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Composite Transposable Elements in the Xenopus laevis Genome
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Members of two related families of transposable elements, Tx1 and Tx2, were isolated from the genome of
Xenopus laevis and characterized. In both families, two versions of the elements were found. The smaller
version in each family (Tx1d and Tx2d) consisted largely of two types of 400-base-pair tandem internal repeats.
These elements had discrete ends and short inverted terminal repeats characteristic of mobile DNAs that are
presumed to move via DNA intermediates, e.g., Drosophila P and maize Ac elements. The longer versions (Tx1¢
and Tx2c) differed from Tx1d and Tx2d by the presence of a 6.9-kilobase-pair internal segment that included
two long open reading frames (ORFs). ORF1 had one cysteine-plus-histidine-rich sequence of the type found
in retroviral gag proteins. ORF2 showed more substantial homology to retroviral pol genes and particularly to
the analogs of pol found in a subclass of mobile DNAs that are supposed retrotransposons, such as mammalian
long interspersed repetitive sequences, Drosophila 1 factors, silkworm R1 elements, and trypanosome Ingi
elements. Thus, the Tx1 elements present a paradox by exhibiting features of two classes of mobile DNAs that
are thought to have very different modes of transposition. Two possible resolutions are considered: (i) the
composite versions are actually made up of two independent elements, one of the retrotransposon class, which
has a high degree of specificity for insertion into a target within the other, P-like element; and (ii) the composite
elements are intact, autonomous mobile DNAs, in which the pol-like gene product collaborates with the

terminal inverted repeats to cause transposition of the entire unit.

Once investigators accepted the concept of mobile DNA
segments within otherwise stable genomes (37), the catalog
of such transposable elements began to grow steadily (13, 19,
23, 29, 31, 47). No phylogenetic group has been shown to be
free of them, and they are presumed to be ubiquitous.
Transposable elements can be defined as discrete segments
of DNA that are capable of occupying new chromosomal
locations by either excisional or replicative mechanisms. In
general, all transposable elements encode at least one prod-
uct necessary to promote their own transposition.

It has been possible to assign the many eucaryotic trans-
posable elements to a few classes on the basis of sequence
organization and actual or presumed mode of transposition
(19, 23; Table 1). Class I is typified by the Ac elements of
maize (12), the P elements of Drosophila spp. (42), and the
Tcl elements of nematodes (14). They are characterized by
short inverted terminal repeats (less than about 60 base pairs
[bp]) and target duplications of reproducible length (in the
range of 2 to 9 bp), with some sequence specificity. It is
generally believed that class I elements transpose through
DNA intermediates. In the case of Ac (also called Mp), it has
been shown that excision from a preexisting site accompa-
nies insertion at a new location (25). There is circumstantial
evidence for an excision mechanism for P and Tc1 elements,
but transposition could also be replicative, as with the
bacterial elements Mu or Tn3. There is no suggestion of an
RNA intermediate in the movement of any class I element.

Class II elements are the retroviruslike elements, such as
Tyl of yeast cells (18), the many families of copialike
elements in Drosophila spp. (23), and the IAP elements of
mammals (23). These elements have all the features of
genuine retroviruses except for an extracellular transmissi-
ble form. In the genome, they have long terminal (direct)

* Corresponding author.

T Present address: Institute for Advanced Biomedical Research,
Oregon Health Sciences University, Portland, OR 97201.

¥ Present address: Calgene, Inc., Davis, CA 95616.

3018

repeats (LTRs) and are flanked by short target duplications
that only rarely appear to be specific. They contain coding
sequences that are readily identifiable homologs of retroviral
gag and pol genes; the latter include reverse transcriptase,
protease, and integrase domains. Viruslike particles contain-
ing full-length RN As and reverse transcriptase in a gag-like
protein coat have been identified for some class II elements
(21, 38, 48), and reliance on an RNA intermediate in trans-
position has been demonstrated directly in the case of Tyl
(2).

Elements of class III are often called nonviral or non-LTR
retrotransposons, reflecting presumptions about their life-
styles. The best characterized examples are mammalian long
interspersed repetitive sequences (LINEs) (9, 27, 35, 49),
Drosophila 1 factors (15) and F elements (11), silkworm R1
(54) and R2 (3) elements, trypanosome Ingi elements (30),
and maize Cin4 elements (46). These elements are charac-
terized by the absence of terminal repeats, relatively large
and variable flanking target duplications, and an A-rich
region at their 3’ ends. The longest members in each family
have two long open reading frames (ORFs), one of which
shows modest similarity to genuine reverse transcriptases
and the other of which could be a distant relative of viral gag
genes. For these reasons, it has been suggested that class 111
elements move via reverse transcription of an RNA inter-
mediate. The 5'-end truncation seen in some families is
attributed to incomplete copying of the RNA template (51).

These classes include most but not all of the eucaryotic
elements described to date. It is possible that a fourth
distinct class exists, characterized by long inverted terminal
repeats and including Drosophila FB (50) and maize Mu (1)
elements.

We have been examining a family of transposable ele-
ments, called Tx1, from Xenopus laevis (4, S, 22). There are
roughly 1,000 members of this family distributed throughout
the X. laevis genome. Most Tx1 elements have a structure
which suggests that they belong to class I: there is a 19-bp
inverted terminal repeat, a specific 4-bp apparent target
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TABLE 1. Classes of eucaryotic transposable elements

Characteristic
Class Examples

Terminal repeats Target duplication Genes Intermediate
1 Short. inverted Short Transposase. regulation DNA P, Ac. Tcl
11 Long. direct (LTR) Short gag. pol RNA Tyl. copia. IAP
111 None Longer. variable gag-like. pol-like RNA (?) L1Md. I. R1Bm

duplication, and good evidence of a mobile lifestyle (22). The
sequenced version, however, contains no obvious genes:
therefore, we were led to investigate other members of the
family. The results presented here demonstrate that a subset
of Tx1 elements contains potential protein-coding regions
and that these ORFs show considerable homology to those
of class III elements. In addition, there is a second family of
Xenopus elements, Tx2, members of which have very simi-
lar structures and are also found in versions both with and
without coding sequences. By exhibiting features of both
class I and class III elements, the Tx1 and Tx2 elements blur
the boundary between these classes and pose questions
concerning transposition mechanisms for both classes.

MATERIALS AND METHODS

Two separate libraries of X. laevis genomic DNA frag-
ments were obtained from the laboratory of Igor Dawid. The
Wahli library consists of mixed Alul and Haelll partial
digests of the DNA from several different frogs cloned into
ACharon 4 (52). The HD-I library consists of Sau3Al partial-
digest fragments from a single, homozygous frog cloned in
the AEMBL4 vector (Z. Jonas and I. B. Dawid, personal
communication). The Tx1 clones B4 and B10 from the Wahli
library have been described previously (4, 22), as have
methods for DNA isolation and analysis.

A 4.9-kbp HindIIl fragment from the central region of
AB10 was subcloned into the HindlII site of pPBR322, and the
clone was designated pN3. This was used to screen both
libraries by plaque hybridization (36). A 1.3-kbp EcoRI-
BamHI subfragment of pN3 was cloned between the corre-
sponding sites of pBR322 and designated pN1. Other sub-
fragments of Tx1 used as probes were largely from AB4 (22).
Corresponding subclones from Tx2 elements will be de-
scribed in detail elsewhere. In many experiments, the plas-
mid inserts or subfragments of them were excised with
restriction enzymes, separated by agarose gel electrophore-
sis, and recovered and concentrated on glass beads (GENE-
CLEAN; Bio 101, Inc., La Jolla, Calif.). Probes were made
radioactive by incorporation of a-**P-labeled nucleotides,
using either nick translation (36) or random-primer extension
(17).

Plaque hybridizations were performed on nitrocellulose
(Schleicher & Schuell, Inc., Keene, N.H.) or Biotrans (ICN
Pharmaceuticals, Irvine, Calif.) membranes. Restriction en-
zyme digests of selected clones were screened with the same
probes by Southern blot hybridization on nitrocellulose or
Transphor (Hoeffer Scientific Instruments) membranes.
Most hybridizations were done at 42°C in 5x SSC (SSC is
0.15 NaCl plus 0.015 sodium citrate)-50% formamide, but
some were performed at 60°C in modified Church buffer (7)
(7% sodium dodecyl sulfate, 0.5 M sodium phosphate [pH
7.2], 0.001 M EDTA), with equivalent results.

For DNA sequencing, subclones of fragments of AB10
(Tx1) and A10n (Tx2), both from the Wahli library, were
made in the plasmid vectors pEMBL18+, pEMBL18—,
pEMBL19+ (10), and Bluescript KS+ (Stratagene, La Jolla.

Calif.). Deletion series were generated by the method of
Henikoff (28). Single strands were produced by superinfec-
tion, with f1 helper bacteriophage IR1 (10) or R408 (44), of
NMS522 cells (24) carrying the desired plasmid clones. To
obtain reasonable yields of plasmid-derived single strands, it
was important to use fresh transformants for superinfection.
Plasmid DNA (usually from a minipreparation) was intro-
duced into competent NMS522 cells and plated on ampicillin-
containing L agar (36). The following day, a single colony
was picked, grown up, and superinfected as described (10,
44). Single-stranded DNA was isolated from the culture
supernatant by polyethylene glycol precipitation, phenol and
chloroform extraction, and isopropanol precipitation (10).
When the ratio of plasmid-derived to helper phage single
strands was =1, as analyzed by electrophoresis, the se-
quencing reactions were usually free of artifacts. Sequences
were determined by the chain termination method (45),
using Klenow DNA polymerase (Boehringer Mannheim
Biochemicals, Indianapolis, Ind.) or T7 DNA polymerase
(Sequenase; U.S. Biochemical Corp., Cleveland, Ohio).
DNA sequences were analyzed by using the Intelligenetics
BIONET program package.

RESULTS

Subclasses of Tx1 elements. The Tx1 elements that we
characterized previously are represented by that in A clone
B4 (4, 22). Its structure is shown schematically in Fig. 1 as
Tx1d. These elements have 19-bp inverted terminal repeats,
two types of tandem internal repeats (PTR-1 and PTR-2,
each about 400 bp long), and unique segments near each end,
designated LCF and RCF. Nucleotide sequence analysis of
all of these segments revealed no convincing ORFs (22).
Because complete versions of essentially all known trans-
posable elements encode products necessary for their own
movement, we sought other versions of Tx1 that might
contain such genes.

Among the elements in the eight A Tx1 clones that we
isolated originally. one (B10) differed from the others in
having an interruption of about 7 kbp in the PTR-1 cluster (4)
(Tx1c in Fig. 1). To determine whether this was a unique
occurrence or represented a major subclass of Tx1 struc-
tures, we prepared probes from the interruption, including a
1.3-kbp EcoRI-BamHI fragment that was subcloned in a
plasmid vector as pN1 (Fig. 1). When this was hybridized to
digests of X. laevis genomic DNA, it detected fragments, the
most prominent of which reflected the restriction map pre-
dicted from clone B10 (Fig. 2). By comparison with intensi-
ties observed with measured amounts of plasmid DNAs in
parallel lanes (not shown), we estimated that these fragments
were present in the genome at a copy number of roughly 100.

The longer probe, pN3, was used to probe two X\ libraries
of genomic DNA fragments (see Materials and Methods).
With this approach, we not only isolated additional clones of
the B10 subclass but discovered a family of related elements
that we call Tx2. Only the central regions, represented by
pN3, cross-hybridized between Tx1 and Tx2, but further
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FIG. 1. Diagrams of the structures of elements in the Tx1 and Tx2 families. The map of Tx1d is based on the element in \ clone B4, the
sequence of which has been reported (22). Two types of approximately 400-bp internal repeats, PTR-1 and PTR-2 (shaded), are flanked by
unique sequences, LCF and RCF. The elements terminate in 19-bp inverted repeats (triangles). The map of Tx1c is that of the element in A
clone B10, which was reported previously (4), the central portion of which was sequenced in this study. Corresponding symbols represent
the same components as in Tx1d. The maps for Tx2c and Tx2d elements are composites for a number of different clones: they are drawn to
emphasize correspondence to segments of Tx1 elements. In the maps of Tx1c and Tx2c, the locations of sites for restriction enzymes used
in the experiment presented in Fig. 2 are shown: B. BamHI: E. EcoRl: G. Bglll: and H. Hindlll. Below the Tx1lc map are indicated the
subcloned fragments used as probes in library screens and Southern blots.

analysis showed that the Tx2 elements contained sequences
fully analogous to LCF, PTR-1 repeats, PTR-2 repeats, and
RCF. Details of these sequences will be presented else-
where. The presence of Tx2 sequences in the genome was
confirmed by the data in Fig. 2, showing that the secondary
bands were those predicted by the restriction maps of Tx2
clones. Their intensities were lower, probably because of
imperfect complementarity with the Tx1-derived pN3 probe.

Like Tx1, Tx2 was found in versions both with and
without the central region (Fig. 1). We call the longer
versions Tx1lc and Tx2c (for composite elements) and the
shorter versions Tx1d and Tx2d (deleted in comparison with
versions c).

The results of screening the two X. laevis genomic librar-
ies with probes from various regions of the Tx1 and Tx2
elements are presented in Table 2. There appeared to be
roughly equal numbers of the two types of element in the
genome. In both cases, approximately 20% of the members
of each family contained the central region; that is, they
hybridized with pN3. For unknown reasons, the proportion
of clones containing any Tx sequences and the fraction of
those including the central region were both lower in the
HD-I than in the Wabhli library. Because both libraries had
been amplified before screening, the numbers in Table 2 are
not a perfect reflection of genomic abundance; they are,
however, in general accord with estimates made from South-
ern blot hybridization experiments.

The library screens and the genomic blots showed that
type ¢ elements are relatively common in both families.
Estimates of the abundance of the various elements in the X.
laevis genome are given in Table 2. In addition, the initial
screens yielded a total of 18 clones that hybridized with pN3
but apparently not with probes for other Tx1 or Tx2 seg-
ments. Upon rescreening, five of these failed to hybridize

with pN3, while seven others showed hybridization with
PTR-1 probes. Of 201 clones that hybridized with pN3, only
6 were truly pN3* Tx1~ Tx2~. Restriction mapping and
hybridization with various probes showed that (i) three of
these clones were missing one end as a result of interruption
by cloning, so deletion of one end (the left end in all cases)
could account for their lack of other Tx1 or Tx2 sequences;
(ii) two clones appeared to contain insertions that made the
elements too large to be contained within a single cloned
fragment: and (iii) one clone hybridized only very weakly
with probes for a small portion of the central region. Thus,
there is no compelling evidence for a repository of central
regions outside the Tx elements themselves.

Nucleotide sequence analysis. Bolstered by the knowledge
that the central regions of Tx1c and Tx2c were present in
many members of the families, we undertook a determina-
tion of their complete nucleotide sequences in the hope of
finding the genes of the elements. The sequence of the Tx1c
central region (from clone B10) is presented in Fig. 3. The
entire central region is 6,901 bp long. Novel sequence begins
after nucleotide 205 of a typical PTR-1 repeat (4), and
nucleotides 183 to 205 of PTR-1 are present as a 23-bp direct
duplication around the Tx1c-specific central region. We have
sequenced these junctions for a number of Tx1c clones and
find that the same 23-bp sequence is duplicated in each case.

The bulk of the central region is occupied by two long
ORFs (Fig. 3). Counting the first nucleotide after the 23-bp
repeat as position 1, ORF1 extends from positions 400 to
2878 and could encode 826 amino acids. The first methionine
codon is at nucleotide 553; from there to the end of ORF1
represents 775 amino acids.

ORF?2 begins at position 2871; the fourth codon is an ATG.
This frame is open to position 6804, sufficient to encode
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FIG. 2. Southern blot hybridization using the pN1 probe. The
leftmost lane contains molecular weight markers, the sizes (in base
pairs) of some of which are given on the left. The other lanes contain
X. laevis chromosomal DNA digested with the enzymes indicated at
the top. The numerals below various bands indicate that the bands
are expected on the basis of the restriction maps of cloned versions
of Tx1c (1) or Tx2c (2) (see Fig. 1). Because there is only a single site
in Tx2c for Hindlll. and in both elements for BarmHI. no discrete
bands are predicted.

1,308 amino acids from the first methionine. ORF2 overlaps
ORF1 by 7 bp (Fig. 3).

The corresponding Tx2c¢ sequence is not presented here in
detail. It is flanked by 21-bp repeats of identifiably the same
region of a PTR-1 repeat as in the case of Tx1. ORF1 and
ORF?2 are present and correspond to the Tx1 sequences with
high fidelity (Fig. 4). Close examination shows that the
conservation in ORF2 particularly is that expected of genes
under selective pressure on their protein products: there are
many silent codon changes, and many of the amino acid
substitutions are conservative. All of the sequences in the
central regions are 80% or better matched between the
families.

Homology with retrotransposons. Both the nucleotide and
hypothetically translated sequences of Fig. 3 were compared
with other sequences in the National Institutes of Health and
EMBL data banks and specifically with sequences of known
eucaryotic transposable elements. Because of the structure
of the ends of Tx1 elements, we anticipated there might be
similarity to genes of class I elements such as P and Ac.
Surprisingly, convincing matches were found only with
elements of class III, the non-LTR retrotransposons. ORF2
of Txl1c is clearly a relative of the longest ORF in mammalian
LINEs, Drosophila 1 factors, Drosophila F elements, silk-
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TABLE 2. Screens of X. laevis genomic libraries with
Tx1 and Tx2 probes

Total Hybridization* Estimated no. in genome
Library TO’ of( Tx1* Tx2*
plaques Txle Txld Tx2c Tx2d

screened Toral pN3* Total pN3*

13,700 110 20 99 13 150
15,600 302 95 320 67

HD-I
Wahli

900 100 850
630 1.800 450 2,200

“ Reported are the total number of clones that hybridized with at least one
of the probes (LCF. PTR-1. PTR-2. and RCF) specific for the Tx1 or Tx2
family. In most cases. a clone hybridized with all of these probes or a subset
of adjacent regions (e.g.. LCF + PTR-1). consistent with interruption of the
element at one end of the cloned fragment. In each family. the number also
hybridizing with a central-region probe (pN3) is given. A few clones hybrid-
ized with pN3 only: these are discussed in more detail in the text. The
frequency of total clones and pN3* clones in each family and the average
insert size (about 15 kbp) were used to calculate the apparent numbers of
various element structures in the genomes that contributed to the HD-I and
Wabhli libraries.

worm R1 and R2 elements, and trypanosome Ingi elements
(Fig. 5).

The regions of best match between Txlc ORF2 and the
retrotransposon ORFs are those that show a low but consis-
tent degree of similarity to genuine retrovirus pol gene
products (Fig. 5). The homology extends well beyond these
areas, however. In the 325-amino-acid region shown in Fig.
S, there is 29% identity between the long ORFs of Tx1c and
L1Md (52% if conservative substitutions are allowed). This
match between Tx1c and L1Md is as good as or better than
that between any other pair in Fig. 5.

The smaller ORFs of the class III elements are much more
divergent, but all have one or two of the cysteine-plus-
histidine-rich motifs suggested to be Zn-binding fingers in
viral gag proteins (8). ORF1 of Tx1c and Tx2c also have one
such motif (Fig. 6). In addition to the consistently spaced
Cys and His residues, there is a conserved Gly preceding
His, and basic amino acids are common in this short seg-
ment.

Many but not all class III elements have A-rich tracts at
their 3’ ends, which is taken as supporting evidence that they
arise by reverse transcription of polyadenylated RNAs. Six
of the last nine nucleotides at the right end of the Txlc
central region are A’s (Fig. 3), but this is not a compelling
poly(A) tract, nor is it preceded by a consensus polyade-
nylation signal. The Tx1 sequence, AATAATATA, bears
some similarity to the (TAA), repeats found at the right end
of I-factor sequences (15).

DISCUSSION

We have described two closely related families of trans-
posable elements in the genome of X. laevis, Tx1 and Tx2. In
both families, there are two versions of the basic element
(Fig. 1). One consists simply of two types of tandem internal
repeats (PTR-1 and PTR-2) flanked by 0.5- to 1-kbp se-
quences of no evident function (LCF and RCF). The outside
ends of the elements have short inverted repeats, and the
elements are flanked by 4-bp apparent target duplications.
The other version is identical to the first except for the
presence of a 6.9-kbp segment containing two long ORFs
inserted in the PTR-1 repeat cluster. We call the latter
version Tx1c (Tx2c), for composite elements. The former
version is Tx1d (Tx2d) because it is deleted in comparison
with the longer version. There are approximately 100 to 600
composite versions of each family in the X. laevis genome
and about 1,000 to 2,000 deleted elements.
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1
Tx1l Central  ICAGCTAATGAAAAATCAACACAC TCTCTGTTTAGTGCTGAAT TAAGCATTGAAAT TCCTGGTTGAGACAGGATTTTTTGTTATCACTTGGTGTGTGAATGTGTTGTCCACTT

GGTGGGTGAAATTTGGGAAGT TTTGAGT TGATTTTCTTGACTAAAAATCGAT TTTTC TT TTGACCCTGAAGGTGAGTGAT TCCTAGCCCAGT TCCT TTCACTTGCTCTGGGC TACAAACTCACTGT TAGATCCCCTACCCCTCCCCCGCA

CCTGGGTGTCAGTTTCATTTGCATTT TTCTCTTGT TTCAGCACAAATTGT TTAATT TTGTACAGAT TGAGTGGATATTTTGATT TTGCACTCAGTTCTGTGAGGAGAGAAAGCTAAAGGGAGAAGGATTTAATATAAGTATAAATATAAA
ORF1 N

ATCTTTTCCAGCAGCAGCAGTGCAGCTCCCAGGCACCTGCTCACATTAACCCTCTCCCTGCCACAGCT TCTCAACTTAAAACTTACT TTTTTTTTTTTTTTTTGT TAATCAATAGTATAAAGCT TTCTTTTTGTGTGGTGTTGTGTAAAA
L FQQQQCS SQAPAHTINPLZPATASA QLI KT YT FTFTFTFTFTLLTINS STIIKTLSTFTZCVVLTCHIKHI

TAAT ATAAAAAGGA TATAAAAAAACATC TCTTGGT TC TAAAGCAAAAGGACC TGAAAAACCCAGC TGTAGCTC TGCAAGGAAACACCAGTCAGAGCCCATGTCAAAAAGCCCCATTGCCTCTACTTCTGCTGCTGCAG
M GG N KKESYKZ KT SULGSKARKGPTETZKTPSTC CSSARIKIHQSETPMSZ KS SZPTIASTSAARANMARMA

CCAATGTGACCCCTGCTAAAACAT TTGCACACGCGGTAGC TACTGGCAGCAACCCTGGCCAAGTCACTGC TGGGG A GGGGTCAGATGCCTAATGTCAAGCACTCATGGCATAGAGGCTTATATAAAGG
IVTPAKTI‘AHAVATGSNPGQVTAGV!KL‘I‘RKHGVRCLHSSTHGIBAYXKA

CTGCAMTGAAGTGGTGGGCCACTCTGCAG‘I‘AGTGGCA&MG'I‘AMA‘I‘GTATGGGAMGCCATMTCTTT@CCG‘I‘ACTCTMCTGCAGTGCATAL TCTGGT: TATCACAGT TATGTCCCTGTAGAACCCC
A AEVV GHS AV VAASHK K A I I FARTULTAVHTULVQRGITVGSGSYVZPVETFPL

TAGAAGGATTGGGCACAAGGGTGGTTTTATCTAATGTGCCCCCCT TCCTGCAAGACCACTTATTGTACCCCCACCTGCAAGCCCTTGGGGAGTTAAAATCAAATATGTCTAGAATTCCCCTGGGATGTAAGGAGAGCAGACTGAGGCACG
E GLGTRVVLSNVZPPTFIULQDHTLLTYZ®PHLQALGETLI KSUNMSZ BRTIZPLGCKTESH RTILTRBRIEHY

TCCTTTCCTTTAAAAGGCAGGTGCAACTACTTTTACCTCGGGGGCAAGACACTATT TTCCATTT TGCTGTATAAAATT TTTTACAGCACAGAGGAAGTGAGGTGCTTCCTTTGCAAGAACCTGGGGC
LSFKRQVQLLLPRGQDTX!GSI‘GVP?BGVLYKIFYSTB!VRCFLCKNLGH

ACACTCGCCAGAGTTGCCCCAAAGGGCAAAT TAAGACCACAGCCCCTGT TCCTGCTCCCAGTGCCTCAAATAAAACATCT TATCCTGCTGGGACTATTTCA 'CCTCAA TATCTCCTTCACTAAAGAACCTCAAGGTGG
T RQS CPXKGOQTIIXKTTA APVZPAPSASNIKTSYZPAGTOSAGSSLGISPSLKNILIKYVA

CTGTTACACAACCCACCTCTACAACATCCAAACCTCCTCCTTCTTCACTGAAGACATCTAAGGCTGCAGCATGTC TTACAAT TGCGGCAAAAGAGA AAACATGTCAAAGCT TCCCCCAGGGTCACAGTTGTTCCTATCACAA
VTQPTSTTSKPZPZPSSLKTSIKAAACLTTIAAKETIKSG GG GIKHYVYIKASZPRVYVTVVZPTITK

AAAAGTGTACCCCTGTTAT! ACCCCT! TACCCATGAT ACATCTGTTGGGGTTGGGGCAGATAGTGGCCTTTCCTCTTCAGATGCCAAGAAAAAGAGGAAATT TAAATCAAACTGGCTGGTACCTGAGGAAT
K C TPV MGTZPEG GV GV PMIATS SV GV GGADSOGLS S SDAKIZEKI KT RIKTEFIKSNUWLVEZPETEHW

GGGCATCAGTGGTTAATGATGGGGCACCCCCATCCAAGGGTAAAAAGGGCAGCAAAACT TCTGC TCCTCATGTGGTGACATTGTC TGGCCCAACTGTTGGTCACGATCAACCGGTGTCAGACCATGCACTCTTGCCTCCAGACCAGGTGG
A S VVNDGAPZPSIKGI K KTGSKTSAPHVVTLSGZPTVGHDU QZPVSDHATLULZPTPUDAU QVSG

GGAATMTGAGGTTMTGGTCTGCA‘I'GGCCTTGMCA'I‘GGCAGTG'H‘GGT‘H‘CCCCACAGAATCAGGGGTGCAGTATC‘I‘GCCTCMAATCAT‘H‘GGMGATCTTCCC'I‘TGGAGTGTMAGAGACACCTMTGAGACTCCTGCAGAGIGGG
v G L HGLEM KRGSV GFPTESGVQYLPOQNU HLEDTILZPILETCKTETU®PNETU?PAEWA

CAGTCAGTGTTCCTGAAGTGCTGAGATTTGGCAACTGCAACCAGCCTCAGTTTTTAGTGCCTC. ATTTCACTCC TATTGGGCTAACCCCCATACAGGACCCTGCAGATAAAACTGCTGGGAAGGATGGTGAGG
VS VPEVLRTFGNTCNQ?POQTFLVZPQGTISLOQETGENTIGTLTZPTIOQDZPADTZEKTA AGI KTUDGTESG

GTGGAGTTGTAGATACGGAGGAGGGTAGCCAGACAACCTCTACTGTTCATGCTAAAATCTCTCTTCCCTTGTC TTCAACTGACCCAAATGT TATTGCCATCCAGAAAGCACAGGAGGTAGTAGAGAGGGCAGAGGC TAACCATCGAGCCT
G VVDTEEGSQTTSTVHAKTISTLTZPULSSTUDZPNVTIAIOQKAQETVVYVERAEANIBHTRAS

CCAAAGC TCTACCTGTTGCTGGGGAGCTAAT TAGT TCTGT TGCTCCTGTGTCAAACACT TCCAAATGTGT TTCAAGTGAAGT TGAGGGAACACCTGAGCCATTGCAGGGTCTCCAGAAAAGTGATTCTGATACTTTTCCTGCAACAACTT
K A LPVAGETULTISSVAPV S NTSIKTCVSsSs S EVEGSGTTZPETPLOQQGLO QKSUDSUDTTFZPATTC

GT TTCTCAAAGCTCTAGT TTATCAATCCCTTAGCC. A TCATGGAT ATCH TTGACATAGGAGT AAATCCTTCTACCCCAATCATCCCTGCTGAGGAACTCAAAA
G E I L XKALVERGDTYAGQSULSOQETETLMDETGNVNTIETETEVDTIGVANPSTZEPTITIUZPAETETLTKHK

AATTTCTTGAGAGCACCCTTGGTGTTAAATT. TGCACATGGCTCT GGCA‘I'GAT'I'I‘GCCTTTAGI'TATCAAT‘K‘CTG‘l‘GAGACMTACATTMGGTCATMMGAGGCWTATGGMCAOCGGAATA‘I‘C
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APFSDHNCVSLRHSIAPSLPKAAYNHFNNSLL!DBGFAKSVRDTHRG'RA

CTTTCAGGATGAAT TTGCCACATTGAACCAGTGGTGGGATGTAGGCAAGGTTCACCTAAAGCTCTTGTGTCAAGAGTATACCAAAAGTGTGAGCGGGCAGCGCAATGCAGAGAT TGAGGCACTGAATGGGGAGGTGCTTGATCTTGAGCA
FQDETFATULNO QMWWDVGKVHLIKTILTLTCOQQEYTIXKS SV VS GQRNAETIEATLNGEIVLDTILTEDQQ
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FIG. 3. Nucleotide and predicted amino acid sequences of the central region of Txlc clone AB10. The duplication of 23 bp of PTR-1
sequence is underlined at both ends of the sequence. Numbering begins with the first nucleotide after this duplication. The first methionine

in each ORF is underlined.
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AAATTTCATTGAACTTGAGG&GTGTGTTCTAACGCGCCTTGGAAAGTGGAAGGGTTTTGCTAAAGTACTT?CTATGAGGGGGAGAGCTTTGGTGATTAATCAGCTGG?GGCCTCTCAGATCTGGTACCGGCTGATATGTCTTAGCCCAAC
N F I ELEZECVLTRTILGI KUW®WZKTGTPFAKT VTILSMRGRALTVTINA QLVASA QTIWY L I CL S PT

CCAAGAATTCATTGCTAAGATCCAGAGAAGGTTACTGGACTT TCTCTGGATAGGAAAGCAT TGGGT TTCTGCAGGTGTCTCAAGCCTCCCGTTGAAAGAGGGAGGGCAGGGAGTCGTGTGTATACGTTC TCAAGTGCACACCTTCCGTCT
QE F I AKIOQRRLTLDTFTLW®WIGI K HWMNMYV SAGV S SLPLIKEGSGQGVVCTIR RS OQVHTTFRIL

CCTTTCAACCCT

CCAGCAAATACAGAGATACTTGTATGCAGATCCTTCTCCACAGTGGTGTACTCTAGCATCGAGTTTTTATCGCCAGGTACGAAATATGGG&TATGACCGGCAATTGTTTATAATTGAACCTGAGGGTTT 'CCTAAGAAA(
Q Q Q R H E P EGF LRNULSTL

L Y ADFP P Q WCTULASSTFYRU QVRNMGYHDURUOQLTFTI

GCCGGCTTACTACCAAGACACGCTAAAAACC TGGAGCATGGTATCCGTGTTAAGGCAAGGAGCCAC TGAAGGGGAAGACATTCTAAATGAGCCCCTACT TTACAATCCATCT TT TAAGACTAGGATGTTAGAATCCATCAGCATCCGACG
P AY YQDTTULIKT®WS MV SVLRQGATETGEDTITULNETPTLTLYNZPSTFIKTRMLTESTISTIRTR R

TCGCCTTTGCCAGGCTCABTTAACCAGAGTTGGAGATCTCCTGGATTTTGAGAAATCAGATTGGGTGGACTCTCAAGCAGTTATGCAACGCATGGGATTCCTCACCACTAGGGTTCCACACCGTCTTCTCAAGG&AA 'CAAGGACACAAT
R LCQAQTLTRVYVGDILTLUDTFTETZKSUDWVDSQAVMOQRMGTF v P L K EI KDTTII

CTCTCCTGATTCTCACACCTTCATTGATGGGGT TTTACATGC TGGAGAGCCACG

TCCACCTTGGAACTCCTCACCTCCAGACATAATAATAGCACCTAAAACCCGTCAATCCCCCCAAGCACCTCCTTCCCCCAACTTGAGCCABTTGGA
S P DS HTTF P D K P

I DG VL HAGETPRTEPZPWNSSP T R Q s Q AP P S P NL S QULTE

GAATTTTCCATTGACACGCTTTCATGATATAACAAGAAAGCTGTTGTACTCTCTAATGCTTCACACTGTACACTTCCTTGCCCTCATCTCCCGATATGATACCATCTGGAGACGTGTGC TTAATGAGGGTGAAAGACC TCAGTGGCGAGC
N F P LTRVPFHDTITRIKTILTLYSTULMLUHTVHTFTULALTISHRYUDTTIWMWRRVYVILNETGTETRZPOQWRA

TTTTTATTCCAGTTTGGTGCCTAGACCAACT! AAGTGCTGC. GCATT AC, GTATCTAGCTCGTTTTACAGACTCCCCAGCTGCTTGTCCATTCTGTGGCAAAGGAGAGTCTGTGTTTCATGC
F Y S SLV?PRPTGD L S U K VLHAHGALSTGEYTLART FTDSUPAATCTPTFTCGIKTGTETSVTFHA

TTATTTTACGTGTGCCAGACTGCAACCTCTATTGGCTCTT TTGAGGAAGCTTTA OCTWCTGGITACAC'H“H‘CCC(.'I'CATGTTK‘ATATTTTTGGACGCCCAGTATCCCGGGACAATAMGAWC‘H‘CTCTCCM@T
Y F TCARTLO QPTULTULALTLRIEKILYTLAG QTFWLHTFSUPHUVY F GR PV S RDNIKEIZKDTILTLSNTLL

CCTGGCTTTAGCTAAAT TAGTCATCCATAAATCTAGAAAGCAATGTTTGGAAGG TGGGAATCC TCTGCCAGCAGAGG TCT TG TTCCGAGTGC TGGTGCGTTCCCGCATCCGAGCAGAGTACACCCAAGCAGTGTTTACTGGTCGGTTGAA
L ALAKTLVTIHIKS ST RIKAOQTC CLEGS GNZPTLZPAEVLTFHR RUVILVR R R I RAEYTOQAVVFTGRILK

AGAATTTGCTGACCAGTGGGCAATAGATGGGGTAETTTGCTtAGTATCCCCAGACCTGGTTTCTGTTCAGACAATTCTCACACTCCCATATTTAAGTGCACTTTAATTTAAGTGACAGTTGTATTTTAATCAGTTAATTATCTCCTTTGA
EF ADOQW®WATIDGV VLT CSVSZPDILVSVQTTIULTHL Y L S AL

3023

5350
827

5500
!

5650
927

5800
977

5950
1027

6100
1077

6250
1127

6400
1177

6550
1227

6700
1277

6850
1311

GATGTGATTAACT TTGGTGAGCAATCACTCACCTGCAATTTGAATAATATAICAGCTAATGAAAAATCAACACA
6901

FIG.

In general terms, this organization of the Tx1 family is not
unusual. Many mobile DNAs occur in autonomous and
defective forms, the latter being mobilized in trans by
transposase produced by the former. This dichotomy was
recognized in the Ac-Ds family by McClintock (37); molec-
ular characterization has shown that many of the dependent
Ds elements are related to autonomous Ac by deletions of
coding sequences (12, 16). Because the coding region in the
Tx families is flanked on both sides by PTR-1 repeats, it is
easy to imagine that deletion could occur by homologous
recombination between those flanking repeats.

What is surprising about the Tx elements is that they have
features of two previously distinct classes of transposable
elements. Their termini suggest membership in class I (Table
1), and therefore mobility via a DNA intermediate, whereas
their genes are like those of elements in class III, which are
supposed to move through RNA intermediates.

We can imagine two general explanations for this paradox.
First, the class I-like and class III-like sequences may belong

R L1 1 1F

3—Continued

to entirely separate elements. That is, Tx1d and Tx2d may
be independent class I elements, whereas the additional
sequences in Txlc and Tx2c are class III elements. This
would require that there be four distinct elements in the
sequences that we have identified. Each of the two retro-
transposons must have an extremely high degree of target
specificity for the corresponding class I element. The R1Bm
and R2Bm elements of Bombyx mori also show a high degree
of apparent target specificity (3, 54). Each of these is most
commonly found at a specific site in the 28S rRNA gene.
although there may also be some dispersed copies. Occupa-
tion of specific targets is one way for the damage done by
element insertion to be minimized. Repeated sequences, like
rDNA and other transposable elements, are plausibly among
the most harmless targets in a complex genome. The puta-
tive retrotransposons in the Tx elements are flanked by long
direct repeats of PTR-1 sequence (23 bp in Txlc), which
could be a target duplication created upon insertion. Large
duplications are common for class I1I elements, although the

LCF __ PIR-1l NI ORF1 ORF2 NT RIR-2 RCE
bp 808 394 555 2328 3924 133 394 82
% match 69.8 73.1 81.6 83.6 87.2 84.2 73.4 76.8
aa 775 1308
$ match 73.9 87.1
(84.1) (94.2)
sil/sub 0.88 1.98

FIG. 4. Comparison between Tx1 and Tx2 sequences in various regions. Designations are as given in the legends to Fig. 1 and 3. NT
designates two apparently nontranslated regions (i.e.., no long ORF) between PTR-1 sequences and the two obvious ORFs. The PTR-1 and
PTR-2 comparisons are between consensus sequences derived on the basis of several examples of each type. All other comparisons are based
on single examples from each family. In the case of RCF. the region sequenced in each clone was hundreds of base pairs long. but only the
terminal 82 bp showed clear homology. It is not known whether the Tx2 RCF sequenced is representative of the family. Values in parentheses
for ORFs are matches achieved when conservative amino acid substitutions are allowed. Sil/sub is the ratio of translationally silent nucleotide

changes to those that cause an amino acid substitution.
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FIG. 5. Comparisons of predicted amino acid sequences of a portion ORF2 from Tx1c. Tx2c, and various class 11l elements. Shown is a
325-amino-acid region of Tx1c ORF2. which includes but is somewhat larger than that compared among elements by Xiong and Eickbush (53).
Tx2c sequences are shown only where they differ from those of Tx1c. The number of amino acids in ORF2 prior to the region compared is
given at the beginning of the sequence for each element. Gaps have been introduced to maximize the matches among pairs of sequences. Cons
indicates positions for which there is a good consensus among these elements; capital letters are used when at least six of seven sequences
agree or at least four of seven agree and the others have conservative substitutions. and lowercase letters are used when at least four of seven
agree or three agree and three others have conservative substitutions. The line labeled RTase shows consensus sites shared by a majority of
reverse transcriptase genes in genuine retroviruses and class 11 elements. as identified by Xiong and Eickbush (53). Capital letters indicate
essentially perfect conservation: lowercase letters indicate lesser degrees of match. Sources of the sequences: mouse LINE L1Md (35),
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Tx1,2 rC£1CknlGHt rgsCpk
I Fact rCkkClrfGHptpiCks
R1Bm cCnkCqqyGHpekfCra
tCgrCgedGHrmeaCka
F Ele gCtnCgeyGHtrsyCtl
Cin4 CynClspdHlafrCs
CwgClhfGHraraCp
RSV 1CytCgspGHyqaqCpk
rCqlCngmGHnakqCrk
CaMVv rCwiCnieGHyaneCpn
MoMSV CtyCeeqGHwakdCp
HIV CfnCgkeGHiarnC
CwkCgk eGHgmknC
Copia kChhCgreGHikkdCfh
Corisensus C..C...GH....C

FIG. 6. Comparisons of fingerlike sequences in ORF1 of Txlc,
Tx2c, and several class III elements with each other and with gag
sequences of selected retroviruses and a class 11 element. Sources of
sequences not given in the legend to Fig. 5: maize Cin4 (46), Rous
sarcoma virus, Moloney murine sarcoma virus, human immunode-
ficiency virus, and copia (40), and caulifiower mosaic virus (15).

consistency of the size and sequence of the duplication is
not.

There are some complications in this interpretation, how-
ever. The target specificity must have coevolved with the
divergence of the Tx1 and Tx2 families, since a Tx1 central
region is never found associated with Tx2 ends and vice
versa (our unpublished results). Furthermore, there are
essentially no central regions of either class that are not
associated with Tx ends, so evidence for their independence
is lacking. Finally, where are the genes of the class I (version
d) Tx elements? Essentially all transposable elements code
for at least one product required for some aspect of their
mobility. It remains possible that there are undetected minor
versions of Tx1d and Tx2d which carry coding sequences.

The second possibility is that Txlc and Tx2c are the
complete, integral elements of the two families. This simpli-
fies the picture to some extent, but it raises the issue of what
the transposition mechanism might be. One possibility is that
the gag- and pol-like products of ORF1 and ORF2 mediate
transposition through a DNA intermediate, using the short
inverted terminal repeats. The similarity of the ORF2 se-
quence to viral reverse transcriptase may reflect nucleic
acid-polymerizing activity and not use of an RNA template
per se. Alternatively, the composite element might move via
an RNA intermediate in which the inverted terminal repeats
identify the discrete ends of the element.

These considerations illuminate some of the deficiencies in
our understanding of class III elements in general. Although
circumstantial evidence favors an RN A-mediated transposi-
tion mechanism, this has not been proven. Clearly, they do
not use the same mechanism as do the genuine retroviruslike
class II elements to regenerate their ends, and therefore their
promoters, upon transposition. An alternative mechanism is
suggested by the discovery of an internal RNA polymerase
II promoter in a Drosophila jockey element (39). In the cases
of the mouse (35, 43) and rat (20, 41) LINEs, there are
repeated sequences at the element 5’ ends that could serve
as essentially external but renewable promoters for RNA
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polymerase II. The PTR-1 repeats in Tx1lc and Tx2c ele-
ments occupy a similar position with respect to the class
III-like ORFs.

Two other recent observations have reinforced the argu-
ment that class III elements move via RNA intermediates.
First, mitochondrial plasmids of Neurospora crassa, which
have pol-like genes related to those of LINEs, etc. (53), have
been shown to be associated with a reverse transcriptase
activity that is specific for plasmid transcripts as templates
(32). Second, expression of the pol-like product of R2Bm in
bacteria indicates that it has an endonuclease activity that is
specific for the natural target site of the element in the 28S
rRNA gene (55); this is analogous to the integrase function of
retroviral pol products.

To summarize, the most likely possibilities are as follows:
(i) The class I-like (version d) elements and the central class
IlI-like sequences are independent elements; the first move
through DNA-mediated events, catalyzed by unknown gene
products, whereas the second are retrotransposons with
enormous target specificity for PTR-1 sequences and unusu-
ally consistent termini and target duplications. (ii) Txlc
represents a single element that moves through DNA-medi-
ated events, catalyzed by the products of ORF1, ORF2, or
both. (iii) Tx1c is a single element that moves through an
RNA intermediate, supported in part by reverse tran-
scriptase activity of the ORF2 product. In cases ii and iii,
movement of Tx1d elements would be stimulated in rrans by
the products of ORF1, ORF2, or both.

The question of the mode of transposition of Tx elements
will be resolved only by more direct experimentation.
Searches for functionally relevant RNA copies of class III
elements have been largely unrewarding. Discrete copies
may be obscured by adventitious transcripts, and it is
difficult to guess in what tissue(s) they might be produced.
We know that Tx1 elements are not transposing at a great
rate in frog populations (22), and our initial searches for
RNAs corresponding to both external segments of Tx1c and
Tx1d and the central region of Tx1lc have yielded negative
results (33; unpublished results). We are hopeful that injec-
tion of appropriately designed Tx1- or Tx2-derived materials
into Xenopus oocytes will allow transposition events to
occur in an experimentally manipulable setting. Oocytes are
known to support other types of DNA metabolism, including
transcription (26), repair (34), and homologous recombina-
tion (6), so there is reason to be optimistic that they will
provide a milieu favorable for transposition as well.
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