minimum coverage for



any region of the transposon was 25 sequences, how-
ever there were two difficulties. First, near the 5" and 3’
ends (positions 55-60 and 2249-2256, respectively)
there are runs of thymines that vary in number from
4-12 and from 2-10, respectively, in the various se-
quences; thus, a confident consensus could not be
determined for these runs. These regions are not in the
ORFs so they do not affect the coding capacity of the
element, only its length. Second, at about 100 positions
in the sequence the transition pairs C/T and A/G were
equally common or nearly so, usually as a CA/TG
doublet, so it was not possible to establish a confident
consensus. This phenomenon has been observed before
in neutrally evolving human transposon sequences [e.g.
Britten et al. (1988) for Alu elements], and is ascribed to
the rapid evolution of a CG pair to CA or TG by
deamination of methylated cytosine after insertion of
the transposon copy. Unfortunately there is no clear
criterion for considering such a site to have originally
been CG, so a strict majority rule consensus was em-
ployed, with only ties being decided in favor of C or G.

The consensus has 12 bp perfect inverted terminal
repeats (1TRs) (CAGGCATACCTC), which resemble
those of some other pogo superfamily elements, as well
as Tcl family elements, in starting with CAG. The
consensus 2 base pairs flanking these repeats in the 40
sequences at the 5" end and the 33 sequences at the
3" end are TA, again in keeping with this element being
a member of the pogo superfamily and D,D35E cata-
lytic superfamily. Beyond this apparent duplication of
a TA target site there is very little similarity in the
flanking DNA sequences that would indicate a larger
target sequence.

The consensus has two long ORFs, ORF1 and
ORF2, corresponding to positions 425-1786 and
1790-2203, encoding 454 and 138 amino acids, respec-
tively. These ORFs are separated by a single in-frame
stop codon that is encoded by 14 of the 25 sequences at
this position (the remaining 11 sequences have various
mutations from this consensus, rather than a single
alternative codon that might represent an ancestrally
active sequence). Smit and Riggs (1996) suggest that the
ORFs might be joined in a mature mRNA by splicing
of an intron containing this single stop codon, as are
the two ORFs of the pogo element, however this does
not appear to be the case. First, there is no indication of
consensus 5 or 3’ splice sites in the surrounding DNA
sequence. Second, many of the sequences crossing this
region are from cDNAs from which any intron should
have been spliced (even if these cDNAs do not repres-
ent authentic Tigger! transcripts, as is likely given the
mutated condition of these elements, but rather illegit-
imate or read-through transcripts). Sequences charac-
teristic of promoters are not obvious in the 400 bp
preceding ORF1, however ORF2 is followed by a con-
sensus polyadenylation site (AATAAA) at positions
2218-2223, 11 bp after the stop codon at positions
2204-2206. 1t is therefore unclear how these ORFs are
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expressed. The amino acid sequence encoded by ORF2
has no significant similarity to any peptide in the public
databases.

ORF1 encodes a polypeptide with 42% identity to
pogo transposase in the central conserved D,D35E
domain (see Fig. 1) and is alignable with pogo trans-
posase for most of its length. This element is therefore
considered to be a member of the pogo family of trans-
posons. There is a second member of the family in the
human genome represented by 36 sequences (27
unique), which when translated yields a reading frame
encoding a product with 49% identity to Tiggerl and
40% to pogo in the central conserved region (Fig. 1).
The 5" and 3’ regions of this transposon could not be
identified because the consensus is based on so few
sequences that it was not possible to extend it; however,
because Smit and Riggs (1996) discovered these trans-
posons by virtue of internally truncated versions in the
human genome, they were able to extend their consen-
sus of Tigger2 to 2708 bp. This consensus must be
considered preliminary however, because it does not
encode a full-length ORF1 equivalent to that of
Tiggerl. A third Tigger transposon might be represent-
ed by the sequence of WashU/Merck EST clone 126906
(GenBank R07817), but no overlapping clones to con-
struct a consensus were found in GenBank.

The number of copies of these transposons in the
human genome is difficult to determine; however, the
observation that none of the ESTs or STSs come from
eight long genomic copies indicates that the copy num-
ber of Tiggerl is high. As noted above, the copy
number of Tigger2 is approximately four-fold lower
(the equivalent region of Tiggerl, from approximately
bp 700-1900, is represented by 131 unique sequences),
while the third possible element must be present in just
a few copies.

These copies of the elements appear to be “molecular
fossils”, copies of an originally active transposon that
have subsequently accumulated many mutations. Thus,
each sequence differs from the Tiggerl consensus by
10-25% DNA divergence, and similar divergences ap-
ply to Tigger2. Each sequence also differs from the
consensus by many small insertions and deletions. In
addition, the long genomic sequences reveal the effects
of more severe mutations including large insertions,
commonly of Alu elements, large internal deletions,
and apparent truncations of termini. For example, the
most intact genomic copy is in intron 11 of the NFxB1
gene for the pS0 and pl05 subunits of transcription
factor NFxB (bp 5828-8193 of EMBL Z47735). This
2230 bp copy has 19 small deletions and 7 small inser-
tions relative to the consensus, a large deletion of 104
bp from consensus positions 573-676, a 136 bp inser-
tion at position 1086 that is part of an Alu element, and
otherwise differs from the consensus by 11.5% DNA
divergence. A similarly intact 2287 bp copy is in the
second intron of the CRFB4 cytokine receptor gene (bp
96966782 of GenBankU08988; Lutfalla et al. 1995),
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Consensus
D.melanogaster.pogo
H.sapiens.Tiggerl
H.sapiens.Tigger?2
F.oxysoprum.Fotl

M.grisea.Pot2
C,carbonum.Fccl

C.elegans.Tcd
C.elegans.Tc5

P N DETG TL AG VI
158-GYNPEDIFNADETALFYKAMPNATF ~-FTCGKQLNGQOKSQ- - ~RVRLILLF ICNATGTYKKTF - ~VIGRSKSPRCFK - -~ NANVP T PYYANKK ~ ~
176-GYTKQQIFNVDETAFYWKKMPSRTF - IAREEKSMPGFKAS~ -~ KDRLTLLLGANAAGDFKLKPM- LI YHSENPRALKNYAKSTLPVL YKWNNK ~~
?? ?-NYLPEQVENADESALFWGKMPQRTF - - LTSKEKRVPGFRGG~ - ~RDRLTLLFCANAVRFMIRTA- - L IYKAANPOATLKGRDKHOLPVEWLYNKK -~

147-WIPPERRYNADEGGIMEGOGVNGLVIGSSQESPNAVEVKTATVRIWT ST IECTSAVGVVLHFL - ~VIFKART IQEQWFRREF LOKHLGWQVTF 8K
149-ATRPENRWNMDETG IMEGKGSNGLVLG- - LNGIRPLORKEPCTRGWI T I TECISATGVALPPL -~ VIFKGKNVQQUWF P~ TDLSPFDNWOFHATE
162~GVLDQDIYNFDETGFAMGAASTSKVVT-SSURVGWAVVVOPGNRE*VTAIECVNASGWSLPPF - ~VILSGKVHQS SWYH~ -~ ~SLPPDWTIGVSE

251-NYHPSMVENCDOTG IQKELYPARSLAFMGEK TVERLAQSK SSLTHSFTFLPMIFLDGSMGPRAFMV IAEPRGOF P~ ~ - PSRPIPNCPNLEVRAGY
246~ TLDPDVVYNCDOSGPTKEQYCKRTLAPKGVKRVERLVQSKDALTHSY TILPMLSASGKLAPKLYVVLOEKGGKF P—~~~KKGHF SPDNLITRAN~

Consensus W L w ¥ P LL D H P T LOPLD K ¥

D.melanogaster.pogo -~ AWMTKDLWRK IMIGFDEEMERONR ~ ~~ — === == KILLFIDNATSHTTVRDF -~ - ———= ENTELCFMPPNATALLQPLDOGITHSFKLEYRRI~182
H.sapiens.Tiggerl ——AWMTAHLFTAWFTEYFKPTVETYCSERK IPF ~~KILLLIDNAPGHPRALMEMY ~ -~ — =~ KEINVVFMPANTTSILOPMPQGVILTFKSYYLRN-105
H.sapiens.Tigger? --AWT IRTLFLDWFHQCFVPEVRKYLASKGLPF ~~KVLLILDNAPGHPEPHEFNT - -~ -~ ~ BEGVRVVYLPPNTTSLIQPLDQGVIRTFRAHYTQY 7?27
F.oxysoprum.Fotl N-GWTSNSIALEWLEKVFLPQTAPADPAD-~——~n ARLLIVDGHGSHATEQFMAKC- - -YINNVYLLFLPAHCSHVLOPLDLGCFSSLKAAYRTL-217
M.grisea.Pot2 N-GWINNQTAIEWLKKVFIFYTQPLTPE-—— ==~ KRLLVLDGHGSHITDEFMLLC - - ~ LONNIQLLYLPPHSSHVLQPLDLSVFGPLKEAYRRO-212
C.carbonun.Fcel N-DWKTDELGVEWV~KHFNQHTVTRTAGY ~ = ~ == YRLLILDGHSSHATPEFDOF(— - -TENK I ITLCMPSHT SHLLOPLDVSCYSTLKRAYGRE-2 00
C.elegans.Tcd RTHIMTKOLMCDFFESCVE IPSVPRKLY IMLD~~~ SWPAFKDHTTTKNLVPNG—~ ~————~. HOVVIRNI PEHTTGMIQPLDVYWNAPWKSLIKKF~111
C.elegans.Tc5 TSHIMNKQLMVDWVESAVCDP SMPTEVVQLLD- -~ AWPANKNEGDVOAAALSG— = mm——~ NTVHVRSI PPGATSFIQPCDLYFFCPLRKNFVKKV-308

most of which had been recognized as a MER37 repeat.
This copy has 15 small deletions and 8 small insertions
relative to the consensus, a deletion of 100 bp at con-
sensus positions 380-480, two Alu insertions of 311 and
316 bp at positions 812 and 1472 respectively, and
otherwise differs from the consensus by 10.9%.

Recognition of this consensus sequence allows one to
account for some other genomic sequences. For
example, the first 168 bp of the Blym-] transforming
gene (GenBank K01884; Diamond et al. 1984) corres-
ponds to consensus positions 1793-2000, and includes
the putative 5 regulatory regions and the first exon of
this gene. This may be an example of recruitment of
transposon sequences for functional roles in the
genome. A quite different fate befell another Tiggerl
copy, which was the substrate into which an approxim-
ately 1200 bp retropseudogene of calmodulin (CaMII-
12) inserted (GenBank X52995; Koller et al. 1991). The
approximately 1000 bp of sequenced flanking DNA
does not reach to the 5" and 3’ ends of the consensus,
but differs from it by 15.7%, 10 deletions, and 2 inser-
tions.

The high level of divergence of the individual copies
from an ancestrally active sequence indicates that they
were formed many millions of years ago when this
transposon was last active. An approximate dating can
be obtained by three measures. First, assuming a neu-
tral rate of evolution in primates of 0.16% per Myr (e.g.
Britten 1994), the average divergence of all 261 unique
Tiggeri sequences from the consensus of 14.8% (14.3%
for the eight genomic copies) indicates that the copies
were inserted approximately 90 Myr ago. Second,
a rate for accumulation of insertions and deletions
(indels) (excluding Alu and other transposons) in non-
coding nucleotide sequence of primates has been deter-
mined by Saitou and Ueda (1994) as 0.15/kb/Myr for
older comparisons among primates. The numbers and
kinds of indels seen in the long genomic Tigger1 copies
are similar to those they examined, in that single base
pair events predominate, and deletions are approxim-
ately twice as common as insertions. Assuming again
that since their origin these Tigger! copies have been

Fig. 1 Alignment of the central conserved region of pogo superfam-
ily transposases, equivalent to the D,D35E transposase/integrase
catalytic domain. The pogo, Fotl, and Tc4 family sequences are
separated for clarity. Consensus amino acids are shown for positions
shared by the majority of members of at least two of the families. The
Asp residues of the D,D35E-equivalent domain are highlighted in
boldface [see Smit and Riggs (1996) for alignment with mariner and
Tel transposases . The number of amino acids on either side of this
region is indicated for each transposase, except the second human
pogo family element for which the ends are not known. The asterisk
in the Fecl sequence indicates an in-frame stop codon in the copy
sequenced

evolving neutrally at a similar rate to the non-coding
pseudogene sequences they examined, the number of
indels per kb of Tiggerl genomic sequencesis 13 (126in
a total of 9800 bp), indicating that these copies were
formed around 86 Myr ago. Third, the ages of different
subfamilies of Alu elements have been determined
(Kapitonov and Jurka 1996), so insertions of members
of particular Alu subfamilies set lower limits on the
ages of the Tigger1 copies. Most of the Alu elements in
the genomic Tiggerl copies are from various S sub-
families, including the older Sp and Sq subfamilies that
inserted approximately 40 Myr ago. However, the first
MER37 sequence recognized was a 119 bp region in the
middle of a large cluster of Alu elements near the Bat2
gene (Iris et al. 1993; EMBL Z15025), and comparison
with the Tiggerl consensus shows that this is in fact
a 400 bp region of the 5’ end of a Tigger] (the rest may
be in an adjacent unsequenced cosmid). Five of seven
Alu sequences inserted into this Tiggerl fragment are
from the J subfamilies, which inserted about 80 Myr
ago and differ from their consensus by 13% on average
{Kapitonov and Jurka 1996). They are therefore slight-
ly younger than Tiggerl copies, again consistent with
the origin of Tiggerl copies between 80 and 90 Myr
ago. This dating would predict that Tiggerl copies will
be found in the genomes of all primates, including
prosimians, and perhaps other closely related mam-
mals (Martin 1993).

Searches of the public databases for further examples
of Class IT DNA-mediated transposons in the human



genome have been negative. These include the Tecl
family which is extremely widely represented in animals
(see Robertson 1995), the hAT superfamily from flies
and plants (see Calvi et al. 1991), the P family from flies
(see Clark et al. 1994), and the TTAA-specific elements
of Lepidoptera (see Cary et al. 1989). In the case of the
Tecl family, a PCR assay designed to detect family
members was also negative for human DNA (Avancini
et al. 1996), supporting the contention that there are
probably no members of this family in our genome. At
the current rate of acquisition of human genome se-
quences it should soon become clear whether the two
mariner and two pogo family elements discovered so
far are the only DNA-mediated transposons in the
human genome.
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