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Abstract The full-length 5218-bp sequence of the mo-
bile genetic element Tdd-3 from Dictyostelium discoid-
eum is described. Tdd-3 encodes two overlapping open
reading frames (ORFs) ¯anked by non-redundant, un-
translated regions. The deduced amino acid sequence of
ORF2 is homologous to reverse transcriptases (RTs)
encoded by the class of poly(A) retrotransposons. ORF2
also encodes a putative protein domain related to the
family of apurinic/apyrimidinic (AP) endonucleases,
whose retroelement-encoded homologs have recently
been proposed to represent the integrase function of
poly(A) retrotransposons. Comparison of several geno-
mic Tdd-3 copies revealed that element insertion is ori-
entation speci®c and occurs about 100 bp downstream
of tRNA genes in the D. discoideum genome. These
properties of Tdd-3 suggest that the element is a tRNA
gene-associated poly(A) retroelement present in the D.
discoideum genome. Analysis of several cloned cDNAs
derived from Tdd-3-speci®c plus strand RNAs indicate
that the element is transcribed and polyadenylated
during the growth of D. discoideum cells.
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Introduction

Retroelements are genetic entities originally derived by
reverse transcription of RNA into DNA catalysed by
enzymes that possess RNA-directed DNA polymerase
activity. Retrotransposons inhabit a large variety of
eukaryotic genomes and make up several percent of the
host genome size (Voytas 1996). Retroelements have
been subdivided into viral and nonviral superfamilies
(Boeke and Stoye 1996). The group of retroviruses and
retrovirus-like retrotransposons is de®ned by long ter-
minal repeats (LTRs) located at both ends of the ele-
ments. All retroelements have in common an open
reading frame (ORF) that encodes a reverse transcrip-
tase (RT), the enzyme that converts RNA intermediates
of the retroelements into cDNAs. Non-LTR retro-
transposable elements are a large and diverse group
lacking LTR structures. The poly(A) retroelements are a
subgroup of the non-LTR elements that share structural
homologies, e.g. they encode one or two open reading
frames ¯anked by non-redundant untranslated regions
(UTRs), and usually terminate with poly(A) or A-rich
tails (Hutchison III et al. 1989).

In the retrotransposition mechanism of retrovirus-
like retroelements the LTRs are important for both
reverse transcription and integration of the elements
(Boeke and Corces 1989; Boeke and Chapman 1991).
Since poly(A) retroelements lack LTRs, they must use
a replication mechanism signi®cantly di�erent from
that of LTR retrotransposons. Within the past few
years the retrotransposition mechanism of poly(A)
retroelements has become clearer, thanks to the dis-
covery of an element-encoded protein domain that acts
as an endonuclease on the target DNA (Luan et al.
1993; MartõÂ n et al. 1995; Feng et al. 1996). The endo-
nuclease functions to nick the target DNA and pro-
duces free 3¢-OH ends, which can be used as primers
for reverse transcription of the plus strand RNA (Luan
et al. 1993; Feng et al. 1996). Thus, in the current
model for transposition of poly(A) retroelements, plus
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strand RNAs are reverse transcribed and integrated in
a coupled reaction catalysed by an element-encoded
multifunctional protein.

Transfer RNA genes of the eukaryotic microorgan-
ism D. discoideum have been studied in detail (Marsc-
halek and Dingermann 1991). Like their counterparts in
higher eukaryotes (Geiduschek and Tocchini-Valentini
1988; Willis 1993), D. discoideum tRNA genes contain
gene-internal promoters termed ``A box'' and ``B box''.
About 80% of D. discoideum tRNA genes analysed so
far contain in their ¯anking regions one or two extra B
box consensus motifs (exB boxes) located about 40 and
80 bp downstream of the tRNA gene coding regions
(Hofmann et al. 1991; Marschalek and Dingermann
1991). During the analysis of transfer RNA genes in D.
discoideum, mobile genetic elements were discovered
that are associated with tRNA genes. The most re-
markable of these is the ``Dictyostelium repetitive ele-
ment'' DRE, a poly(A) retrotransposon which integrates
in a highly position-speci®c manner 50 � 4 bp up-
stream of tRNA genes (Marschalek et al. 1989, 1992;
Hofmann et al. 1991). About 25% of the tRNA genes
analysed are associated with DRE elements (Hofmann
et al. 1991). The ``transposable elements of Dictyoste-
lium'', Tdd-2 and Tdd-3, are repetitive DNA elements
which were originally identi®ed as a source of restriction
length polymorphisms in the discoidin I gene locus
(Poole and Firtel 1984). During the analysis of D. dis-
coideum tRNA genes, Tdd-3 elements were identi®ed
which are inserted about 100 bp downstream of the
coding regions of D. discoideum tRNA genes (Marsc-
halek et al. 1990).

With the exception of DRE, whose full-length DNA
sequence has been determined, only partial sequences
are so far available for the other D. discoideum repetitive
elements listed above, and little is known of the biology
of these elements. Here we report the full-length se-
quence of Tdd-3 and show that this element shares
structural characteristics with the class of poly(A) ret-
rotransposons. Our data underline the importance of
tRNA genes as landmarks for integration of mobilized
retroelements. This has also been observed in other eu-
karyotic organisms, and possibly re¯ects a coevolution
process involving retroelements and their host cells that
tends to minimize the frequency of knock-out mutations
caused by the activity of retroelements.

Materials and methods

Oligonucleotides

The following Tdd-3-speci®c primers were employed: CT-20 (5¢-
CCTGTTCTTCTCATGCAAG-3¢); CT-24 (5¢-GAAGTCTCCTG
CTATGATG-3¢); CT-30 (5¢-CACATAAACGCAAGAACGAG
G-3¢) and CT-32 (5¢-GGATTAACAAGATTGATATATGTC-3¢).

Construction and screening of genomic and cDNA libraries

Genomic libraries were constructed by ligating 25 lg of genomic
DNA from D. discoideum AX2 cells, digested with EcoRI or Hind
III, into the corresponding vector-encoded restriction sites of
pUC19 or pGEM7Zf(±).

A cDNA library was constructed from RNA isolated from
vegetatively growing D. discoideum AX2 cells. Some 500 lg of total
RNA was puri®ed as described (Schumann et al. 1994). Poly(A)+

RNA was isolated from total RNA using the Qiagen Oligotex kit
using the procedure described in the manual provided. Double-
stranded cDNA was synthesized from 5 lg poly(A)+ RNA primed
with oligo(dT) and cloned into the EcoRI and XhoI sites of
kHybriZAP using the HybriZAPTM Two-Hybrid cDNA Gigapack
cloning kit (Stratagene). The primary library, consisting of
6.5 ´ 105 pfu, was ampli®ed in XL1Blue MRF¢ cells (Stratagene)
on 30 agar plates (9 cm diam.). The phages were eluted from each
plate into 5 ml of SM bu�er (Sambrook et al. 1989) and stored in
7% dimethylsulfoxide at )80°C.

PCR screening of the entire phage library was performed as
follows. 100 ll aliquots of the 30 phage stocks (1.3 ´ 107 pfu/ml)
were adjusted to 10 mM EDTA and incubated at 70°C for 15 min.
Samples (5 ll) of phage lysate were subjected to PCR reactions

Fig. 1 Genomic organization of the Tdd-3 element. The physical
maps of Tdd-3 and a collection of representative genomic clones used
to determine the full-length sequence of Tdd-3 are shown. Element-
encoding regions are shown as open boxes. Flanking genomic
sequences are indicated by thick black lines. Black triangles represent
tRNA genes with their transcription orientations. Note that only two
(4.25.2 and 4.30) out of 10 individual clones carrying 3¢ ends of Tdd-3
are shown. ORF2 is shown in black with the position of the
endonuclease (EN), reverse transcriptase (RT), and histidine/cysteine-
rich (HC) domains indicated. Abbreviations of restriction enzyme
recognition sites are as follows: B, BglII; E, EcoRI; H, HindIII; N,
NdeI; X, XbaI
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using Tdd-3-speci®c oligonucleotides as outlined in Fig. 4. Phage
aliquots yielding PCR products were ampli®ed and screened as
described above.

Results

Genomic organization of Tdd-3 elements

An attempt to isolate cDNAs encoding D. discoideum
kinesin by PCR using degenerate oligonucleotides
yielded a 585-bp DNA fragment (clone dk3, Fig. 1) that
encoded a single ORF. The deduced amino acid se-
quence of dk3 was not related to kinesin, but instead
showed a high degree of homology to RTs of the sub-
group of poly(A) retrotransposons, especially DRE
from D. discoideum and human L1Hs (discussed below).
The DNA sequence contained in clone dk3 was extended
by cloning of overlapping genomic DNA fragments. The
full-length 5218 bp DNA sequence of the Tdd-3 element
was obtained with the cloning strategy depicted in Fig. 1
(GenBank accession number AF002669). Sequence in-
formation obtained from both ends of the cloned ret-
roelement showed that stretches extending 126 bp from
the 5¢ end and 301 bp from the 3¢ end were identical to
the corresponding segments of available Tdd-3 se-
quences (Poole and Firtel 1984).

Several short DNA sequences from the 5¢ ends of
Tdd-3 elements were isolated as a result of their asso-
ciation with tRNA genes (Marschalek et al. 1990). The
exact position of the +1 nucleotide of the Tdd-3 element
has been determined by comparing several genomic
clones encoding 5¢ ends of Tdd-3 (Marschalek et al.
1990). The consensus start of Tdd-3 5'-CCGTACCG...-

3¢ (Fig. 2) was found in clone 5.1, suggesting that this
DNA fragment derived from a genomic Tdd-3 copy with
an intact 5¢ end. Clone 5.1 carried a 5.2-kb DNA frag-
ment in which the 5¢ end of Tdd-3 was preceded by a
tRNAVal(UAC) gene in the 5¢-¯anking genomic region.
Clone 3.4.1 was truncated at a point corresponding to
position +2001 of the full-length Tdd-3 sequence and
contained a tRNACys(UGU) gene upstream of the Tdd-
3 coding region. Two partial (5¢-deleted) Tdd-3 se-
quences have deposited in the EMBL/GenBank that
were identi®ed downstream of a tRNAIle(AAU) and a
tRNALys(UUU) gene, respectively (Hofmann et al.
1991; Vithalani et al. 1996). Several other genomic
clones have been shown to encode tRNA genes up-
stream of (partially 5¢-truncated) Tdd-3 elements (Hof-
mann et al. 1991) (summarized in Table 1). Analysis of
the distances of several Tdd-3 elements from their cor-
responding tRNA genes suggests that the elements in-
serted downstream of either the internal B box or an exB
box motif. The average distance between Tdd-3 elements
and the nearest B box equivalent is about 100 bp.

The location of the 3¢ end of Tdd-3 was con®rmed by
sequence analysis of various independent clones encod-
ing the 3¢ end of the element and ¯anking genomic se-
quences (Fig. 1). All clones analysed showed identical
Tdd-3-speci®c DNA sequences that ended with the
consensus 5¢-...CCAATATT-3¢ (Fig. 2), followed by
homopolymeric (dA) tracks of up to 70 bp in length and
diverse 3' ¯anking genomic sequences.

Experiments were performed in order to determine
the genomic copy number of Tdd-3 elements. Southern
blots that were hybridized with a 3¢-speci®c probe
showed about 20 distinct bands. Identical blots hybrid-
ized with a 5¢-speci®c probe showed only about 10 bands,
indicating that half of the Tdd-3 elements in D. dis-
coideum AX2 lack intact 5¢ ends (data not shown).

Open reading frames encoded by Tdd-3

Tdd-3 encodes two putative polypeptides in overlapping
reading frames (Fig. 1). The 5¢ UTR is unrelated to

Fig. 2 TR sequences of the Tdd-3 element. The +1 nucleotide of
Tdd-3 is the same as that given by Marschalek et al. (1990). A
complete Tdd-3 element is 5218 bp long; in addition, homopolymeric
(dA) tracts of variable lengths are present at the 3¢ ends of the
elements (shown in lower case letters). In the 5¢ UTR the 22-bp DNA
motif that is homologous to Tdd-2 elements (Poole and Firtel 1984) is
underlined. The putative ATG initiation codon for translation of
ORF1 is highlighted. In the 3¢ UTR in-frame translation stop codons
are shown as black boxes, and putative AATAAA polyadenylation
sites (Proudfoot 1991) are shown in open boxes
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DNA sequences of other retrotransposable elements,
except for a 22-bp sequence that is nearly identical to the
5¢ end of Tdd-2 (Poole and Firtel 1984) (Fig. 2). The ®rst
ATG codon is located at DNA position 165. However,
according to the ribosome scanning theory (Kozak
1989) a downstream ATG codon may also serve as
translation start. We assume that translation of ORF1
starts at DNA position 192, which ®ts well with the
translation start sequence (AAA/ATG/G) frequently
found in D. discoideum structural genes. Hence Tdd-3
ORF1 probably encodes 408 amino acids and does not
share signi®cant homology with any protein available in
the EMBL/Genbank databases (Altschul et al. 1990).
No consensus AATAAA polyadenylation signal
(Proudfoot 1991) is present at the end of ORF1, sug-
gesting that ORF1 may be translated from longer plus
strand RNAs. ORF1 terminates with four adjacent TAA
translation stop codons, providing a strong stop signal
to avoid translational read-through and generation of
nonsense fusion proteins (not shown).

ORF1 and ORF2 overlap by 75 bp. ORF2 is
3771 bp long and encodes a putative protein of ap-
proximately 147 kDa. ORF2 does not start with an
ATG translation initiation codon. The ®rst methionine
is located at amino acid position 202 of the ORF2-en-
coded protein, suggesting that ORF2 may be translated
as a multifunctional protein fused to ORF1 due to a )1
frame shift during protein translation. Within the
ORF1/ORF2 overlap region two adjacent codons (5¢-
CCG/CAG-3¢) are located in ORF1 that are used with
very low frequency (<3%) in other D. discoideum
genes. This may delay protein translation at the ribo-
some, such that a ±1 ribosomal frame shift is favored.
The putative RT domain of Tdd-3 element is situated in
the central portion of ORF2. It shares signi®cant ho-
mologies with various poly(A) retroelements, including
DRE and human L1Hs (Fig. 3). Tdd-3 RT is also
highly homologous to the corresponding domain of
RED, another recently characterized poly(A) retroele-
ment from D. discoideum (Fig. 3; T. Winckler, unpub-
lished results).

The N-terminal one-third of ORF2 shows signi®cant
homology to the endonuclease (EN) domains of various
poly(A) retroelements and to a D. discoideum AP endo-
nuclease homolog (Fig. 3). Although the overall homol-
ogy among ENdomains of poly(A) retroelements andAP
endonucleases is low (Feng et al. 1996), several stretches
of sequence identity to human L1Hs and DRE from D.
discoideum are present in Tdd-3. In particular, amino
acids important for the DNA-nicking activity of L1Hs
endonuclease (Feng et al. 1996) are conserved in Tdd-3.

The C-terminal one-third of ORF2 encodes a protein
of unknown function, whose amino acid sequence was
identi®ed in the databases (Altschul et al. 1990) as being
similar to a previously identi®ed, but not further char-
acterized, RED element from D. discoideum (Marsc-
halek et al. 1990; Hitt et al. 1994). Figure 3 shows an
amino acid sequence alignment of Tdd-3 with the pre-
viously reported RED-encoded ORF. RED shows high
homology to Tdd-3 in a distinct domain that encodes a
motif rich in histidine and cysteine residues (HC do-
main) with the consensus sequence H-X2-C-X6-H-X3-C-
X2-C-X10-H-X4-C (where X is any amino acid). The HC
domain of Tdd-3 also shows low homology to the cor-
responding part of ORF2 from DRE (see Fig. 4).
However, in DRE ORF2 the consensus HC motif is C-
X2-C-X7-H-X4-C.

Expression of Tdd-3 elements

RNA transcripts speci®c for Tdd-3 could not be detected
on Northern blots of total RNA prepared from D. dis-
coideum cells. However, the following observations
suggest that plus strand RNA of Tdd-3 elements is
produced and polyadenylated during vegetative growth
of D. discoideum cells. Tdd-3 contains a 102-bp 3¢ UTR
preceding the poly(dA) tracts that terminate all ele-
ments. Two putative polyadenylation sites (AATAAA)
(Proudfoot 1991) are present in the 3¢ UTR about 50 bp
upstream of the genomic poly(dA) ends of the elements
(Fig. 2). Thus Tdd-3 copies present in the D. discoideum

Table 1 Summary of Tdd-
3::tRNA gene associations de-
tected in the D. discoideum
genome

tRNA gene Distance (bp) to 5¢ deletiona Reference

B box exB box

Ile (AAU)1 111 56 + 3945 Vithalani et al. (1996)
Cys (UGU)1 84 ± + 2001 This study
Val (UAC)2 104 ± This study
Lys (UUU)2 124 71 + 4492 Hofmann et al. (1991)
Val (UAC)1 106 25 Hofmann et al. (1991)
Glu (UUC)2 105 54 + 2 Hofmann et al. (1991)
Glu (UUC)3 131 82 + 4 Hofmann et al. (1991)
Val (AAC)1 89 41 Hofmann et al. (1991)
Tyr (GUA)1 115 67 Hofmann et al. (1991)
Ala (AGC)1 82 34 Hofmann et al. (1991)
Asn (GUU)1 149 97 Hofmann et al. (1991)
Arg (ACG)1 98 42 + 4 Hofmann et al. (1991)
Met (CAU)1 116 66 Poole and Firtel (1984)

aWhere no entry is given, the element has a complete 5¢ end
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genome may be transcribed into polyadenylated mRNA
species. PCR analysis was performed on single-stranded
cDNA synthesized from oligo(dT)-primed poly(A)+

RNA. One PCR primer was designed to bind 6 bp up-
stream of the oligo(dA) end of Tdd-3 elements. In RT-
PCRs a speci®c DNA fragment was detected that was
identical to the PCR fragment obtained using genomic
DNA as template (data not shown). In order to exclude
false positive results in RT-PCR reactions, poly(A)+

RNA was puri®ed and a cDNA library was generated.
Ampli®cation from these phages should exclude the
possibility of contamination with genomic D. discoideum
DNA. The phage library consisted of 30 di�erent stocks,

each representing a mixture of individual cloned cDNAs
present in the primary library. Phage DNA was ex-
tracted from the individual phage stocks and subjected
to PCR reactions using the primer pairs CT-20/CT-32
and CT-24/CT-30. Figure 4 summarizes the results of
such a screening approach. A speci®c PCR fragment was
detected in each phage stock using the primer pair CT-
20/CT-32, which detects cDNAs cloned from the 3¢ ends
of full-length Tdd-3 transcripts. About half of the phage
stocks were positive with the primer pair CT-24/CT-30,
which detects cDNA fragments extending at least to the
ORF1/ORF2 overlap (Fig. 4).

Discussion

Tdd-3 is a poly(A) retrotransposon

The work reported in this study describes the isolation of
a new retrotransposable element from D. discoideum.
Database searches revealed that the new retroelement
was identical to partial sequences of Tdd-3, a previously
identi®ed repetitive DNA element from D. discoideum.
However, the exact structure and transposition mecha-
nism of Tdd-3 elements remained unclear. The data
obtained in the present study enable various conclusions

Fig. 3 Amino acid sequence alignments of Tdd-3 ORF2 domains
with related proteins. Selected amino acid sequences of the Tdd-3-
encoded endonuclease domain (EN), the reverse transcriptase domain
(RT), and the histidine/cysteine-rich domain (HC) were aligned by
visual comparison with the corresponding domains of DRE (Marsc-
halek et al. 1992), human LINE-1 (L1Hs) (Feng et al. 1996), RED
(Hitt et al. 1994), and the D. discoideum AP endonuclease homolog
DdApeA (Freeland et al. 1996). Computer searches were then carried
out using the BLAST algorithm (Altschul et al. 1990). Positions that
are occupied by identical amino acids in at least two of the aligned
sequences are shown against a black background. Dashes indicate gaps
introduced to optimize the alignment. In the EN domain the numbers
of amino acids connecting the homology domains are shown in
parentheses
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to be drawn, which suggest that Tdd-3 is a tRNA gene-
associated poly(A) retrotransposon.

Various cloned Tdd-3 elements show 5¢ deletions. For
poly(A) retroelements the existence of correctly inte-
grated, 5¢-truncated copies is characteristic and indicates
that integration of such elements depends on an intact 3¢
terminus. The most characteristic feature of retroele-
ments is an encoded RT domain. The amino acid se-
quences of RTs have been used to establish phylogenetic
relationships among retroelements (Xiong and Eickbush
1990). Computer searches revealed that the putative RT
domain of Tdd-3 belongs to the class of poly(A) retro-
elements and shares little homology with retrovirus-like
RTs. The Y/FXDD motif, which is important for RT
activity, is also present in the putative Tdd-3 RT. In
addition, the FADD motif (Fig. 3) is characteristic for
RTs of poly(A) retroelements (Xiong and Eickbush
1990). The C-terminal part of Tdd-3 ORF2 has a sig-
ni®cant homolog only in the RED element that was ®rst
identi®ed through its association with Tdd-3 elements
(Marschalek et al. 1990). RED has recently been
identi®ed in our laboratory as a poly(A) retroelement
that is also targeted to sequences downstream of tRNA
genes (T. Winckler, unpublished observation). Thus, it
appears that Tdd-3 and RED belong to a new multi-
member family of tRNA gene-associated poly(A) ret-
roelements in D. discoideum cells. Insertion of multiple
retroelements adjacent to tRNA genes seems to be
common in eukaryotes. It has been assumed that clus-
tering of retroelements near tRNA gene loci may be the
consequence of a coevolution process that enables host
cells to avoid harmful mutations resulting from retro-
element insertion into structural genes (Voytas and
Boeke 1993; Voytas 1996).

Integration of poly(A) retroelements is catalyzed by
enzymes that exhibit DNA-nicking activities and cleave
both strands of the target DNA sequence in a staggered
fashion. DNA repair mechanisms ®ll-in the single-
stranded target sequences after insertion of the retroele-
ments, resulting in target site duplications (TSD) of
variable lengths. TSDs characteristic for Tdd-3 insertion
were not determined in this study for two reasons. First,
no genomic DNA fragments could be isolated that con-
tained ¯anking regions on both sides of a Tdd-3 element.
Second, it proved quite di�cult to sequence the Tdd-3
termini which end in poly(dA) tracts of up to 70 bp. A 9±
10 bp TSD was reported to ¯ank a Tdd-3 element that
was found inserted into Tdd-2 (Poole and Firtel 1984).

Expression of Tdd-3 elements

There is increasing evidence that poly(A) retroelements
are actively transcribed from promoters located in the 5'
UTR. It has been proposed that only full-length LINE-1
elements containing intact ORFs are able to transpose
(Boeke 1997). Clone 5.1 isolated in this study contains
about 3.3 kb of Tdd-3 coding region, including the
complete ORF1 and half of ORF2. All genomic DNA

clones containing 3' ends of Tdd-3 elements had an in-
tact C-terminal half of ORF2. Thus it is likely that
D. discoideum strain AX2 contains at least one func-
tional Tdd-3 element. In our study we showed that Tdd-
3 elements are most probably transcribed into full-length
RNAs including both ORFs, since the PCR screen de-
scribed in Fig. 4 identi®ed DNA fragments both at the 3'
end of putative Tdd-3-speci®c transcripts and at the end
of ORF1. Thus, it can be assumed that Tdd-3 elements
have the capacity to transpose actively in the D. dis-
coideum cells. This agrees with the data of Poole and
Firtel (1984), who showed that the activity of Tdd-3
elements caused restriction length polymorphisms in
several wild-type and laboratory strains.

Tdd-3 elements are associated with tRNA genes

We have shown that Tdd-3 elements are targeted to sites
about 100 bp downstream of D. discoideum tRNA

Fig. 4 Bulk screening of a cDNA library. A cDNA library was
constructed from poly(A)+ RNA prepared from vegetatively growing
D. discoideum cells as described in the Materials and methods section.
The library was represented in 30 aliquots, each containing
approximately 20000 individual phages. Phage lysates were subjected
to PCR using the primer pairs indicated in the scheme. As positive
controls PCR was performed with clone 5.1 (probe CT-24/30) or
4.25.2 (probe CT-20/32) (compare Fig. 1). PCR fragments were size-
separated in 1% agarose gels, blotted onto Hybond-N membranes,
and hybridized with the DNA fragments obtained in the positive
controls
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genes. Obviously the integration of Tdd-3 elements oc-
curs independently of certain DNA sequences at the sites
of integration. The data presented in Table 1 suggest
that B box promoter equivalents may function as facil-
itating elements in determining the sites of Tdd-3 inte-
gration. TFIIIC is a B box-speci®c DNA-binding
protein that initiates transcription by RNA polymerase
III by recruiting additional factors to the tRNA gene
(Geiduschek and Tocchini-Valentini 1988). A D. dis-
coideum TFIIIC homolog has been puri®ed that binds to
B boxes and exB boxes of isolated tRNA genes with high
a�nity (Bukenberger et al. 1991, 1994). Integration of
Tdd-3 elements may be guided by TFIIIC bound to B
box or exB box motifs within the D. discoideum genome.
In yeast, position-speci®c integration of the LTR retro-
transposon Ty3 depends on protein-protein interactions
with RNA polymerase III transcription factors (Kirch-
ner et al. 1995). Genomic Tdd-3 copies identi®ed
downstream of exB boxes suggest that exB boxes can
also be bound by TFIIIC in vivo. The physiological role
of exB motifs in the transcription of D. discoideum
tRNA genes is unclear. However, it is known that se-
quence-speci®c binding of factors to cis-acting elements
may reorganize the nucleosomes in the chromatin to
allow regulation of gene transcription of nearby genes
by other transcription factors (Pazin et al. 1997).
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