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We have characterized the approximately 6.5-kilobase cytoplasmic poly(A)+ Line-i (Li) RNA present in a
human teratocarcinoma cell line, NTera2Di, by primer extension and by analysis of cloned cDNAs. The bulk
of the RNA begins (5' end) at the residue previously identffied as the 5' terminus of the longest known primate
genomic Li elements, presumed to represent "unit" length. Several of the cDNA clones are close to 6 kilobase
pairs, that is, close to full length. The partial sequences of 18 cDNA clones and full sequence of one (5,975 base
pairs) indicate that many different genomic Li elements contribute transcripts to the 6.5-kilobase cytoplasmic
poly(A)+ RNA in NTera2Dl cells because no 2 of the 19 cDNAs analyzed had identical sequences. The
transcribed elements appear to represent a subset of the total genomic Lls, a subset that has a characteristic
consensus sequence in the 3' noncoding region and a high degree of sequence conservation throughout. Two
open reading frames (ORFs) of 1,122 (ORF1) and 3,852 (ORF2) bases, flanked by about 800 and 200 bases of
sequence at the 5' and 3' ends, respectively, can be identified in the cDNAs. Both ORFs are in the same frame,
and they are separated by 33 bases bracketed by two conserved in-frame stop codons. ORF 2 is interrupted by
at least one randomly positioned stop codon in the majority of the cDNAs. The data support proposals
suggesting that the human Li family includes one or more functional genes as well as an extraordinarily large
number of pseudogenes whose ORFs are broken by stop codons. The cDNA structures suggest that both genes
and pseudogenes are transcribed. At least one of the cDNAs (cD11), which was sequenced in its entirety, could,
in principle, represent an mRNA for production of the ORF1 polypeptide. The similarity of mammalian Lls
to several recently described invertebrate movable elements defines a new widely distributed class of elements
which we term class 1I retrotransposons.

Line-1 (Li) is a family of long highly repeated DNA
sequences dispersed in all mammalian genomes (9-12, 14,
22, 23, 55, 58, 65). In primates, the longest known family
members are about 6 kilobase pairs (kbp), although many
family members are truncated and internally rearranged (1,
22, 23, 31, 35, 39, 48). The structure of randomly selected
genomic Lls from various primates is similar to that of
processed pseudogenes, including the presence on one
strand of long but broken open reading frames (ORFs), an
A-rich 3' terminus (on the strand containing the ORFs), the
apparent lack of introns interrupting the ORFs, and variable-
sized target site duplications (Fig. 1). The proteins predicted
by the ORFs include regions with homology to reverse
transcriptase and nucleic acid-binding proteins (19, 24, 36).
Li elements in other mammals are similar to those in

primates with regard to abundance and overall organization
(3, 19, 20, 33, 36, 37, 50, 60, 63). Moreover, both the
nucleotide sequence of the ORF region and the polypeptides
predicted from the ORFs are homologous in all mammalian
orders that have been analyzed. In contrast, the regions
flanking the ORF region on both the 5' and 3' sides (called
here the 5'-leader and 3'-trailer segments, respectively) are
not conserved between orders.
These findings have led to two suggestions regarding Li

families: first, that in each species, one or more family
members may be functional genes encoding one or more
conserved polypeptides; and second, in analogy with proc-
essed pseudogenes, Li units are amplified and dispersed by
a mechanism that involves reverse transcription. Both of
these suggestions imply that unit-length Li transcripts
should occur.
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Harbor, NY 11724.

Nuclear RNA from various cell types and species contain
sequences that anneal with Li probes (11, 14, 29, 31, 33, 35,
52, 54, 56, 60, 67). The size of these RNA polymerase II
transcripts (54) ranges from 0.5 to 14 kilobases (kb), and they
contain sequences homologous to both strands of the Li unit
(56). In several human cell lines, the nuclear (or total) RNA
contains more copies of the 3' end of the Li unit than of the
5' end, as is true of the Li elements in the genome (56, 60).
Most nuclear transcripts are likely to represent Li se-
quences that are included in unrelated primary transcripts,
being neither polyadenylated nor transported to the cyto-
plasm in most of the cell types that have been screened (31,
52, 56).
The cytoplasm of the NTera2Dl line of human teratocar-

cinoma cells (2) contains an approximately 6.5-kb-long RNA
selected by oligo(dT) and poly(U) (56). On Northern (RNA)
blots, this RNA anneals with nonoverlapping probes that
together encompass the entire 6 kbp of a unit-length human
Li. Only one Li strand is detected in this RNA, the strand
containing the ORFs. The cytoplasmic 6.5-kb RNA is most
abundant in NTera2D1 cells with an embryonal carcinoma
phenotype, is barely detectable in sparsely growing cells,
and is undetectable after the cells are induced to differentiate
with retinoic acid. The properties of the RNA thus suggested
that the NTera2Dl RNA might include functional mRNA.
Recently, discrete 8-kb Li transcripts were also detected in
poly(A)+ cytoplasmic RNA from murine lymphoid cells (17).
To test whether the properties of the NTera2D1 6.5-kb Li

RNA are consistent with it including functional mRNA or
intermediates in transposition or both, we have now (i)
carried out primer extension experiments to define the 5' end
of the RNA and (ii) characterized cDNA clones isolated
from a library prepared with cytoplasmic poly(U)-selected
RNA of NTera2D1 cells with the embryonal carcinoma
phenotype. Preliminary accounts of some of these data have
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FIG. 1. Schematic diagrams of a (a) unit-length human genomic
Li unit and (b) showing the regions of the cDNAs subcloned in the
A and B subclones. (a) The drawing is based on deduced consensus

sequences (56; Sakaki, personal communication; Scott, personal
communication). The slashed region contains extensive ORFs, but
these are interrupted at different positions in various genomic cloned
Lis. The slashed region also corresponds to the segment conserved
among mammalian orders. A few typical restriction endonuclease
sites are shown: E, EcoRI; K KpnI; H, HindIII; B, BgIII. Arrow-
head indicates the position at which an additional 132 bp are inserted
in about 50% of genomic Li units (23). The A-rich region at the 3'
end is marked An. Short arrows external to the two ends of the Li
represent the target site duplications that are found surrounding
some Lis. The subcloned probes used in this work are shown below
(see Materials and Methods). (b) Dashed lines indicate the variable
lengths of the cDNAs at the 5' end. The positions and polarities of
the oligonucleotides used to sequence the cD-Bs and small regions
of some cD-As are indicated at the bottom. The sequence of cDllA
was obtained as described in Materials and Methods.

been presented (57; M. F. Singer, J. Skowronski, T. G.
Fanning, and S. Mongkolsuk, in Eukaryotic Transposable
Elements as Mutagenic Agents, in press).

MATERIALS AND METHODS

All materials and methods were as previously described
(56) unless indicated otherwise.

Preparation of RNA. NTera2D1 cells were grown to high
density, at which time they begin to pile up and take on the
embryonal carcinoma morphology. At various times during
the further progression of the culture, cells were collected
and RNA was prepared from the cytoplasmic fraction. The
RNA was enriched for poly(A)+ RNA by binding to and
elution from poly(U)-Sepharose columns (Bethesda Re-
search Laboratories, Gaithersburg, Md.). The several prep-

arations were then analyzed by gel electrophoresis and
blotting followed by hybridization with plasmid pUC2.8
(Fig. 1) which contains a cloned 2.8-kbp KpnI fragment
derived from the central portion of a typical primate Li (34).
As shown previously (56), the 6.5-kb transcript is visible
against a faint smear of material that presumably represents
contamination with nuclear RNA. This smear, however, can

represent a substantial portion of the total RNA in the
preparation. Therefore, the RNA preparation showing the
highest ratio of the discrete 6.5-kb transcript to the total
background hybridization was used to construct the cDNA

library. In the sample used, about 50% of the hybridized
radioactivity was contained in the discrete band.

Preparation of cDNA library. The duplex cDNA was
synthesized as previously described (53). EcoRI linkers were
attached to the double-stranded cDNA, which was then
fractionated according to size by chromatography on 1-ml
columns of Bio-Gel A-iSOm (27). The cDNA excluded from
the column was ligated to EcoRI-digested XgtlO DNA (27)
and packaged into phage particles in vitro (Gigapack; Vector
Cloning Systems). The final library (XgtlO.i) contained about
1.5 x 106 independent recombinants, and the mean size of
the inserts was between 2 and 3 kbp. Quadruplicate plaque
lifts were prepared from plates containing the complete
library (4). Each of the four filters from each plate was then
hybridized to one of four cloned probes representing non-
overlapping regions within a 6-kbp Li unit (Fig. 1). Probes
p2, p3, p4, and p600 have all been described previously (23,
35).

Subcloning. The cDNA inserts in XgtlO were cleaved with
endonucleases EcoRI, and the resulting fragments were
cloned into the pUC18 plasmid vector (43) by standard
protocols.

Preparation of primers, probes, and markers for 5'-end
analysis of RNA by primer extension. A restriction fragment
derived from the 5' region of Li (Fig. la) was used as a
primer for mapping the 5' ends of Li transcripts. Briefly, the
565-base-pair (bp)-long Asp7i8IBglII restriction fragment
was isolated from cDllA (positions 65 to 630 in cDii
sequence in Fig. 4). (Note that Asp718 is an isoschizomer of
KpnI.) The ends were filled in with the large fragment of
DNA polymerase I and [a-32P]dATP (3,000 Ci/mmol) to-
gether with the remaining three deoxynucleoside triphos-
phates. The fragment was digested with BstNI, and the
100-bp-long Asp7i8IBstNI (3'-end-labeled) fragment (posi-
tions 65 to 163 in Fig. 4) was reisolated from an 8%
polyacrylamide gel and used as a primer (see Fig. 2b) after its
identity was confirmed by sequencing (38).

Plasmid p20/14AS, which was used for generating Li
transcripts to be used as a positive control, was constructed
by subcloning (from cD14) the approximately 3.4-kb EcoRI
fragment encompassing the 5' part of Li (see Fig. 3) down-
stream of the T7 RNA polymerase promoter in the pIBI20
vector (International Biotechnologies, Inc., New Haven,
Conn.). This orientation allows the synthesis of the Li sense
strand transcript by T7 RNA polymerase. T7 transcripts
were generated by using as a template p20/14AS linearized
with BamHI, which cleaves the construct once within the
polylinker 3' to the insert; conditions recommended by the
supplier (International Biotechnologies, Inc.) were used.
An approximately 850-bp-long EcoRI fragment containing

the junction between the 5' segment of a unit-length monkey
genomic Li sequence and the flanking low-copy-number
sequence was isolated from pCaF2.5 (22) and used to pro-
vide markers for the primer extension experiments. This
fragment was further cut with BstNI. Its 5' ends were labeled
with [_y-32P]ATP and polynucleotide kinase. It was then
cleaved with DraI, and the BstNIIDraI subfragment contain-
ing 60 bp of the non-Li sequence adjacent to 198 bp of the 5'
end of Li was isolated. These 198 bp correspond to positions
1to 165 in the cDii sequence extended at the 5' end by the
5'-most 32 bp of the longest genomic Lls. The structure of
the BstNI/DraI fragment was confirmed by nucleotide se-
quence analysis (38).
Primer extension assays. Annealing of the primer was

carried out as described before (44), using 1 to 10,ug of total,
cytoplasmic, nuclear, or cytoplasmic poly(A)+ RNA prepa-
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rations and 5 x 104 cpm of labeled primer. Control T7
polymerase transcripts were annealed in the presence of 10
,ug of tRNA as carrier. Extension reactions were carried out
with Moloney murine leukemia virus reverse transcriptase in
a final volume of 50 ,ul under the conditions recommended
(Bethesda Research Laboratories), but with the omission of
actinomycin D. Reactions were terminated and the products
were processed and analyzed on 6% sequencing gels as
described previously (44).
Sequence of cDNAs. A total of 19 Li cDNAs were ana-

lyzed at least in part. All of these cDNA inserts were
contained in XgtlO vectors and each had a single internal
EcoRI site (Fig. lb). Two additional EcoRI sites occur at the
insert-vector junctions. The 5' and 3' portions of each cloned
cDNA were designated A and B, respectively, and each was
subcloned into the EcoRI site of pUC18 as indicated in Fig.
lb (e.g., cDll was subcloned to yield cDllA and cDllB).
Sequence data for the B subclones and selected regions of
the A subclones were obtained by using the dideoxy se-
quencing method, denatured double-stranded plasmid DNA
as template, and oligonucleotide primers (25). The sequenc-
ing reactions were primed either with commercially available
primers (forward or reverse sequencing primers from P-L
Biochemicals, Inc., Milwaukee, Wis.) which gave the se-
quences at the extremities of the subcloned segments or with
oligonucleotides whose sequence was predicted from the
previously compiled primate Li sequence (55) or from
already sequenced portions of the cDNAs. The custom
synthesized oligonucleotides were kindly supplied by Mi-
chael Brownstein, National Institutes of Health. The oligo-
nucleotides were 18-20 residues long and their locations and
polarity are depicted on Figure lb.
Sequence data in the 5' regions of some cDNAs (e.g.,

cDllA) were obtained by using deletions constructed with
ExoIlI and ExoVII. The 5'-proximal 3.4 kbp of cDll
(cDllA) was cloned into the phage vector M13mpl8, and
approximately 5 ,ug of replicative-form DNA was digested to
completion with restriction enzymes BamHI (insert proxi-
mal) and SphI (insert distal). The DNA was then treated with
ExolIl and ExoVII as described previously (69). The DNA
was treated with Klenow polymerase I and T4 DNA ligase,
and samples of the ligated materials were transfected into
Escherichia coli JM101. Clear plaques were selected and the
size of the M13 recombinant DNAs was determined. The
phage DNAs containing deletions of the appropriate sizes
were used for DNA sequence determination by the dideoxy
method (51).

RESULTS

Primer extension experiments on NTera2Dl cytoplasmic
poly(A)+ RNA. If Li units are amplified and dispersed
through the intermediary formation of RNA followed by
reverse transcription, then the 5' end of at least some of the
RNA intermediates should coincide with the 5' end of the
longest genomic Lls. To define the 5' end of the NTera2Dl
cytoplasmic poly(A)+ Li RNA, we performed primer exten-
sion experiments (Fig. 2). A 100-bp-long Asp7i8/BstNI Li
DNA fragment corresponding to residues 100 to 200 (Fig. la)
and representing the complement of the RNA was labeled at
the 3' end and used to prime reverse transcriptase reactions
on the RNA. A second fragment, encompassing the 5'
segment of a monkey unit-length genomic LI sequence, was
chosen to provide size markers after base specific chemical
degradation. The 5' terminus of the monkey Li element was
previously shown to be representative of primate Li units

(22). Both the primer and marker fragments have one end at
the corresponding BstNI sites located within Li (Fig. 2b).
Comparison of the size marker ladder with the mobility of

the major products of the primer extension assay, using
poly(U)-selected NTera2Dl cytoplasmic RNA as a template,
indicates that many if not most Li transcripts in this RNA
population are initiated within one residue from the position
defined as the 5' end of the primate Lls (residue 1 on Fig. la
and 2b). The major band of the extension products shows a
slight length heterogeneity when compared with the band
obtained for the control Li transcript generated with T7
phage RNA polymerase. This could reflect the complexity of
the 6.5-kb Li transcripts in NTera2Di cells because the
analysis of cDNAs indicates that many of them differ from
one another by an occasional single-base-pair deletion or
insertion (see below).
The results of similar assays performed on total NTera2Di

RNA show that Li transcripts initiated at 5' ends of unit-
length Lls are enriched in the poly(U)-selected cytoplasmic
RNA fraction (cf. Fig. 2c, lane 4, and Fig. 2a, lane R). The
majority of extension products formed with total RNA map
to sequences located downstream from the 5' end of com-
plete Li units, although products that are longer are also
detectable (though not visible in Fig. 2c, lane 4). Both of the
latter classes may reflect either the presence of incorrectly
initiated products or the turnover of nonpolyadenylated
nuclear Li transcripts. These products were even more
abundant when nuclear Li templates were compared with
total RNA templates (Fig. 2c, lanes 6 and 7). Correctly
initiated Li transcripts were not detectable in total RNA
isolated from 293 cells (not shown) or Hela cells (Fig. 2c,
lane 5), while they were found in total RNA isolated from the
JEG3 cell line (Fig. 2c, lane 3).

Preparation and screening of the cDNA library. Transcripts
that anneal with Li sequences are estimated to represent as
much as 1% of the nuclear RNA in several primate cell lines,
including NTera2Dl, while the poly(U)-selected 6.5-kb-long
cytoplasmic Li transcripts in NTera2D1 cells are at least 20
times less abundant than the mRNA for ,B-actin. Thus, the
6.5-kb cytoplasmic RNA represents only a small proportion
of the total Li transcripts in the cells. Several precautions
were therefore taken to maximize the representation in the
library of cDNAs copied from the 6.5-kb transcript of
interest. First, the RNA used for cDNA synthesis was
isolated from the cytoplasm of cells in which the 6.5-kb RNA
constituted not less than 50% of the cytoplasmic Li RNA
that could be detected with a probe from the central portion
of a genomic Li unit. Second, the conditions for cDNA
synthesis were optimized for the synthesis of long cDNAs
and, prior to cloning, the cDNAs were fractionated to enrich
for molecules that were several kilobase pairs in length.
Third, to ensure that each cDNA selected represented an
independent recombinant, the original master plates of the
cDNA library were screened rather than samples from a
previously amplified library. This was particularly important
because the sequence complexity of the 6.5-kb RNA was
unknown, and therefore a representative sample of the
cDNAs was expected to be informative. Fourth, the recom-
binant phage were screened on quadruplicate replicas of the
master plates with four hybridization probes (p2, p3,
pUC2.8, and p600) that were not overlapping and together
spanned almost the entire 6 kbp of a typical Li unit (Fig. 1).
This procedure allowed the identification of cDNAs that
include both the 5' and 3' ends of the Li unit and permitted
the elimination of clones that contained short or rearranged
Li sequences.

VOL. 8, 1988
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FIG. 2. Primer extension analysis of Li transcripts. (a) Results of experiment designed to map 5' ends of NTera2D1 cytoplasmic poly(A)+
Li transcripts. Reactions were primed with the Asp718/BstNI restriction fragment isolated from cDllA plasmid. Templates were 10 pg of
tRNA (lane 0), 10 ng of Li transcript generated with T7 RNA polymerase from p20/14AS (as described in Materials and Methods) plus 10 .Lg
of tRNA (lane 7), or 1 ,ug of cytoplasmic poly(U)-selected NTera2D1 RNA plus 10 ,g of tRNA (lane R). The length of the extension product
generated from the T7 polymerase Li transcript is equal to that predicted from the structure of p20/14AS plasmid (not shown), indicating that
no premature termination occurs on this template. The products of the base-specific chemical degradation of the marker fragment labeled at
the 5' end of the BstNI site were separated on the same sequencing gel in lanes marked G, A/C, T/C, and C. The pCaF2.5 nucleotide sequence
displayed in panel a is the complement of that presented in the top line of panel b, where the schematic alignment of the primers and markers
used is shown in the context of the nucleotide sequences of the respective molecules. In panel a, the 5'-most nucleotide of the XF2 Li element
(from which pCaF2.5 is derived) that follows immediately after the 16-bp target site duplication is indicated by an arrowhead (residue 1) (22).
In panel b, the site of radiolabel is indicated by an asterisk. The 5' repeat of the 16-bp target site duplication (TSD) that flanks the Li element
in XF2, the consensus Asp718 (KpnI) site present in cDll but mutated in the Li in XF2, and the BstNI sites used for generation of the probes
are indicated. (c) Results of the primer extension assay performed cn nuclear RNA templates isolated from various cell lines. Assays were
performed as described above and in Materials and Methods. A 10-,ug portion of total or 1 to 2 ,ug of nuclear RNA was used per assay. Lanes:
M, pBR322 digested with MspI to provide markers; 0, tRNA; 1, NTera2D1 cytoplasmic poly(A)+ RNA; 2, 10 ng of Li RNA made with T7
RNA polymerase as in lane 7 of panel a; 3, total RNA from JEG3 cells (56); 4, total RNA from NTera2D1; 5, total RNA from HeLa cells;
6 and 7, two independent preparations of nuclear RNA from NTera2D1 cells.

In the initial screening of the cDNA library, 15 phage
annealed with all four of the probes and an additional 31
phage annealed with all but p2, which represents the most 5'
region of the Li unit. A total of 153 other phage annealed
with other combinations of the probes and were not charac-
terized further. Of the 46 phage considered, 27 gave the same
hybridization pattern with the Li probes after plaque puri-
fication as they did originally, and these were analyzed
further.

Characterization of the cDNA clones. The selected phage
were digested with endonuclease EcoRI, and the products

were analyzed by gel electrophoresis. Most of the inserts
contained a single internal EcoRI site. Moreover, the major-
ity of those with a single EcoRI site produced an approxi-
mately 2.5-kbp EcoRI fragment that annealed, in DNA-
blotting experiments, to p600, the probe containing
sequences from the 3' end of the Li unit. This is the result
expected if the inserts extend to the 3' end of an Li unit and
contain the EcoRI site typically found in genomic units (Fig.
1). The second fragment varied in length among the different
phage and annealed with p4, which contains sequences
derived from the 5' portion of the long Li unit. The total

MOL. CELL. BIOL.
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length of the cDNA inserts varied from about 4 to about 6
kbp (57). The cDNA clones that did not contain a single
internal EcoRI site were set aside, and a total of 20 cDNAs
were analyzed further.
The EcoRI fragments produced by endonuclease digestion

of the cDNAs were subcloned into the EcoRI site of pUC18.
Subclones representing the 3' and 5' portions of the Li unit
were identified by annealing with appropriate probes. The
subclones with the 3' portions are designated with the letter
B; thus, cDllB represents the subclone containing the 3'
portion of cDll. The subclones containing the 5' portions
are designated A, e.g., cD11A. All of the cD-B subclones
were subjected to at least partial sequence analysis, as
described in Materials and Methods. Although most of the
sequence data represent single determinations on one
strand, their reliability is good. This is because sequencing
reactions with a particular oligonucleotide primer were car-
ried out on multiple cDNAs simultaneously and the samples
were run on single gels. The identity of the residues at most
positions was evident, as were the changes from the consen-
sus sequence. Overlapping sequences obtained with neigh-
boring oligonucleotide primers as well as comparison with
Li genomic sequence (55; Y. Sakaki, personal communica-
tion) permitted the data to be assembled.

Figure 3 slimmarizes the structures of the cDNA inserts
and the extent to which they were sequenced and points out
several features. The se4uence analyses show that all but
two of the cDNAs arose from unique cloning events because
they have unique junctions between the 3' end of the Li
sequence and the vector. Two clones, cD14B and cD15B,
were identical throughout, including the junction, and thus
appear to represent independent isolations of the same
clone; they are treated as a single clone, cD14. All of the
cDNAs except cD28B contain only sequences previously
shown to occur in typical genomic Li units. In cD28,
sequences that are not homologous to known LI sequence
follow the 3' end of the Li sequences (not shown on Fig. 3).

All of the cDNAs diverge from one another in one or more
positions, indicating that they represent transcripts of dif-
ferent genomic Lls. This is apparent from the distribution of
stop codons shown in Fig. 3 as well as the sequences at the
3' ends (see below) and randomly distributed base changes
not shown here (all sequence data are available upon
request). Overall, the sequences between residues 3400 and
5800 diverge an average of 1.7% from a consensus of the
cDNA sequences. This contrasts with an average divergence
of about 7% for randomly selected genomic Lls compared
with the genomic consensus (58).

Several of the cDNAs are nearly unit length, i.e., 6 kbp, as
estimated from the size of EcoRI restriction fragments
produced from the clones. All of the cDNAs have long
ORFs. However, in the sequenced regions, these reading
frames are interrupted by an occasional stop codon or single
(or double)-base-pair deletion (Fig. 3). Some of the stop
codons are randomly distributed, but the locations of several
appear to be conserved. Thus, in every cDNA for which
pertinent data were obtained, there is a TGA stop codon
about 200 bp from the 3' end (see below). This stop codon
was used to define the beginning of the 204-bp-long 3'-trailer
(noncoding) region. Two additional stop codons occur about
2 kbp from the 5' end of the unit-length sequence in the three
cDNAs (cD5, cDll, and cD14) for which pertinent data are
available (Fig. 3). These same two stop codons are also
conserved in human genomic Li consensus sequences (Sa-
kaki, personal communication; A. Scott et al., personal
communication). The significance of these stop codons as
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FIG. 3. Each horizontal line represents a different cDNA (CD),
as numbered on the right. Thin lines show the length of the cDNA as
estimated from restriction fragment lengths. Thick lines indicated
the region of each cDNA that has been sequenced (sequence data
are available upon request). Closed arrowheads mark the position of
stop codons that are in the same frame as the long ORFs. Open
arrowheads indicate base pair deletions that shift the frame so that
a stop codon is encountered within a short distance. The parenthe-
ses in cD26 indicate a deletion of typical Li sequences.

well as the other features of the cDNAs are most easily
described in relation to the structure of cDll, the one cDNA
sequenced in its entirety. One cDNA, cD26, is missing about
1.5 kbp compared with the others (Fig. 3). The sequence at
the deletion site was not consistent with a standard intron
splice junction.
Sequence of cDll. The sequences of the inserts of cDllA

(3,395 bp) and cDllB (2,580 bp) were determined in their
entirety. The two are joined to give the complete sequence of
cDll (5,975 bp) in Fig. 4. A comparison of the sequence of
the 5' end of cDll with the primate 5' consensus sequence
indicates that the cDNA clone falls short of being a complete
copy of a poly(A)+ cytoplasmic NTera2Dl Li RNA by 32 bp.

Altogether, we distinguish five regions in cDll, each of
which will be discussed in turn: (i) a 5' leader from residue 1
to the beginning of a long ORF (ORF1) at residue 768, (ii)
ORF1 (residues 769 to 1889), (iii) the 39 bp (residues 1890 to
1928) between ORF1 and a second long ORF, (iv) ORF2
(residues 1929 to 5781); and (v) a 3' trailer (residue 5781 to
end). Several of the cDNAs (though not cDll) extend
thrbugh the A-rich 3'-end; this 6th region of the Li cDNAs
will be described separately.

5' Leader. Considering the strand that contains ORF1 and
ORF2, there are no long ORFs in the 767 bp starting at
residue 1 of cDll (Fig. 4). Moreover, there is only one ATG
codon (residues 575 to 577) in all three possible frames, and
the coding region initiated by this ATG is stopped after
seven codons. Notably, ATG codons occur at a normal
frequency in all frames 3' to the start of ORF1 and also occur
in all three frames on the opposite strand in the 5'-leader
region. Selective forces may have operated to suppress start
codons in the 5' leader during the evolutionary history of the
DNA sequence encoding cDll. The other cDNAs are likely
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60
CCTCC66TCTACAGCTCCCA6CGTGAGACC6CAGAA6ACGGTGATTTCT6CATTTCCAT

120
CT6A66TACC666TTCATCTCACTABGGA6TGCCABACAGTGGGCGCA6GCCAGTG66GT

180
C6C6CACC6T6C66AGCC6AAGCA666CGAG6CATT6CCTCACCT66GAA6C6CAA666G

240
TCA66BGABTCCC TTTCCGAGTCAAAGAAAB6GGTGAC6BACGCACC T6GAAAATC6G6T

300
CACTCCCACCC6AATATT6CGCTTTTCA6ACC6GCTTAAAAAAC6GCBCACCACGAGACT

360
ATATCCCACACC T66CCTTCGGAGGGTCC TAC6CCCAC66AATC TCGC TGAT TGC TAGC A

420
CA6CBBTC T6A6ATCAAACTGCAA6GCCGCABCAA6GCTB66BBAGGGGCGCCCGCCATT

480
6CCCA66CTT6CTTAGGTAAACAAA6CA6CC6666AAGCTC6AACTGGGTGCA6CCCACC

540
ACA6CTCAA66A66CCTBCCT6CCTCT6TAGGCTCCACCTCT6GG6GCABG6CACAGACA

600
AACAAAAA6ACA6CAGTAACC TC TGCAGAC TAAATGTCCC T6TC TGAC AGC T TTGAA6A

660
GA6CA6T66TTCTCCCAGCACGCAGCTGGAGATCT6G6AACGGGCAGACTGCCTCCTCAA

720
6T6r6TCCCT6ACCCCTBACCCCCBAGCAGCCTAAC TGG6GACACCCCCCA6CAGGGC

780
ACACT6ACACCTCACAC66CA666TATTCCAACAGACCTGCAGCTGAGGTCCTGTCTGT

6 I ySerCysLeuL
840

TA6AAGGAAAACTAACAAACAGAAAGGACATCCACACCGAAAACGCATCt6TACATCACC
uuB 1lu lyLysLeuThrAsnArgLysAsp t leH1sThrG luAsnAlaSer ValtisHi sH

900
ATCATCAAA6ACCAAAA6TA6ATAAAACCACAAA6T666B AAAAAAC AGAACAGAAAAA
1sHis6lnArgProLysValAspLysThrThrLys6elyLysLysG1nAsnArgLysT

960
C T66AAACTCTAAAAC6CA6A6CACCTCTC CCTCCAAAGGAACGCAGTTCC TCACCAG
hr6lyAsnSerLysThr6lnSerThrSerProProProLysGluArgSerSerSerProA

1020
CAAC66ACCAAA6CTGGATGGAGAAT6ATTTTGACGAGCT6AGA6AA6AAGGCTTCA6AC
1aThrAsp61nSerTrpNet6 luAsneAspPheAsp6luLeuArgG luG uG lyPheArgA

1080
6CTCAAATTACTCTGAGCTAC666A6GACATTCAAACCAAAGGCAAAGAAGTTGAAAACT
rgSerAsnTyrSer6luLeuArg6luAspIleG1nThrL,ysG lyLysG1uV&aGluAsnP

1140
TT6AAAAAAATTTAGAA6AATGTATAACTAGAATAACCAATACAGAGAAGT6C TTAAAG6
heBluLysAsnLeuGluGluCystleThrArgIleThrAsnThrGluLysCysLeuLysG

1200
AGCT6ATGGABCTGAAAACCAAGGCTC6BAAACTAC6TBGAAGAAGCAGAAGCCTCABBA
l1 LeueNt6 lu Lee LysThr LysA laArg6 luLeuArg6 luG6 uCysArg SerLeuArgS

1260
6CCAATBCBATCAACT6GAAGAAABGGGATCA6CAATGGAAGATGAAATGAATGAAATGA
erG lnCysAsp6 leLeu6 luG luArgValSerA laNetG luAspG luNetAsn6 luNet L

1320
ABCAA6AA666BAABTTTAAGAAAAAABAATAAAAABAAACBAGCAAA6CC TCCAA6AAA
YsB lGn luG 1yLysPheArg6 luLysArg I leLysArgAsnG luG lnSerLeu6 lnG luI

1380
TATGGGACTATGTGAAAAGACCAAATCTACBTCTGATT6BTBTACCTGAAAGTGATGCB6
leTrpAspTyrVa LysArgProAsnLeuArgLeu I le6 lyVa lProB 1uSerAspA lG

1440
A6AATGGAACCAAGTT66AAAACACTCTGCA6BATATTATCCAGGAGACTTTCCCCAATC
luAsn6 lyThr LysLeuG luAsnThrLeuG lnAspI let leG ln luThrP heP roAsnL

1500
TA6CAAGGCA6GCCAACGTTCAGATTCAGGAAATACAGAGAACGCCACAAAGATACTCCT
euA lArg6 lnA1 AsnVa6al lt leG6nGlu 1leG lnArgThrPro6 lnArgTyrSerS

1560
CBAGAAGABCAACTCCAABACACATAATTGTCA6ATTCACCAAAGTTGAAAT6AAGGAAA
erArgArgAlaThrProArgHis lie IleV lArgPheThr LysVa l luNetLysG luL

1620
AAATGT TAA6GBCAGCCAGAGAGAAAGBTCBABTTACCC Ic AAAGGBAAGCCCATCAGAC
ysNeetLecArgA laAlaArgG luLysG 1yArgVal ThrLeuLysG 1 yLysPro l eArgL

1680
TAACAGCGGATCTCTCGGCAGAAACCCTACAABCCAGAAGAGAGTGGGGGCCAATATTGA
euThrAlaAspLeuSerAlaGluThrLeuGlnAlaArgArgGluTrpGlyProlleLeuA

1740
ACATTCTTAAAGAAAAGAATTTTCAACCCAGAATTTCATATCCAGCCAAACTAAGCTTCA
sn IleLeuLys6luLysAsnPheG lnProArg I leSerTyrProA lsLysLeuSerPhe I

1800
TAA6TGAAGGAGAAATAAAATACTTTACAGACAAGCAAATGCTGACCGATTBT6TCACCA
leSert luG lyG 1u lleLysTyrPheThrAspLysG lnNetLeuThrAspPheVaiThrS

1860
GCAGGCCTGCCCTAAAAGAGCTCCTGAAGGAAGCGCTAAACATGGAAAGGAACAACCGGT
erArgProAlaLeuLysGluLeuLeuLysGluAlaLeuAsnNetGluArgAsnAsnArgT

1920
ACCAGCCACTGCAAAATCATGCCAAAATGTAAAGACCATCBAGAC TAGGAABAAAC TGCA
yrGlnProLeulneAsnHisAl)LysNetEndArgProSerArgLeuGlyArgAsnCysl

1980
TCAACTAACGAGCAAAATCACCA6CTAACATCATAATGACAGGATCAAATTCACACATAA
leAsnEndArgAlaLysSerProAlaAsnleleIleNetThrGySerAsnSerHist leT

2040
CAATATTAACTTTAAATGTAAATGGACTAAATTCTCCAATTAAAAGACACAGACTGGCAA
hrl eLeuThrLeuAsnValAsnGlyLeuAsnScrProlleLysArgHisArgLeuAlaS

2100
GTT66ATAAAAGATCAAGACCCATCAGTGTBCTBTATTCAGBAAACCCATCtCATGTGCA
erTrpI leLysSerGlnAspProSerValCysCysI leGloGluThrHisLeuNetCysA

2160
GA6ACACACATAGBC TCAAAATAAAAGGATGBABGAAGATC TACCAAGCAAATGGAAAAC
rgAspThrHisArgLeuLysl leLysGlyTrpArgLys leTyrGlnA aAsnGlyLysG

2220
AAAAAAAGGCABGGBTT6CAATCCTAGTCTCTBATAAAACAGACrTTAAACCAACAAAGA
1nLysLysAlaBlyValA letleLeuVal SerAspLysThrAspPheLysProThrLysI

2280
TCAAAAGABACAAAGAAG6CC ATTACATGATG6TAAAGGGATCAATTCAACAAGABGABC
leLysArgAspLys6luGlyHisTyrNetNetValLys6lySerI leGlnGln6luG)uL

2340
TAACTATCCTAAATATGTATGCACCCAATACAGGAGCACCCAGATTCATAAAGCAAGTCC
euThrlleLeuAsnNetTyrAlaProAsnThr6lyAlaProArgPhel leLysG1nVeIL

2400
T6AB6TACCTACAAAG6AACTTA6ACTCCCACACATTAATAATG6GAGACTTTAACACCC
*uSerAspLeuBinArgAspLeuAspSerHmsThrL.ul eM1et6lyAspPheAsnThrP

2460
CACT6TCAACACTTAGACAGATCAACGAGACAGAAA6TCAACAAGGATACCAQGAATTGA
roLeuSerThrLeuArg6ln 1 leAsn6luThr6luSerG lnGInG1yTyrGlnGluLeuA

2520
AC TCA6CTC T6CACCAAGCAGACC TAATAGACATC TACAGAACTCTCCACCCCAAATCAA
snSerAilLeuHNsGInAlaAspLeulleAsplIeTyrArgThrLeuHisProLysSerT

2580
CA6AATAtACATTTrTTTCAGCACCACACCACAGcTATTcCAAAATT6ACCACATACTT6
hr6lutyrThrPhePheSerAi&ProHisHisSerTyrSerLysIleAspHisIleLeuG

2640
6AAGT6AAGCTCTCCTCAGCAAATGTAAAAGAACAGAAATTATAACAAACTATCTCTCAG
)ySerGluAiaLeuLeuSerLysCysLysArgThr6lul ielleThrAsnTyrLeuSerA

2700
ACCACAGTGCAATCAAACTAGAACTCAGGATTAAGAATCTCACTCAAA6CCGCTCAACTA
spHi sSerA laIleLys LeuG luLeuArg lIeLysAsnLeuThr6 lnSerArgSer ThrT

2760
CAT66BAAAC6AACAACCT6CTCCTGAATGACTACT66GTACATAAC6AAAT6AAGGCAG
hrTrpLysLeuAsnAsnLeuLeuLeuAsnAspTyrTrpValHisAsn6luMetLysAlaG

2820
AAATAAAGATGTTCTTTGAAACCAACA6AAACAAAGACACAACATACCAGAATCTCTAGG
lul leLysMetPhePhe6luThrAsnGluAsnLysAspThrThrTyr6lnAsnLeun*4A

2880
ACCATTCAAAGCA6TGT6GTA6AG6GAAATTTATAGCACTAAATGCCCACAAGAGAAAGC
spAlaPheLysAlaValCysArg6lyLysPhel eAl LeuAsnAlaHisLysArgLysG

2940
A66AAAGATCCAAAATT6ACACCCTAACATCACAATTAAAAGAACTA6AAAAGCAAGA6C
ln6luArgSerLySIleAspThrLeuThrSerGInLeuLysGluLeuGluLysGlnGluG

3000
AAACACATTCAAAA6CTAGCAGAAGGCAA6AAATAACTAAAATCA6AGCAGAACTGAAGG
)nThrHisSerLysAl1SerArgArgGlnG6IlueThrLysI leArgAlaG luLeuLysG

3060
AAATAGA6ACACAAAAAACCCTTCAAAAAATCAATGAATCCAGGAGCT6GTTTTTTGAAA
lulle6luThr6lnLysThrLeu6lnLysIleAsn6luSerArgSerTrpPhePheGluA

3120
66ATCAACAAAATT6ATAGACCC CTAGCAA6AC TAATAAAGAAAAAAAGAGAGAAGAATC
rglleAsnLysIleAspArgProLeuAlaArgLeulleLysLysLysArg6luLysAsnG

3180
AAATA6ACACAATAAAAAATGATAAAGGGGATATCACCACC6ATCCCACAGAAATACAAA
1, leAspThrl eLysAsnAspLysGlyAsplleThrThrAspProThr6luileGlnT

3240
CTACCATCAGAGAATACTACAAACACCTCTACGCAAATAAACTA6AAAATCTAGAA6AAA
brThrIleArg6luTyrTyrLySHisLeuTyrAlaAsnLysLeuG6luAsnLeuGluGluM

3300
T66ATACATTCCTT6ACACATACACTCTCCCAAGACTAAACCA66AAGAAGTT6AATCTC
*tAspThrPheLeuAspThrTyrThrLeuProArgLeuAsntGl1nluGluVal6luSerL

3360
T6AATAGACCAATAACA6GA6C T6AAATTT66CAATAATCAATA6 TTTATCAACCAAAA
euAsmArgPro leThrGlyAla6lul leValAlal le leAsnSerLeuSerThrLysL

3420
A6ATCCAGGACCAGAT66ATTCACAGCCGAATTC TACCAGAGGTACAAG6AG6AAC T66
ysSerPro6lyProAsp6lyPhelThrAl6luPheTyr6inArgTyrLys6lu6luLeuV

3480
TACCATTCTTTCT6AAACTATTCCAATCAATA6AAAAA6A666AATCCTCCCTAACTCAT
alProPhePheLeuLysLeuPhe6inSerl e61luLys6 luGly leLeuProAsnSerP

3540
TTTAT6A66CCAGCATCATTCTGATACCAAAGCC666CAGAGACACAACCAAAAAAGAGA
heTyr6 luA laSer I le i LeuI leProLysPro lyArgAspThrThr Lys LysG luA

3600
ATTTTAGACCAATATCCTTGATGAACATTGATGCAAAAATCCTCAATAAAATACTGGCAA
snPheArgProlteSerLeuMetAsnIleAspAlaLyslleLeuAsnLysIleLeuAlaA

3660
ACCAAATCCAGCACACATCAAAAAGCTTATCCACCATGATCAAGT666C TTCATCCC 6
su6ln 116lnnHisl eLysLysLeul leHisHisAspG1nV 1B1yPhel leProG

3720
6ATGCAA66C T66BTTCAATATACGCAAATCAATAAATGTAATCCAGCATATAAAC AGAG
lyNetBln6lyTrpPheAsnt leArgLysSert leAsneVl I leBInHisl leAsnArgA

3780
CCAAAGACAAAAACCACAT6ATT6rCTCAATA6ATGCA6AAAAAGCCTTTBACAAAATTC
laLysAspLysAsnHisNet leValSer I leAspAla6luLysAlaPheAspLyslleG

3840
AACAACCCTTCAT6CTAAAAACTATCAATAAAATA6GTATT6ATGGGATG6ATTTCAAAA
lnGBnProPheNetLeeLysThrIleAsnLysl eGlyt leAspGlyNetTyrPheLysI

3900
TAATAAA6ACTATCTATGACAAAACCACAGCCAATATCATACTGAATGGGCAAAAACTG6
lelleArgAlalleTyrAspLysThrThrAlaAsnllelleLeuAsnGlyGInLysLeuG

3960
AABCATTCCCTTT6AAAACCGGCACAAGACAGGGATGCCCTC CTCACCBCTCC TAT TCA
)uAlaPheProLeuLysThr6lyThrArglnGlyCysProLeuSerProLeuLeuPheA

4020
ACATATGTTB66AATTTC T66CCA666CAATCA66CA6GA6AAGGAAATAAABGGTATTC
snl)eVulLeuGluPheLeuAlaArgA1aleArgGlnGluLys lul leLys6lyl leG

4080
AATTA66AAAAGAGBAAGTCAAATT6TCCCTGTTTGCAGATrACATGATTGTTGATCTAG
lnLeuBlyLys6luBluValLysLeuSerLeuPheAlaAspAspNetI leValAspLeu6

4140
AAAACCCCATCGTC TCA6CCCAAAATC TCCTTAAGC T6ATAAGCAACTTCA6CAAANTC T
l)AsnProlleValSerAlaBlnAsnLeuLeuLysLeuIleSerAsnPheSerLys ---S

4200
CA66ATACAAAATCAAT6TACAAAAATCACAA6CATTCCTATACACCAACAACAGACAAA
erGlyTyrLyslleAsnVa16BnLysSer6BnAlaPheLeuTyrThrAsneAsnArglnT

4260
CA6BAAGCCAAATCATGA6T6AACTCCCATTCACAATT6C TTCAAAGA6AATAAAATACC
hrBlvSer6lnlleNetSer6luLeeProPheThrl eAlaSerLysArgl eLysTyrL

4320
TAG6AATCCAACTTACAA66GATBT6AA6GACCTC TTCAAGGAGAACTACAAACCAC T6C
euelyleB6lnLeuThrArgAspValLysAspLeuPheLys6leAsnTyrLysProLeuL

4380
TCAA66AAA?AAAAGAGGATACAAAAAAATBBAAGAACANTCCAT6C TCAT666TA66AA
euLys6BuIleLysBleAspThrLysLysTrpLysAsn ---ProCysSerTrpVB16lyA

4440
GAATCAATATCGTGAAAAT6BCCATACT6CCCAA66TAATTTACAGATTCAAT6CCATCC
rgl leAsel leValLysNetAlat leLeuProLysVal lleTyrArgPheAsnAlat leP

4500
CCATCAABCTACCAATBACTTTCTTCACABAATT6BAAAAAACTAC TTTAAAGTTCATAT
rol leLysLeuProNletTrPhePheThrllLeLBlSILysThrThrLeuLysPhe TleT

FIG. 4. Nucleotide sequence of cDll and the predicted amino acid sequences of ORF1 and ORF2. N represents bases not identified; the
amino acid is omitted where the codon contains N. The first methionines in ORF1 and ORF2 are underlined, as are the conserved stop codons
(end). The nonconserved stop codon at residue 2817 is indicated by broken underlining. The displayed sequence requires three corrections.
(i) Residues 28 and 29 (AC) should be replaced by three residues, CGA. (ii) The C at position 2412 should be deleted. (iii) A C should be added
after residue 2450. The total number of residues, after correction, is 5976.
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4560
66AACCAAAAAAGAGCCC6CATT6CCAA6TCAATCCTAA6CCAAAA6AACAAA6CT66A6
rpAsm6 lnLysArgA1 Arg IleA aLys SerltIeLeu SerG inL ysAsnLysAla6 lyG

4620
6CATCACACTACCT6ACTTCAAACTATACTACAAG6CTACA6TAACCAAAACA6CAT66T
ly! leThrLeuProAspPheLysLeuTyrTyrLysAlaThrvalThrLysThrAlaTrpT

4680
ACT66TACCAAAACA6A6ATATA6ATCAATGGAACAGAACAGA6CCCTCAGAAATAACGN
yrTrpTyr6inAsnArgAspl1eAsp6inTrpAsnArgThrGluProSer6ululeThr-

4740

NGCTTACCTACAACTATCT6ATCTTTr ACAAACCT6AGAAAAACAA6CAAT66GGAAA6G
--LeuThrTyrAsnTyrLeuliePheAspLysPro6luLysAsnLys6lnTrp6lyLysA

4800
ATTCCCTATTTAATAAAT66TGCTG66AAAACTG6CTA6CCATATGTA6AAA6CT6AAAG
spSerLeuPheAsnLysTrpCysTrp6luAsnTrpLeuA 1a1leCysArgLysLeuLysV

4860
T66ATCCCTTCC TTACACCTTATACAAAAATCAATTCAAGAT66ATTAAAGAC TTAAAC6
aAspProPheLeuThrProTyrThrLysl eAsSerArgTrplneLysAspLeuAsnV

4920
TTA6ACCTAAAACCATAAAAACCCTA6AA6AAAACCTA66CATTACCATTCA66ACATA6
.lArgProLysThr I eLysThrLeu6lu6luAsnLeu6iyl leThrI leGInAspi leG

4980
CGCT666CAA66AC TTCAT6TCCAAAACACCAAAA6CAATG6CAACAAAA6CCAAAATT6
iyVal6lyLysAspPheMetSerLysThrProLysAiapqetAi&ThrLysAlaLysIleA

5040

ACAAAT66GATCTAATTAAACTAAAGA6CTTCT6CACA6CAAAAGAAACTACCATCA6A6
sPLYSTrrPAspLen tIe Ly1sev Lys SerPheCys ThrA *LysS luTrhr Thr I 1eArqV

T6AACA66CAACCTACAACAT666A6ACAATTTTCACAACCTACTCATCTGACAAAGG6C
lAsnArg6lnProThrThrTrp6luThrl ePheThrThrTyrSerSerAspLys6lyL

5160
TAATATCCA6AATCTACAAT6AACTCAAACAAATTTAAAAAAAAAAAACAAACAACCCCA
eulieSerArglleTyrAsn6lugLeuLys6lnlleTyrLysLysLysThrAsnAsnprol

5220
TCAAAAA6T666C6AA66ACAT6AACA6ACACTTCTCAAAA6AA6ACATTTAT6CA6CCA
leLysLysTrpA lLysAspMe tAsnArgHisPheSerLysG1uAsp leTyrAl&AlaL

5280
AAAAACACATGAAAAAAT6CTCATCATCACTGGCCATCAGA6AAAT6CAAATCAAAACCA
ysLysHisMetLysLysCysSerSerSerLeuAlalleArgGluwetG1nlleLysThrT

5340
C TAT6AGATATCATCTCACACCAGTTA6AATGGCAATCATTAAAAAGTCAG6AAACAACA
hrNetArgTyrNlsLeuThrProValArgNetAll lelleLysLysSer6iyAsnAsnA

5400
66T6CT66AGA66AT6T66AGAAAAA66AACACTTTTACACTGTT66T66GACTGTAAAC
rgCysTrpArg6lyCysGly6lulle6lyThrLeuLeuNlsCysTrpTrpAspcySLysL

5460
TA6TTCAACCATT6T66AA6TCATGT6T66CATTCc TTAG6ATC TA6AAC TAAAATAC
euVaGlnProLeuTrpLysSerValTrpArgPheLeuArgAspLeuG lu LeuG 1u l@eP

5520
cATTT6ACCCA6CCATCCCATTACT666TATATACCCAAAT6ACTATAAATCAT6C T6C r
roPheAspProAlat leProLeuLeuG lyt1eTYrProAsnAspTyrLysSerCysCysT

5580
ATAAABACACAT6CACAC6TAT6TTTATTBC66CATTATTCACAATPCAAAGAC TTGGA

yrLysAspThrCysThrArgNetPhel leAla&AlLeuPheThr IleA1aLysThrTrpA

5640
ACCAACCCAAATGTCCAACAAT6ATA6AC TGGATTAAGAAAATT6TCACATATACACCA
sn6lnProLysCysProThrNetl eAspTrpl)eLysLysNetTrpHislleTyrThrN

5700
T66AATAC TATGCA6CCATAAAAAAT6ATGAGTTCATGTCCTTTGTAGGGACAT66AC T6A
et6luTyrTyrAlaAla. leLysAsnAsp6luPheNetSerPheValBlyThrTrpNetL

5760
AATT66AAACCATC ATTC CATAAAC TATC6CAAAACAAAAAACCAAACACC6CATAT
ysLeu6luThrllelleLeuSerLysLeuSer6ln6lu6lnLysThrLyswisArgl)eP

5820
TCTCACTCATAGT66TGAATT6AACAAT6AGATCACATG6ACACA66AA666GAATATCA
heSerLeu le6ly6BlyAsnEnd

5880
CACTCTG666ACTATrGT6666AG666GGA666666A6GGAATA6CATT666AGATATACC

5940
TAATGC TA6AT6AC6A6TTAB6TGTCA6TGCACCAGC ATG6CACATGTATACATAT6TA

5975

ACTAACCTGCACAAT6TBCACAT6TACCCTAAAAC

to have similar 5' leaders because the cDll sequence
matches well the 370 bp of cD14 that were determined in this

region and is similar to the genomic Li consensus.
cDll has a skewed distribution of CpG dinucleotides.

There are 29 CpGs within the first 400 bp of cDll and only
57 more in the remaining 5,575 bp. A similar clustering of

CpGs is found near the 5' end of the mouse LlMd-A2 clone

(36) and near the 5' end of some mammalian genes (6). As in
the latter case, the CpGs may play a role in regulating Li

activity, perhaps correlated with the degree of cytosine
methylation in the 5' leader (16).

Hattori et al. (23) reported that about one-half of all

unit-length human genomic Lls contain an insert of 132 bp in
the 5' leader. The sequence of cDil shows that it does not
contain this 132-bp insertion which would have been located
between residues 750 and 751. Dot blots of cD2A, cD12A,
cD14A, cD16A, and cD26A, all of which anneal to probe p2,
did not hybridize to a probe containing the 132 bp (kindly
supplied by A. Scott).
ORF1 of cDll. ORFI of cDil consists of 1,122 bases

(residues 769 to 1899). The first ATG in ORF1 is at residue

876. From this ATG to the TAA stop codon at residues 1890
to 1892, ORF1 can encode a protein of 338 amino acids and
approximately 40 kilodaltons (Table 1). The ATG at 876
occurs also in cD12A and cD14A, the only other cDNAs that
were sequenced in this region, and it is the first ATG in this
frame in the consensus sequence of human genomic Lls.
The amino acid composition of the protein predicted by
ORF1 suggests that it is somewhat basic (66 Arg + Lys and
55 Asp + Glu).

It is of interest to compare ORF1 with the corresponding
ORF of the mouse Li, LlMd-A2 (36), although LlMd-A2 is
a genomic clone and its ability to be transcribed is unknown.
LlMd-A2 contains two ORFs that are related to those in
cDll. A comparison of the mouse ORF1 (1,100 bp) and cDll
ORF1 (Table 1) indicates that (i) the nucleotide homology is
about 53%, suggesting a lack of strong selection to conserve
the coding sequence, and (ii) the two predicted proteins
share only 35% homology at the amino acid level overall,
although the homology is higher (53%) in the carboxy-
terminal region of the protein than in the NH2 terminal (not
shown). A search of the protein data bank (March 1987) for
homology between the cDll ORF1 and known proteins
revealed nothing of obvious significance.

Inter-ORF, the region between ORF1 and ORF2. ORF1
and ORF2 of cDll are separated by 39 bp, including the
TAA codon that ends ORF1 (residues 1890 to 1928 in cDll)
(Fig. 4). This inter-ORF region includes one additional
in-frame stop codon, 33 bp downstream of the first. Both
stop codons are conserved in the two additional cDNAs
sequenced in this region (cDSA and cD14A) as well as in the
human genomic Li consensus (Fig. 5).
ORF2 of cDll. The reading frame from residue 1929 to

5781 is in frame with ORF1. It is broken by a single in-frame
TAG stop codon at position 2817. Two additional cDNA
clones, cD14 and cD16, were sequenced through this region,
and both were found to code for tryptophan (TGG) at this
position. Thus, the TAG in cDll is not a consensus stop
signal and we refer to the entire region as ORF2 (3,852 bp).
The first ATG in ORF2 occurs at residue 1956. This ATG

is conserved in cDSA and cD14A, the only other cDNAs
sequenced in this region (Fig. 5). It is also conserved in the
genomic Li consensus. Upstream of the ATG, within ORF2,
cDSA and cD14A each contain an additional in-frame stop
codon, although the position of this extra stop is different in
the two clones.
The 3,825 bp of ORF2 starting at the ATG and extending

to the conserved stop codon at residue 5781 could encode a
protein of 1,275 amino acids and about 150 kilodaltons,
except for the nonconsensus stop codon at residue 2817
(Table 1). The amino acid composition of the predicted
protein suggests that it is fairly basic (209 Arg + Lys and 135
Asp + Glu).

Overall, the human and mouse (LlMd-A2) ORF2 share
67% homology at the nucleotide level and 60% at the amino
acid level (Table 1). This suggests that ORF2 in mammals is
under more stringent selective pressure than ORF1. Several
regions of the ORF2 proteins are conserved over 85% in both
the human and the mouse (as well as in carnivore and
lagomorph). Some of these exhibit homology to retroviral
reverse transcriptase; they are found between residue 3504
and 4262 on the cDll sequence (Fig. 4) and are labeled A
through G by Fanning and Singer (19). Near the carboxy
terminus of the ORF2 protein is another highly conserved
region (labeled I by Fanning and Singer [19], residues 5342 to
5438 in cD1l) that is homologous with the "Cys" motif of
retroviral nucleic acid-binding proteins. In addition, a highly
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conserved region (labeled H by Fanning and Singer [19],
residues 5225 to 5315 in cDll) of the ORF2 protein has
homology to transferrin (24).

3'-Trailer region of the cDNAs. The 3'-trailer sequences of
several of the cDNAs are reported in Fig. 6. Sequence data
were not obtained for cD28B and neither cD2B nor cD29B
extended into this region. Most of the cDNAs that extend
through the trailer have 204 bp in this segment. A consensus
sequence for the 204 bp was deduced, and the percent
divergence of each cDNA from the cDNA consensus was

calculated (Fig. 6). The highest divergence is 11% (cD10B)
but the majority of the cDNAs diverge <5% from the
consensus. Figure 6 also shows a consensus sequence for the
3'-trailer region (205 bp) calculated from the sequence of 20
randomly selected human genomic Lls (57). The genomic
Lls diverge much more from their own consensus (average
of 13%) than do the cDNAs from the cDNA consensus.
Moreover, the two consensus sequences differ from one
another at 17 positions. (Note that a value of 16 is mentioned
by Skowronski and Singer [57]. The correction results from
recompilation of the consensus sequence.) Only two of the
cDNAs, cD6B and cDlOB, have sequences in the 3'-trailer
region that match the genomic consensus better than they do
the cDNA consensus. We conclude from these observations
that a distinct subset of genomic Lls, subset T, is the main
contributor to the 6.5-kb cytoplasmic RNA in the NTera2D1
cells. Four of the cDNAs, cD5B, cD21B, cD23B, and
cD27B, differ from the cDNA consensus in the same four
residues and thus represent a subset (subset Ta) of the
cDNAs. These four cDNAs diverge from the subset Ta
consensus only about 0.6%.

3'-Terminal A-rich region. Figure 7 shows the A-rich ends
of those cDNAs that extend beyond the 204 bp of the 3'
trailer. The first base shown in Fig. 7 follows directly after
the last in Fig. 6. The last base shown abuts the EcoRI site
of the vector. Each of the cDNAs has a different sequence in
this region. Of the seven sequences, six have at least one
polyadenylation signal, AATAAA, the positions of which
are variable. No other AATAAA sequences occur upstream
of the A-rich region in the 3' trailer.
The 6.5-kbp cytoplasmic transcripts used to generate the

cDNA library were stably bound to poly(U)-Sepharose in
10% formamide (56) and thus are likely to have poly(A) tails
(66). The tails do not appear in the cDNAs, presumably
because of the cloning procedures. Two other cDNA clones
for non-Li transcripts that have been isolated from the same
AgtlO library also lack long poly(A) tails (47; S. Detera-
Wadleigh, personal communication).

DISCUSSION

The initial characterization of the discrete cytoplasmic Li
transcript in NTera2D1 cells with the embryonal carcinoma

TABLE 1. Properties of ORFs in cDlla

Property ORF1 ORF2

Length
Nucleotides 1,014 3,825
Codons 338 1,275

Polypeptide (kilodaltons) 39.8 149.5
% Homology to mouse Li

Nucleotides 53 67
Amino acids 35 60

Amino acid compositionb
A 16 61
R 34 61
N 20 74
D 12 60
C 4 19
Q 21 58
E 43 75
G 11 46
H 2 27
I 18 129
L 29 115
K 32 148
M 11 31
F 10 51
P 15 48
S 21 71
T 21 94
W 3 29
Y 6 42
V 9 32

a In this table ORF1 and ORF2 are measured from the first consensus ATG
codon to the first consensus stop codon.

b There were three unspecified amino acids in ORF2.

phenotype suggested that the RNA is derived from unit-
length Li sequences. This finding was consistent with cur-
rent speculations concerning (i) the potential of some Li
units to encode proteins and (ii) the mechanism of amplifi-
cation and dispersal of Lls. The results reported here
confirm and extend this conclusion. The primer extension
experiments show that the 5' end of the bulk of the tran-
scripts corresponds to the nucleotide residue previously
identified as the 5' end of the longest genomic Li sequences.
The properties of the characterized cDNAs suggest that
most of them represent the discrete 6.5-kb cytoplasmic
poly(A)+ RNA, which represented 50% of the Li RNA in
the sample used for cDNA synthesis. Only one, cD28, had
non-Li sequences joined to Li sequence. Another, cD26,
contains a deletion. About half of the cDNAs analyzed start
within a few hundred base pairs of the 5' end of the
cytoplasmic RNA and at least two, cDii and cD14, start
within 32 bases of the 5' end of the RNA. The data indicate
that the bulk of the NTera2D1 6.5-kb cytoplasmic RNAs
represent transcripts of entire Li units and not transcripts of

1878 END START 1958
| ORF I ORF 2 I

cD 11 CATGCCAAATGTMAGACCATCGAGACTAGGAAGAAACTGCATCAACTAACGAGCAAAATCACCAGCTAACATCATAATG
cD14 CA GCCAAATGTAMGACCATCAAGACTAGGAAGAAACTGCATCAACTAACGAGA T CCAGCTACATCATAATG

cD5 CATGCCAAAATGTAMGACCATCGAGACTAGGAAGAAACTGCATCAACTAATGAGCAAAATCACCAGCTAACATCATAATG

LINH CATGCCAAATTGTAAAGACCATCGAGGCTAGGAAGAAACTGCATCAACTAACGAGCAAAATAACCAGCTAACATCATAATG

FIG. 5. Nucleotide sequences of cD5A, cD11A, cD14A, and the human genomic Li consensus sequence (LlHs) in the region of the stop
codons separating ORFi and ORF2. The strand with the ORF is shown. The conserved stop codons are underlined. Other in-frame stop
codons in cD14, cD5, and LlHs are indicated by broken underlining. Overlines indicate differences between the cDNAs and the genomic
consensus sequence.
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Li units fortuitously inserted in unrelated transcription
units.
We established the complete nucleotide sequence of one

of the cDNAs, cDll. Besides the 5' most 32 bp, this 5,976-bp
cDNA lacks 30 bp of the 204-bp 3'-trailer sequence that
precedes the A-rich region of genomic Lls and the other
cDNAs. We also obtained partial sequences of 18 other
cDNAs. No two of the cDNAs are identical, although they
are very similar. All sequence data are consistent with there
being the potential for two major ORFs in some Li units.
However, we do not know if both frames are completely
open in any one of the cDNAs. The structure of cDll, an
open ORF1 and a closed ORF2, is consistent with it repre-
senting an mRNA that could be translated to yield the ORF1
protein but not the ORF2 protein. If ORF2 is completely
open in one or more of the RNAs, its ability to be translated
involves interesting problems. The two Li ORFs are in the
same frame but are separated by a short region that includes
two conserved in-frame stop codons. Two of the cDNAs are
known to have a third in-frame stop codon in this region. In
many mouse genomic Lls, including the full-length LlMd-
A2, the two ORFs that are homologous to the human Li
ORFs are in different frames and overlap by five amino acids
(36, 41). Similarly, retroviruses and retrotransposons in
diverse organisms have ORFs that are in different overlap-
ping frames or in the same frame but separated by an
in-frame stop codon. The prototype of the first group in Rous
sarcoma virus, in which gag and pol ORFs are in two frames
and overlap by 19 amino acids (28). An example of the
second group is Moloney murine leukemia virus, in which a
single in-frame stop codon separates the gag and pol genes
(70). Thus, the human Li cDNAs have a unique arrangement
more like that of Moloney murine leukemia than Rous
sarcoma virus, while the mouse Li has a Rous sarcoma virus
type of arrangement.

Translation of Moloney murine leukemia virus RNA to
yield the gag-pol fusion protein involves suppression of the
dividing stop codon (70). A fusion protein might similarly be
translated from ORF1 to ORF2 of a human Li, but this
would required suppression of two or even three stop
codons. Such an event might be restricted to a particular
tissue at a particular developmental time. Additional models
include the independent initiation of translation at an internal
AUG in ORF2 possibly by the relaxed scanning model or by
direct binding of a ribosome or reinitiation in ORF2 after
termination at the end of ORF1 without prior dissociation of
ribosomes (32). Recent experiments demonstrate that such
reinitiations occur if the translation of an upstream ORF
terminates within a short distance of the start codon of the
downstream ORF (45, 46). An alternative possibility is
splicing of a primary transcript to remove the inter-ORF
region.
Our observation that the poly(A)+ cytoplasmic 6.5-kb

NTera2D1 RNA is a heterogeneous mixture of a substantial
number of different transcripts indicates that a sizable per-
centage of the approximately 3 x 103 to 4 x 103 unit-length
genomic Lls may be templates for the RNA. Moreover,
these particular Lls (subset T) are more homogeneous in
sequence than are the bulk of genomic Lls, many of which
are also truncated. Subset T has a distinctive consensus
sequence in the 3'-trailer region that distinguishes its mem-
bers from most randomly selected genomic Lls. We term
those units that have the 3'-trailer consensus of randomly
selected genomic Lls are subset U. To account for the
discrete cytoplasmic NTera2D1 RNAs, we propose that
subset T, but not subset U, is associated with specific

sequences that regulate transcription, the processing of
primary transcripts, or transport to the cytoplasm. The
members of subset T are notable for the high degree of
sequence conservation. This could reflect a recent origin of
the transcribed subset from a single "founder" sequence or
a higher rate of homogenization than in the majority of
genomic Lls or both.
The observation that the 5' end of the NTera2D1 RNA

coincides with the 5' end of unit-length genomic Lls is
important when considering models for transcriptional reg-
ulation of Li and, in particular, the possible location of cis
regulatory elements. One possibility is that members of
subset T are all associated with common upstream regula-
tory sequences. For example, the subset T Lls might be
clustered in a tandem array in a transcriptionally active
genomic region much like the tandemly amplified loci con-
taining functional Ul (5), dihydrofolate reductase, or CAD
genes (59). The amplified unit could have included the Li
element as well as upstream promoters and other regulatory
signals, if the amplification occurred at the DNA level. All of
the units might then be kept relatively homogeneous by
recombinational processes. However, the varying structures
of the A-rich regions at the 3' termini of the cDNAs are not
consistent with this model.
Another explanation, which allows for subset T to be

dispersed in the genome, is that the promoter and other
regulatory sequences are contained within the unit-length Li
elements themselves, as proposed for the Li-like I element
in Drosophila melanogaster (21). This model implies that
subset T could include the products of recent rounds of
transposition or gene conversion or both in which the
template sequence was a functional Li element. An inter-
esting version of this second model has been proposed for
mouse Lls (36).
Of the two subsets, A and F (36, 41), of mouse genomic Li

elements that have been described, the A family, which has
tandemly repeated units of 208 bp beginning at the 5'-
terminus, is the basis for the model. Accordingly, Li units
that possess at least one copy of the 5'-repeat unit, including
reverse transcribed and reintegrated Li units, will be capa-
ble of transcriptional activity because the repeats contain
promoter elements that direct downstream transcription
initiation. Neither the Li cDNA clones, described here, nor
primate Li consensus sequences (Sakaki, personal commu-
nication; Scott et al., personal communications) have such
repeat structures. A rat Li (LlRn) contains 65-bp repeat
sequences in its 5' portion, but these are about 1 kbp from
the 5' end (11). Thus, the model proposed for the control of
LlMd transcription may not be applicable to primates and
possibly not even to other rodents, at least based on current
data.
Although the cDNAs are well conserved in the sequenced

portions of the ORFs, and in the 3' trailer, their A-rich
regions are all different from one another and from the
similarly unique A-rich regions of random genomic Lls.
(The set of genomic Li sequences analyzed are those
described in Fig. 6.) Similarly, a truncated cDNA that was
isolated from a library constructed with poly(A)+ cytoplas-
mic RNA from human primary fibroblasts and ends at the
usual Li 3' end also has a unique A-rich structure between
the AATAAA signal and a long (56-base) poly(A) tail (14).
Only two features of the A-rich region are conserved in
subsets T and U: the preponderance of A residues and a
polyadenylation signal, AATAAA (although the position of
the AATAAA unit varies). Although it has not been demon-
strated that the NTera2D1 6.5-kb RNA is an RNA polymer-
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FIG. 6. cDNA, cDNA consensus (cD), and genomic consensus (GE) sequences in the 3'-trailer region of human Li units. The top line is
the consensus sequence derived from 20 randomly selected human genomic Lls. The identities and references for all of these sequences have
been reported (57). The second line shows the consensus sequence deduced from the cDNAs described in this work; those cDNA sequences
are shown below. Only those residues that differ from the cDNA consensus are given for the individual cDNA clones. Lowercase letters in
the genomic consensus indicate divergence from the cDNA consensus. An N indicates no consensus base. A dash stands for a missing base.
A line indicates that no sequence is available because either it was not determined or the cDNA clone lacks the region. Parentheses mark the
beginning and end of the determined sequences. The numbers at the right of the last lines are the percent that each cDNA diverges from the
cDNA consensus; residues for which there is no consensus (N) were ignored in the calculation.

MOL. CELL. BIOL.

)



UNIT-LENGTH Li TRANSCRIPTS 1395

3'-ENDS OF cDNA CLONES

cD23 AATAAAAAAAATAAAAATAAAATAAATAAATAAATMAATAAAACAM-E
cD27 AATAAAAAAAAAAAAAAAA-E
cD14 AATAATAATAAAAAAAAG-E
cD9 AATAATAATAAATMATATAAAAATAAAAACAAACA"ATCTTGAAAAA-E
cD6 A AAATCTGAAATTTT-E
cD12 AATAATAAAAAAAMGAAAATGTTCCAMAAAAAAAA-E
cD1O AATAATAATAATAATAAAAGAATGCACTCTGTAGAAAGACTTATAMTGTAGATATGTG-E

FIG. 7. A-rich region. Polyadenylation signals, AATAAA, are
underlined; where several overlap, the initial A is underlined sepa-
rately. The ends of the cDNA clones are shown such that the first
residue follows immediately after the last residue in Fig. 2. E
indicates the EcoRI site that joins the cDNA to the vector.

ase II product, the structure of the 3' ends of most of the
cDNAs is consistent with the possibility that subset T is
transcribed by RNA polymerase II (7) from genomic units
that also have heterogeneous A-rich termini.
The irregular and diverse A-rich segments in genomic Lls

were pointed out earlier (49) and compared with the similar
A-rich segments at the ends of retroposons such as Alu
sequences. In many of these elements, the A-rich region is
made up of short stretches of tandem repeats of the type
T(A)n or C(A)". It was suggested that such sequences may
arise during the insertion of the elements into new genomic
locations, as a consequence of the transposition mechanism
and preferred (AT-rich) target sites. If this suggestion is
correct, then our observations indicate that the 3' ends of
both subset T and subset U Lls may have been generated by
such processes. Note that cD9B and cD23B have the T(A),
motif (Fig. 7). However, it is also possible that the sharp
boundary between conservation and divergence that occurs
at the junction of the 3'-trailer and A-rich regions marks a
restriction on a homogenization process such as gene con-
version. Recurring borders for the extent of gene conversion
have been noted in other systems, for example, the dis-
persed 5S rRNA genes of Neurospora crassa (40).

Current models suggest that most Lis are processed
pseudogenes. Typically, processed pseudogenes do not have
A-rich regions between the polyadenylation signal and the
start of the poly(A) tail. Rather, they are homologous to their
parental genes in this region. However, several families of
processed pseudogenes such as those for human arginino-
succinate synthetase (42), mouse X-chain (26), and mouse
ribosomal protein L30 (64) do diverge markedly from the
corresponding genes and cDNAs and from one another in
the region preceding the poly(A) tail. Some of these (L30 and
mouse A-chain) also display tandem repeats of C(A)n just
prior to the 3' copy of the target site duplication. Thus, the
structures of Lls are, as far as is known, consistent with the
suggestion that most genomic units including subset T are
processed genes.

Several lines of evidence are consistent with earlier pro-
posals suggesting that, in addition to the large number of
pseudogenes, the Li family contains one or more functional
genes. Perhaps the most compelling is the conservation of
the two ORFs in the Lls of various mammals. Overall, the
ORF1 coding region is less well conserved between humans
and mice than is the ORF2 coding region, although 80 amino
acids (23% of the protein) near the carboxy terminus of
ORFi are 53% identical. It is possible that this 80-amino acid
region represents a functional domain of the ORFi protein
that is much less tolerant of change than the rest of the
protein. The proteins predicted by human and mouse ORF2s
are 60% identical, overall. In some regions the homology is
>80%, and these regions are also well conserved in lago-
morphs and carnivores. The significance of these striking

homologies is underscored by their similarity to polypeptide
regions conserved in revere transcriptases and nucleic acid-
binding proteins (19, 24, 36). These findings support the
suggestion that some Lis encode proteins that can foster Li
amplification and dispersal through the intermediary forma-
tion of Li RNA and, thus, the possibility that at least some
Lis are transposable elements.
Li elements are organizationally similar to the F (15; P. P.

DiNocera and G. Casari, Proc. Natl. Acad. Sci. USA, in
press), G (15), and I (21) transposable elements of D.
melanogaster, the ingi element of Trypanosoma brucei (30),
and the R2 element ofBombyx mori (8). These elements lack
long terminal repeats, have A-rich 3' termini, and contain
long ORFs that encode polypeptides homologous to that
encoded by ORF2 of cDll, including the regions of reverse
transcriptase homology. The ORF2 homology between all of
these elements and Li is significantly greater than between
any of the five elements and retroviral reverse transcrip-
tases. Current data indicate that F, I, G, and ingi, like Li,
contain several nonoverlapping ORFs; R2 has a single ORF.
Together these elements constitute a recently recognized
class of movable elements which we term class II retrotran-
sposons to distinguish them from retrotransposons that have
long terminal repeats (e.g., Ty, copia, and IAP). Although
not proven, it is likely that class II is amplified and trans-
posed through reverse transcription of an RNA intermedi-
ate. Thus, the Li RNAs described in this report could
include intermediates in transposition. Appropriate RNAs
have yet to be identified in Drosophila, Bombyx, or Trypan-
osoma spp. These considerations indicate that at least four
classes of elements that may encode and depend on reverse
transcription for amplification are found in many organisms:
retroviruses (61), class I retrotransposons (containing long
terminal repeats) (61), class II retrotransposons (no long
terminal repeats), and hepadnaviruses (18, 62).
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