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ABSTRACT

Tdd-4 is the first DNA transposon to be isolated from
Dictyostelium discoideum . This element was isolated
by insertion into a target plasmid. Two classes of
elements were identified which include a 3.8 kb version
and a 3.4 kb deleted version. Sequence analysis
reveals that the 145 bp inverted terminal repeats
containthe 5 '-TG...CA-3' conserved terminal dinucleo-
tides found in prokaryotic transposons and integrated
LTR retroelement DNA sequences. Tdd-4 open reading
frames are assembled by removal of six introns.
Introns 1-5 conform to the GT-AG rule, whereas intron
6 appears to be an AT-AA intron. Also, intron 6
undergoes an alternative 5 ' splicing reaction. The
alternatively spliced region encodes 15 tandem SPXX
repeats that are proposed to function as a DNA binding
motif. By analogy to other transposons that encode
two proteins from the same gene, the full-length Tdd-4
protein is the putative transposase and the truncated
Tdd-4 protein is the putative transposition inhibitor.
Protein database searches demonstrate Tdd-4 en-
coded proteins are unique for a DNA element by
containing similarities to retroviral/retrotransposon
integrases. The putative Tdd-4 transposase contains
the same structural relationship as integrases by
possessing an N-terminal HHCC motif, a central DDE
motif and a C-terminal DNA-binding domain composed
of the SPXX motif.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos*

possess a terminal repeat sequence in an inverted orientation
(ITR) and remain strictly in the DNA form during transposition.

Despite differences in the intermediate forms and terminal
nucleotide structures, similarities have been noted at the nucleo-
tide and amino acid level of these elements. A feature identified
from integrated LTR retroelements and several prokaryotic
transposons is a conservation of tHers...CA-3' terminal
dinucleotides. The essential nature of the CAdilucleotide was
demonstrated by mutational studies which impaired strand
cleavage or transfer reactions for retroviral DN&-4) and
prokaryotic transposong5-7). The enzymes that mediate
transposition are the integrases for LTR retroelements and the
transposases for DNA elements. A region of similarity, called the
DDE moatif, has been identified among integrases and transpo-
sases by alignment of their amino acid sequgBed®). The two
aspartate and one glutamate residues are proposed to form the
catalytic region of the protein through coordination of &Mor
Mg?* metal ion (for a schematic representation see 11). The
importance of these residues was confirmed by mutations
introduced into the DDE coding positions of retroviral integrase
(10,12,13), retrotransposon integrase (14), guit@r transpo-
sase (15) and prokantic transposas€l6). N-terminal to the
DDE motif, another metal-binding region is present in integrase.
This zinc finger-like structure has been termed the HHCC motif
due to the ordered sequence of histidine and cysteine residues
(17). The HHCC nmtif appears to be fully conserved among
integrase proteins, whereas this domain has not been identified in
transposase proteins (18,19). C-terminal to the integrase DDE
motif, a third domain has been identified which is involved in a
non-specific binding to DNA20-22).

Five transposable elements have been identified in the eukary-
otic microorganismDictyostelium discoideumskipper (23);

Transposable elements are DNA segments that can move to nésd-1 (24), also called DIRS-1 (25); Tdd-2 (26); Tdd-3 (27);
chromosomal or extrachromosomal locations in the absence BRE (28). Extuding Tdd-2, each of these elements has been
homology between the donor and recipient sites. Classification obmpletely sequenced and contains structural features and/or
these elements is based, in part, on the orientation of the termieakodes proteins indicative of retroelements. Tdd-2 has not been
nucleotide sequence and the intermediate form of the elememell characterized but contains an A-rich terminus, suggesting
during the transposition event (1). The LTR retroelementthat this element may be a non-LTR retrotransposon. The
(retroviruses and LTR retrotransposons) possess a long termif@lowing report describes the first DNA transposon, Tdd-4, to be
repeat sequence in a direct orientation and transpose via an Rbi&covered iDictyosteliumand details the unique features of its
intermediate prior to synthesis of a double-strand DNA copyencoded proteins which have similarities to the LTR retroelement
Conversely, prokaryotic and eukaryotic DNA transposongtegrases.

*Correspondence should be addressed to present address: Rocky Mountain Laboratories, National Institute of Allergy asdlistadiEs, 903 South
Fourth Street, Hamilton, MT 59840, USA. Tel: +1 406 363 9267; Fax: +1 406 363 9371; Email: dwells@atlas.niaid.nih.gov
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MATERIALS AND METHODS dithiothreitol). These mixtures were heated t6G@&nd slowly
cooled to room temperature. Moloney murine leukemia virus
reverse transcriptase (200 U; Promega) was added and samples

All analyses in this study were performed withEhdiscoideum Were incubated for 30 min at 3C. Aliquots from reverse
AX4 strain. Axenic cultures were grown in HL5 medi(28) and ~ transcription reactions were amplified by PCR  using
non-axenic cultures were grown on DM a{0) withEscheri- OUD30/0UD9 and OUD25/0UD23 primer pairs.

chia coliB/r as a food source. The bacterial recipient strains used

for DNA constructs wer&.coli DH5a and SURE (Stratagene). Inverse PCR

Inverse PCR (33) was groyed to obtain DNA fragments that
flank Tdd-4 elements. Template DNA for PCR was prepared
DNA sequences were generated by the dideoxy chain terminatisom restriction enzyme-digested genomic AX4 DNA or
method using cloned and subcloned DNA fragments ani.discoideunDNA contained in a yeast artificial chromosome.
exonuclease Il deletion versions of subcloned fragments. THellowing a screening of restriction enzymes that do not contain
Tdd-4 element from p93d1l was the only copy to be fullysites within Tdd-4, five enzymeB¢ll, Bglll, Cspi51,EcadrV and
sequenced. Other copies were acquired by PCR amplification ifld) were chosen which generate appropriately sized fragments
Tdd-4 elements contained in .discoideumyeast artificial (C4—7 kb) when analyzed by Southern blot. Digested DNA was
chromosome genomic library (kindly provided by W. Loomis,fractionated on agarose gels and desired sized fragments were
University of California, San Diego, CA) or by excising andexcised, eluted and circularized with T4 DNA ligase. Template
eluting appropriately sized AX4 restriction-digested genomi®NA was amplified by PCR using the OUD22 primer. This
DNA fragments from agarose gels. The DNA sequence for thgrimer recognized both ITRs of a Tdd-4 element and allowed the
Tdd-4 element from p93d1 was generated by manual sequencitgyminal 37 bases from each ITR to be amplified. Once
All subsequent sequencing was performed by the Utah Staequenced, these 37 bases served to verify that the amplified
University Biotechnology Center using an automated sequencéiagment contained the Tdd-4 element and showed the bound-
The complete nucleotide sequence of Tdd-4 is available undaties between the Tdd-4 sequence and the flanking sequence.
GenBank accession no. U57081. DNA sequences flanking Tdd-4

elements are under accession nos U63593-U63608. Oliggatabase searches and computer analysis

nucleotide sequences mentioned in this study are as follows.

Mismatches with the Tdd-4 sequence are in bold and welNA and protein sequences were analyzed with the GCG
introduced to create the identified restriction site for cloningpackage (Madison, WI). Protein database searches utilized
amplified fragments. OUD4, '"B5GATGGTTTAGAATGTG  BLAST for searching GenBank or BLITZ for searching SwissProt.
(positions 2503-2487); OUDG6,'-6ATGGAATCAATAGCC

(positions 1907-1922); OUDS, '-&ATTATTAGTTCTATA-  RESULTS

TAAG (positions 160-179); OUD9, " GGTATCTACAATTG-

GAGC (positions 862—-844); OUD15'-6AAAAAACAAAT- Isolation of Tdd-4

AAAG (positions 119-134 and 3720-3705); OUD23
5'-CTAGCTTTGGTACCTCTGGTGCATTTG Kpnl) (posi-
tions 3371-3345); OUD25, FAGAATGGTACCACTCTGG-
GAAG (Kpnl) (positions 590-612); OUD30,' 3ATTTTC-
CCGGGCCCAAAATG AAACAAG (Smad) (positions
306-333); OUD22, 'SCACTACGCTACTGCAGTGAAAT-
TAAATAATAAAATTCACTACGC ( Pst) (positions 81-38 and
3759-3802).

Strains and culture conditions

DNA sequencing

'The discovery of the sixtD.discoideuntransposable element
resulted from experiments involving the analysiDaftyoste-

lium plasmids (J.Hughes, personal communication). Studies were
conducted to determine whether a region of@discoideum
plasmid, Ddpl, could confer maintenance to a shuttle vector
construct. The p88d1 shuttle vec{84) was composed of the
prokaryotic vector pPGEM-3Z, a 2 KHindlll fragment reported

to contain the Ddpl origin of replication and a gene encoding
i , i resistance to the antibiotic G418; this vector was used in a
DNA and RNA isolation and analysis maintenance assay to analyze its stability. Following transform-

Dictyostelium discoideumX4 total nuclear DNA from non- ation with p88d1, two distinct G418 phenotypes were observed.
axenic cultures was isolatégil) and restriton enzyme-digested One population of transformants was unable to grow in the
fragments were size fractionated in 0.8% agarose gels prior ReSence of G418 and the other population of fransformants was
transfer onto nitrocellulose membranes by the Southern blottif§Sistant to this antibiotic. Restriction digestion of vectors isolated
procedure (32). Total RNA, used for reverse trapson, from  ffom E.coli transformed with the G418-sensitive or G418-
AX4 axenic cultures was isolated using TriReagent (Moleculdiesistant DNA showed that the vector from the sensitive
Research Inc.). All hybridizations for detection of Tdd-4transformant remained unchanged, whereas the vector obtained
elements used &%P]dATP random labeled 2.15 Risi-Scd  from the resistant transformant wiaskb larger than its parental
Tdd-4 DNA fragment. vector, p88d1. Sequence analysis of p93d1, the vector obtained

from the resistant transformant, revealed a DNA segment,
designated Tdd-4, inserted into an upstream region of the
D.discoideumactin 6 promoter which drives expression of the
Reverse transcription reactions were performed witp@f total G418 resistance gene. Based on the DNA sequence of the actin
RNA, 25 pmol of OUD9 or OUD23 and 0.5 mM each6 promoter (35) in the G418 resistance gene, thekifig
deoxynucleoside triphosphate in a reverse transcriptase buffequence from the Tdd-4 element in p93d1 showed the element
(50 mM Tris—HCI, pH 8.3, 75 mM KCI, 5 mM Mggl10 mM  inserted 630 bp upstream of the G418 translation start site.

Reverse transcription PCR
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Figure 1. Tdd-4 RFLP analysis from AX4 clone&\)(Sixteen clones were derived from the parental AX4 line (P) following a few hundred generations of growth
and analyzed by Southern blot usigpRV-digested genomic DNA and a 2.15Kbi—Scd Tdd-4-specific probe K) The strain marked by the asterisk in (A) was
used as a parent and 24 clones were derived following approximately 20 generations of growth. Arrows indicate elementsathsipdead.

Mobility of Tdd-4 duplication was elicited by the Tdd-4 insertion. Seven additional

) sequences flanking Tdd-4 elements were obtained by inverse
The p88d1 vector maintenance assay suggested Tdd-4 transpgsegk of genomic AX4 DNA fragments and one (p435) was
into p93d1. Additional evidence for the movement of Tdd-4 wagerived from aD.discoideumgenomic library. The nucleotide
obtained from restriction fragment length polymorphism (RFLP}jifference 18 bases from the ends of the right and left ITRs in
studies. Sixteen clones of normal developmental phenotype watgyyre 2A is also contained in each inverse PCR product. The
single cell-derived from a parentél.discoideumAX4 line  girect repeat lengths deduced from the Tdd-4 flanking sequences,
following a few hundred generations of growth. Genomic DNAyhjich are presumed to be target site duplications, are shown in
from the parental line and the 16 clones was digestedatf®  Figyre 2B. Five clones, including p93d1, showed a direct repeat
and probed with a 2.15 kNsi-Scd fragment derived from  of 5 hp and two clones showed a direct repeat of 4 bp. It should
p93d1. Figure 1A shows the pattern of bands hybridizing tge noted that the 5 bp repeat for clone p426 and 4 bp repeat for
Tdd-4. Almost every clone displayed a restriction fragmeng427/428 are formed only if a single base change is permitted.
pattern variability when compared to the parental line. Specifirhe 2 pp direct repeat for clone p435 deviates from the 4-5 bp
cally, the two bands located near the 4.3 kb size marker displgyect repeat shown for the majority of the Tdd-4 direct repeats.
a high variability with only four of the 16 clones possessing thehe absence of a direct repeat flanking the Tdd-4 element for
original banding pattern. To obtain additional data for th@jone p432 may be due to a deletion or insertion event of the target
mobility of Tdd-4, the clone marked by the asterisk in Figure 1ADNA during Tdd-4 integration. Anomalies to the target site
was grown to give rise to 24 clones of normal developmentabquence have also been observedrfaiitro retroviral DNA
phenotype. Twenty-four new clones were obtained from singl@iegration and include smaller than normal target duplications
cell-derived colonies of the new parental line after a period ofg imperfect repeats (36) and deles or insertions of target
about 20 generations of non-axenic growth. RFLP analysisna (37,38).
showed that four of the 24 clones appeared to have undergone aqgitional analysis of the DNA sequence did not reveal an
transposition event (Fig. 1B). To verify that these polymorphismgytended open reading frame (ORF) that might encode a protein
were due to transposition events and not changes Bctii®/ 15 mediate transposition. Based on the stop codon profile, either
restriction sites, another RFLP analysis was performed on tigs copy obtained from p93d1 was defective or mRNA splicing
same 24 DNA samples digested witbptS| (data not shown).  may e involved to produce an extended ORF. To explore the first
This analysis showed similar results. TBecRV andCspiSl  hossipility, additional elements were obtained by PCR amplifica-
restricted blots show that approximately 15-20 Tdd-4 copies &g, from genomic AX4 DNA or from ®.discoideungenomic

present in the AX4 genome. library. PCR amplifications were designed such that either the
right half (using primer pair OUD6/OUD15) or the left half (using
Sequence analysis of Tdd-4 primer pair OUD8/OUDA4) of the elements would be amplified.

The amplified fragment from the right half corresponded in size
The complete 3839 bp Tdd-4 sequence provided three featutesthat from the Tdd-4 copy of p93d1. The amplified fragments
indicative of a transposable element: (i) ITRs; (ii) conservefrom the left half yielded two bands, one of which corresponded
terminal dinucleotides; (iii) a target site duplication. First, then size to that from the Tdd-4 copy from p93d1 and another which
right and left repeats of Tdd-4 ITRs, respectively, have lengths efas[400 bp smaller. Sequence analysis revealed that one class
146 and 145 bp and differ by only three bases (Fig. 2A). Secoraf, elements was identical in sequence to the Tdd-4 copy from
Tdd-4 contains the terminal-5G...CA-3' dinucleotides found p93d1l and a second class contains two major deletions and a
in prokaryotic transposons and integrated LTR retroelemesingle base change that disrupted\ad restriction site, relative
sequences. Third, DNA sequence comparison of the actinté the p93d1l copy of Tdd-4 (Fig. 3A). The first deletion
promoter region in the G418 resistance gene from p93d1 to that 334-350) and the second deletion (nt 802—1195) resulted in
of its parental vector, p88dl, showed that a 5 bp target sif&ld-4 elements that were shorteril bp. The entire length
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. . . . . LITR N N ESCH EX A Hc Sc A RUTR
1 TGTTGTAGGGAATTTTCARTARRATTTCACTACAGTAGCGTAGTGAATTT 50 [ = = S R - — L L | |
SRR I nnnmnn = ! ! - 3.8kb
3839 TGTTGTAGGGAATTTTCCATAAAATTTCACTACAGTAGCGTAGTGAATTT 3790 : it e <
. . . . . ! !
51 TATTATTTAATTTCACTA! CGTAGTGAAAAAAAARAATCACTGAC 100 Lre ¢ N IESCH EX Hc Sc A pim
R s R N s L 1l T ! !
3789 TATTATTTAATTTCACTACAGTAGCGTAGTGAAAAAAAAAAATCACTGAC 3740 3.4 kb
101 CCTAAA.TTTTTTTTTTTTCAARAAACAAATAAAGTTTATTAAATT 145
FLEET R TP R T T e
3739 CTTAAATTTTTTTTTTTTTCAAAAAACAAATAAAGTTTATTAAATT 3694
B
B w 1.2 2
p93d1 TCAAAGTTGCGCAAAATAATTGTTG/ /CAACAATARTAAAATTAAAATAAAT
Q4 -
p426 ATTTGATTATGAATTARGACTGTTG/ / CARCAATACTTAATAATAATACTTA
p427/428  CCAGACCCACCAATAATGACTGTTG/ /CAACAGTGACAGTTGGCTGTCAGAC 4.3 -
3.5-
p429/430  TTTATAAATAATAATTTAAGTGTTG//CAACATAAGTCTGAAAATAATAACC ‘
p431 CCTGTATTTTTTATATITGTGTGTTG/ / CARCATTGTGCGTTTTCTGCAACAT 53 .
5 - <l
p432 TTGAAGGATTTAAAAATAATTGTTG/ /CAACACCGACTCTCAAATGTTTAAT "'
16- | M. -
p433 TTTCCTTCTCTTTTTGGTTATGTTG/ / CAACAGGTTATTTATTTTTTCTTCA
1.4 - -
p434 CAAARTAAAGAAAGAAAAGATGTTG/ /CAACAAANGAACAAAAGAAAATACG
p43s TTTTTTTTTATTAGCTCTATTGTTG/ / CAACAATAGAGCTAATAATAAGTGC 09 - . - -

Figure 3.(A) Restriction map of Tdd-4 and Tdd-4d. The upper map represents
the Tdd-4 element. Open and closed arrowheads represent relative locations of

Figure 2. (A) Sequence comparison of Tdd-4 ITRs. Alignment of opposite primer p_airs used to identify a 411 bp deletion version of Tdd-4, ca_llled Tdd-4d.
strands from the left ITR (numbered-145) and the right ITR (numbered Dotted lines show locations of the 17 and 394 bp sequences which are absent

3839-3694) is shown. The two ITRs differ by three bases. Contained within In the Tdd-4d elements. Also, a base pair change in the Tdd-4d elements
the ITRs are two perfect 25 bp direct repeats. Also, a five base sequencé"srumed arAcd restriction site (ATATAC in Tdd-4d elements compared to
contains a portion of the same sequence found within these direct repeatsC TATAC in Tdd-4 elements). The restriction site symbols are:Nsi;

(B) Nine individual DNA sequences flanking Tdd-4 elements. Shown are E»ECORI; S,Sad; C, Clal; H, Hindlll; X, Xbal; A, Acd; He, Hincll; Sc,Scd.

20 bases flanking each end of the element; the remainder of each flanking(B) Southern blot to discern variant forms of Tdd-4. AX4 DNA was digested
sequence from the designated plasmids can be accessed from the GenBaikith (1) Nsl, (2) Acd and (3)Nsil+Acd and probed with a 2.15 Risi-Scd
database (accession nos U63593-U63608). The five terminal nucleotides from! dd-4-specific probe. Bands present at 0.9 (closed triangle) and 1.4 kb

each end of Tdd-4 are shown in bold and, where appropriate, the direct repeat§Sterisk) in lane 3 correspond to the calculated sizes for Tdd-4 elements; the

that flank the Tdd-4 elements are underlined. Double underlines denote a2-3 kb band (open triangle) corresponds to the predicted size for Tdd-4d. The

nucleotide deviation in the direct repeats 1.6 kb band (lanes 2 and 3) is not accounted for by the maps of Tdd-4 or Tdd-4d
and appears to be &ud site variant.

L cDNA analysis
of these deleted elements was not sequenced; it is not known 4

whether additional deletions or base changes exist. For clarity, tSnce neither Tdd-4 nor Tdd-4d sequences yielded an extended
class of elements containing a DNA sequence identical to tl@RF, this suggested RNA splicing may be involved to produce a
copy from p93d1 was designated Tdd-4. The class of elemeritsictional ORF. Tdd-4 cDNAs were produced by RT-PCR of
that contain the two deletions was termed Tdd-4d. AX4 RNA. The resulting PCR products were cloned and
Since Tdd-4 and Tdd-4d contain differencedlgi andAcd  sequenced. Four clones, designated B1, B2, B3 and B5, were
restriction sites, a Southern blot using AX4 DNA was producegroduced. Each clone differed in some characteristic of its DNA
to determine the relative abundance for each class of elemeaetjuence. Clones B2 and B3 correspond to the Tdd-4 class of
(Fig. 3B). Bands present at 0.%cd digest) and 1.4 kb elements, whereas partial sequence and restriction digests
(Nsi+Acd digest) correspond to the calculated size of Tdd-4evealed that clones B1 and B5 would have originated from
elements, 933 and 1357 bp, respectively. A 2.3 kb band matcheanscription of a Tdd-4d element. Compilation of the cDNA
the predicted 2290 hiysi—Acd fragment from Tdd-4d elements. sequences for B2 and B3 shows that the Tdd-4 gene would
Additional Nsil+Acd digestion products are seen which are notontain six introns (Fig. 4); removal of these six introns produced
accounted for from the restriction maps of either Tdd-4 o©ORFs of 2118 and 1938 bp, respectively. The variance between
Tdd-4d. These additional fragments appear to result frof2 and B3 was due to an alternativegicing of intron 6. Clone
differences inAcd restriction sites, as determined by theirB2 used the proximal' Splice site (relative to the commoh 3
presence in both thBlsi+Acd and Acd digests. Based on splice site) while clone B3 used the distadfiice site. The splice
hybridization intensity, the 3.8 kb Tdd-4 elements appear to besites utilized in intron 6 are unusual for mMRNA splicing. Introns
less common form in the AX4 genome. 1-5 follow the GT-AG rule by possessing a GT terminal
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1 MKQDKINEII NYLKFIEDNN FENTKHKNYK FLHDENRKEK LFRIEKKVMN
51 CGGDRNISKE VCLEVINDYR MVSLWEEMHK GHIGRDATYG NYKTKYYNMG
101 LYSFVSDAVD TCDICORNRI KGITKDFAPI VDTEEYSRLV YDLTSIKGEH
151 KEKVTYDDDN EKILTKLDDL IQYDSVQPYD TDVVYIILCI DSFTKFATGR
201 CLTTKRTVPI YNFLALTYFG KPVKVWHCDN GREFKNKVQK EFLKLFPGSK

251 SAHGAPRTPT TQGMVERLNR TIKERISKLK QQDFLDGTSR SLSELLKQAL

301 YDYNNTKTRT IKMKPSQAVG IVPLFINVQS EQDSQSIGVS DVSKEERTAT

351 ILENLTSYON QWNSKPPKGL KVGDTVLFLE IKKNNKILIL CKIHKVIQED

401 TKQLYKLEFL EDGINSLOKK GLYSGFVGGN KLVLYKQSTV DIFRTSPNIQ

. o 451 KDIDSFTSGL YLNNDGKVIE FLVQFIKNLG KDLSNFNLHQ LVTQNDPFRV
Figure 4. Organization of the Tdd-4 element. Exons are represented by shaded 501 LEDALNNPSN IPPIINDNPF QHKLNNEMEQ EEILPFLNNN PTAPNLMNCL

boxes, the alternative splice site by the hatched box and introns by the numbered 20 LR Lo P o erosane. KopaxsbERe. SemomaramS
V-shaped lines. Open boxes represent the left and right ITRs. Nucleotide 651 NSPFKSPSNS PFKSPFKSPS KCTRGNKARK NSIVCSVYSD MVNQATEQLR
positions of the putative start (ATG) and stop (TAA) codons are shown. Bars 701 ELIKIN

above the figure indicate the known regions that are deleted in Tdd-4d elements.

dinucleotide at the'Splice site and an AG terminal dinucleotide Figure 5. nguceﬁl Prot_flf_in STO'?WS d?riéfglrom T_dd;4 QDNAS-GThe Tlgd-‘l

H H H . H H rotein product that utilized the proxim ice site for intron wou
?‘t the 3Sp|lce site (Table 1)' The exact intron—exon Jun.CtlonS fo'ﬁontain 706 residues (shown above). Underlined residues represent an HHCC
intron 6 were not defined since both the alternasplice sites as  motit (residues 79-115), a DDE motif (residues 142-266) and a SPXX motif
well as the 3 splice site contain the sameé-GAAAT-3' (residues 612—671). The Tdd-4 protein product that utilized the distalice
pentanucleotide sequence. The cDNA clones contain a singhée for intron 6 would contain 646 residues and would not possess residues
copy of this pentanucleotide sequence compared to the du@&2—=571-

copies present at the intron ends in the genomic DNA sequence.

Table 1.Tdd-4 intron splice sites (AATAAA) follows one base downstream from the second stop
codon (three additional consensus polyadenylation signal sequences
Intron 5’ Splice sité 3 Splice sité Intron size (bases) lie within 90 bases downstream of this first sequence).
1 TGA-GTAAATAT  AAAAACAG-AAA 60
2 AAG-GTTTGGTA  ATTAATAG-GTA 79 Open reading frames encoded by Tdd-4
3 AAG-GTATTTAT  TTTTTTAG-ATG 67 The ORFs derived from the two Tdd-4 cDNAs predict protein
4 AGA-GTATGATA  AATTTTAG-TTT 68 products of 706 and 646 residues (Fig. 5). The difference between
these proteins result from the alternative splicing of intron 6. Four
5 AAT-GTAAGTAA  TCTAATAG-AAA 76 regions of significance are predicted for the 706 residue protein.
6d ATCCAAATCACP 842 These regions are based on homologies to integrase proteins anc
CATCAAAT GCAP to other DNA-binding proteins that contain a related amino acid
sequence.
6p TTCCAAATCACP 662

HHCC motif The deduced amino acid sequence for the
aSplice sites are indicated by hyphens. Intron boundaries are right and left Rf-terminal region of the two Tdd-4 encoded proteins suggests
hyphens for the'sand 3 splice sites, respectively. __ that an HHCC motif exists between residues 79 and 115 and
bThe exact splice junction for intron 6 was not defined. The underlined five ba%ntains the sequence H-M-Xp5C-Xo-C. The consensus
sequence is present at the distal (d) and proximal @l&e sites and the 3 HHCC motif sequence for inteé?ase 2is i(k)?)'H'X(Z:% 32y

li ite. is:
splice st C-X»-C (17). BLAST (GenBank) and BLITZ (SwissProt)

ns?ﬁrches that utilized this Tdd-4 HHCC region produced highest

_The delet_ions_pres_er}t in the Tdd.'4d class of element§ combi Sifhilarities to the integrase region of LTR retroelenpaigene
with alterations in splicing would yield nonsense mutations to the, o4 cts (Fig. 6A).

Tdd-4d transcripts. Although only partial sequences were ob-
tained from clones B1 and B5, these clones were confirmed BEE motif A DDE motif appears to be present between residues
cDNA products since B1 used the proximéalsplice site for D142, D229 and E266 in both Tdd-4 encoded proteins. BLITZ
intron 6 and B5 used the distal splice site. Sequence analysissefirches gave highest sco@s=(1019) to LTR retroelement
Bl and restriction analysis of B5 showed that intron 4 wasitegrase sequences (Fig. 6B). The spacing between D229 and
retained in both clones. The two deletions in Tdd-4d elemenE266 is similar to the integrase from gypsyretrotransposon in
along with the retention of intron 4 would prevent the productiotthat it contains a D36E spacing rather than the consensus D35E
of an extended ORF; the Tdd-4d elements were therefonetegrase spacing. The assignment of the first D of the Tdd-4 DDE
classified as defective elements. motif to residue 142 is speculative. This D is in agreement with
Once the Tdd-4 ORFs were known, regulatory regions of thlae consensus sequence (11) by having a threonine two residues
DNA sequence could be predicted. The first ATG (nt 324—326F-terminal to D142 and D142 lies 26 residues C-terminal to the
is preceded by three A bases, which is in accordance with othteHCC motif, which is in line with the 20-29 residue spacing
translatabl®ictyosteliungenes (39). Upstream of these A baseshetween the HHCC motif and the first D for retroviral integrase
oligo(dT) stretches are present between nt 180 and 31(L2). The 86 radue spacing between D142 and D229 is greater
Oligo(dT) stretches have been shown to lie within promotethan the 51-59 spacing of the consensus integrase sequence, bu
regions ofDictyosteliumtranslatable genes (39). Thpposite  conforms with the D-to-D spacing of transposases that catalyze
end of the coding sequence contains two tandem stop codongat-and-paste transposition. The Tdd-4 DDE motif also contains
positions 3454-3459. The consensus polyadenylation sigrthle two basic residues (R270 and K273) which are in identical
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Figure 6. Comparison of the Tdd-4 HHCC and DDE moitifs to integrase proteins. The three highest scoring integrase sequences, delrié&d fooBLITZ
searches, were aligned with Tdd-4 motifs. Alignments were performed using the Clustal W program and 50% or greateiim@iiotys(shaded) or identity (black)
were indicated using BOXSHADE. Asterisks indicate conserved residues for the respective motif (asterisk placement»btttdil®DE motif corresponds to
the conserved D residue for BaEV or RSV integrase). Numbers designate residue positions in the Tdd-4 encoded proteintbegu&ggrase region from the
respectivepol polyprotein. A) Members used for the HHCC alignment together with their accession no./SwissProt ID name are agradisippe(Grh)
retrotransposon frorMagnaporthe grisegM77661); simian foamy virus (POL_SFV1); 412 retrotransposon oosophila melanogastefPOL4_DROME).
(B) Members used for the DDE alignment together with their SwissProt ID name are as fpfiosysetrotransposon frord.melanogaste(POLY_DROME);
baboon endogenous virus (POL_BAEVM); Rous sarcoma virus (POL_RSVP).

positions with respect to the conserved glutamate (E266) whenganism to contain structural, coding and mobility features of a
compared to an alignment of retroviral integrases and prokaryof@NA element. Tdd-4 is transpositionally active, as evidenced by
transposases (40). its insertion into a target plasmid and its mobility displayed in the

Prolne-ieh egon Ctrminal o the DDE o, proline-rich L7 VS, To e L or e s otz Toamerts
region has been identified .W'th'n _non-lentmral '”tegrasetransposed by excision of an elerﬁent from the donor site. The
séquences (41). Cllusters objme residues are. also pres.entcut—and-paste mode of transposition utilized by the P element of
(residues 508—-602) in both Tdd-4 encoded proteins. In partmu'%rosophila (47), Tcl ofCaenorhabditis elegan€i8) and the

a PPIP sequence is present in both Tdd-4 encoded prote .
(residues 561-564) as well as the proline-rich C-terminal reg% terial transposon Ti{49) siggest that the preferred pathway

g r repair of the excised element from the donor site would be
ggrszh\gﬁls'nrfgﬂr??ﬁé: Zgrsgpa:egu"enacne dt(ta)isr?dr?nblezittgﬁop)é complished by homologous recombination. Use of a homo-
domains (42) 9 9 l6gous sequence would regenerate the transposable element at th

donor site and give the appearance of a replicative transposition
SPXX motifThe binding preference of SPXX repeats is reporteéivent. The Tdd-4 RFLP analysis implies that transposition can be
to be in the minor groove of A/T-rich DNf44-46). These correlated with disappearance of an element from a previously
repeats are so-named since a serine or threonine residue occupigsting location, thus the DNA repair following Tdd-4 excision
the first position, a proline residue occupies the second positi6ioes not appear to use a homologous sequence for gap repair.
and the third and fourth positions may contain any (X) residugowever, this interpretation selects for only those transposition
(43). The pation of the 706 residue Tdd-4 protein that likely events in which loss of an element has occurred. Considering that
equates to the C-terminal DNA-binding region of integrase is th@deleted version of Tdd-4 was identified in this study (the Tdd-4d
15 SPXX repeats between residues 612 and 671. This region afass of elements) and since deletion versions of intact elements
corresponds to the alternate splice site; the proxihsailise site  are believed to arise via an aberrant gap repair, some degree of
produces the SPXX motif whereas the distalsplice site recombination is likely involved during the Tdd-4 gap repair

eliminates the motif. process.
The Tdd-4 ITR is notable by containing a nucleotide similarity
DISCUSSION to aretroelement LTR and by possessing two direct repeats within

each Tdd-4 ITR. Integrated LTR retroelement DNA sequences
Tdd-4 is the sixth transposable element to be isolated fropossess a short ITR sequence ranging from the conserved
Dictyosteliumand the only element thus far derived from thisterminal dinucleotides up to an imperfect repeat of 16 bp in
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Moloney murine leukemia viru®0). Intereingly, the terminal  the DNA double helix and obviate the need of host proteins to
nucleotides (5TGTTGTA...TACAACA-3") from Tdd-4 are perform this function.
identical to the terminal 7 nt of the 8 bp ITR from the Ty3 In summary, Tdd-4 is a unique DNA transposon by possessing
retrotransposon oSaccharomyces cerevisig®él). A second amino acid and nucleotide similarities to LTR retroelements.
feature is the two 25 bp direct repeats contained within the TddSince an HHCC motif has previously not been identified in a
ITR sequence. The ends of a few other transposons contéiansposase, combined with the high degree of similarity to the
repeated sequences that serve as transposase binding sites (1intégrase DDE motif plus a proline-rich C-terminal region similar
particular, theC.elegansTc3 transposon contains two repeatedo non-lentiviral integrases and the 7 bp terminal nucleotide
transposase binding sites within its 462 bp ITRs, with 29 of thielentity to the Ty3 retrotransposon, together these features
36 bases being identical in these two binding s{&2). suggest an evolutionary relationship between Tdd-4 and an LTR
Analogously, the two 25 bp direct repeats in the Tdd-4 ITRs likelyetroelement lineage.
act as the binding sites for the Tdd-4 transposase.

Moving inward from the ITRs, the coding region of Tdd-4 iISACKNOWLEDGEMENTS
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NOTE ADDED IN PROOF

While this manuscript was being processed for publication, a

minireview was published [Wu,Q. and Krainer,A.R. (1998).

Cell. Biol, 19, 3225-3236] that has compiled three naturally

occurring AT-AA introns.



