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We have characterized the approximately 6.5-kilobase cytoplasmic poly(A)* Line-1 (L1) RNA present in a
human teratocarcinoma cell line, NTera2D1, by primer extension and by analysis of cloned cDNAs. The bulk
of the RNA begins (5’ end) at the residue previously identified as the 5’ terminus of the longest known primate
genomic L1 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 L1 elements contribute transcripts to the 6.5-kilobase cytoplasmic
poly(A)* RNA in NTera2D1 cells because no 2 of the 19 cDNAs analyzed had identical sequences. The
transcribed elements appear to represent a subset of the total genomic L1s, 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 L1 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 L1s
to several recently described invertebrate movable elements defines a new widely distributed class of elements

which we term class II retrotransposons.

Line-1 (L1) 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 L1s 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).

L1 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 L1
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, L1 units are amplified and dispersed by
a mechanism that involves reverse transcription. Both of
these suggestions imply that unit-length L1 transcripts
should occur.
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Nuclear RNA from various cell types and species contain
sequences that anneal with L1 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 L1 unit
(56). In several human cell lines, the nuclear (or total) RNA
contains more copies of the 3’ end of the L1 unit than of the
5’ end, as is true of the L1 elements in the genome (56, 60).
Most nuclear transcripts are likely to represent L1 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 NTera2D1 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
L1. Only one L1 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 NTera2D1 RNA might include functional mRNA.
Recently, discrete 8-kb L1 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 L1
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
L1 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
L1s. The slashed region also corresponds to the segment conserved
among mammalian orders. A few typical restriction endonuclease
sites are shown: E, EcoRI; K Kpnl; H, HindIll; B, Bglll. Arrow-
head indicates the position at which an additional 132 bp are inserted
in about 50% of genomic L1 units (23). The A-rich region at the 3’
end is marked A,. Short arrows external to the two ends of the L1
represent the target site duplications that are found surrounding
some L1s. 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 cD11A
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 Kpnl fragment
derived from the central portion of a typical primate L1 (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
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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-150m (27). The cDNA excluded from
the column was ligated to EcoRI-digested Agtl0 DNA (27)
and packaged into phage particles in vitro (Gigapack; Vector
Cloning Systems). The final library (Agt10.1) contained about
1.5 x 10° 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 L1 unit (Fig. 1). Probes
p2, p3, p4, and p600 have all been described previously (23,
35).

Subcloning. The cDNA inserts in Agt10 were cleaved with
endonucleases EcoRI, and the resulting fragments were
cloned into the pUCI18 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 L1 (Fig. 1a) was used as a
primer for mapping the 5’ ends of L1 transcripts. Briefly, the
565-base-pair (bp)-long Asp718/BglIl restriction fragment
was isolated from cD11A (positions 65 to 630 in cD11
sequence in Fig. 4). (Note that Asp718 is an isoschizomer of
Kpnl.) The ends were filled in with the large fragment of
DNA polymerase I and [a-*?P]JdATP (3,000 Ci/mmol) to-
gether with the remaining three deoxynucleoside triphos-
phates. The fragment was digested with BstNI, and the
100-bp-long Asp718/BstNI (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 L1
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 L1 (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 L1 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 L1 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->2P]JATP and polynucleotide kinase. It was then
cleaved with Dral, and the BstN1/Dral subfragment contain-
ing 60 bp of the non-L1 sequence adjacent to 198 bp of the 5’
end of L1 was isolated. These 198 bp correspond to positions
1 to 165 in the cD11 sequence extended at the 5’ end by the
5’-most 32 bp of the longest genomic L1s. The structure of
the BstNI/Dral 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 pg of total,
cytoplasmic, nuclear, or cytoplasmic poly(A)* RNA prepa-
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rations and 5 X 10* cpm of labeled primer. Control T7
polymerase transcripts were annealed in the presence of 10
pg of tRNA as carrier. Extension reactions were carried out
with Moloney murine leukemia virus reverse transcriptase in
a final volume of 50 pl 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 L1 cDNAs were ana-
lyzed at least in part. All of these cDNA inserts were
contained in Agtl0 vectors and each had a single internal
EcoRlI site (Fig. 1b). Two additional EcoRlI 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 EcoRlI site of pUC18 as indicated in Fig.
1b (e.g., cD11 was subcloned to yield cD11A and cD11B).
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 L1 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 1b.

Sequence data in the 5’ regions of some cDNAs (e.g.,
cD11A) were obtained by using deletions constructed with
Exolll and ExoVII. The S'-proximal 3.4 kbp of cD11
(cD11A) was cloned into the phage vector M13mpl8, and
approximately 5 pg of replicative-form DNA was digested to
completion with restriction enzymes BamHI (insert proxi-
mal) and Sphl (insert distal). The DNA was then treated with
Exolll 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 IM101. 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 NTera2D1 cytoplasmic
poly(A)* RNA. If L1 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 L1s. To define the 5’ end of the NTera2D1
cytoplasmic poly(A)* L1 RNA, we performed primer exten-
sion experiments (Fig. 2). A 100-bp-long Asp718/BstNI L1
DNA fragment corresponding to residues 100 to 200 (Fig. 1a)
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 L1 sequence, was
chosen to provide size markers after base specific chemical
degradation. The 5’ terminus of the monkey L1 element was
previously shown to be representative of primate L1 units
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(22). Both the primer and marker fragments have one end at
the corresponding BstNI sites located within L1 (Fig. 2b).

Comparison of the size marker ladder with the mobility of
the major products of the primer extension assay, using
poly(U)-selected NTera2D1 cytoplasmic RNA as a template,
indicates that many if not most L1 transcripts in this RNA
population are initiated within one residue from the position
defined as the 5’ end of the primate L1s (residue 1 on Fig. 1a
and 2b). The major band of the extension products shows a
slight length heterogeneity when compared with the band
obtained for the control L1 transcript generated with T7
phage RNA polymerase. This could reflect the complexity of
the 6.5-kb L1 transcripts in NTera2D1 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 NTera2D1
RNA show that L1 transcripts initiated at 5’ ends of unit-
length L1s 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 L1 units, although products that are longer are also
detectable (though not visible in Fig. 2¢c, lane 4). Both of the
latter classes may reflect either the presence of incorrectly
initiated products or the turnover of nonpolyadenylated
nuclear L1 transcripts. These products were even more
abundant when nuclear L1 templates were compared with
total RNA templates (Fig. 2c, lanes 6 and 7). Correctly
initiated L1 transcripts were not detectable in total RNA
isolated from 293 cells (not shown) or Hela cells (Fig. 2c,
lane §), while they were found in total RNA isolated from the
JEGS3 cell line (Fig. 2c, lane 3).

Preparation and screening of the cDNA library. Transcripts
that anneal with L1 sequences are estimated to represent as
much as 1% of the nuclear RNA in several primate cell lines,
including NTera2D1, while the poly(U)-selected 6.5-kb-long
cytoplasmic L1 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 L1 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 L1 RNA
that could be detected with a probe from the central portion
of a genomic L1 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 L1 unit (Fig. 1).
This procedure allowed the identification of cDNAs that
include both the 5’ and 3’ ends of the L1 unit and permitted
the elimination of clones that contained short or rearranged
L1 sequences.
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FIG. 2. Primer extension analysis of L1 transcripts. (a) Results of experiment designed to map 5’ ends of NTera2D1 cytoplasmic poly(A)*
L1 transcripts. Reactions were primed with the Asp718/BstNI restriction fragment isolated from cD11A plasmid. Templates were 10 pg of
tRNA (lane 0), 10 ng of L1 transcript generated with T7 RNA polymerase from p20/14AS (as described in Materials and Methods) plus 10 pg
of tRNA (lane 7), or 1 pg of cytoplasmic poly(U)-selected NTera2D1 RNA plus 10 ug of tRNA (lane R). The length of the extension product
generated from the T7 polymerase L1 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 AF2 L1 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 L1 element
in AF2, the consensus Asp718 (Kpnl) site present in cD11 but mutated in the L1 in AF2, and the Bs¢NI 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-p.g portion of total or 1 to 2 ug of nuclear RNA was used per assay. Lanes:
M, pBR322 digested with Mspl to provide markers; 0, tRNA; 1, NTera2D1 cytoplasmic poly(A)* RNA; 2, 10 ng of L1 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 L1 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 L1 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 L1 unit. This is the result
expected if the inserts extend to the 3’ end of an L1 unit and
contain the EcoRlI 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 L1 unit. The total
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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 EcoRlI site of pUC18.
Subclones representing the 3’ and 5’ portions of the L1 unit
were identified by annealing with appropriate probes. The
subclones with the 3’ portions are designated with the letter
B; thus, cD11B represents the subclone containing the 3’
portion of cD11. 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
L1 genomic sequence (55; Y. Sakaki, personal communica-
tion) permitted the data to be assembled.

Figure 3 shmmarizes the structures of the cDNA inserts
and the extent to which they were sequenced and points out
several features. The seduence 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 L1
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 L1 units. In cD28,
sequences that are not homologous to known L1 sequence
follow the 3’ end of the L1 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 L1s. 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 L1s 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 (cDS, ¢D11, and cD14) for which pertinent data are
available (Fig. 3). These same two stop codons are also
conserved in human genomic L1 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 ¢D26 indicate a deletion of typical L1 sequences.

well as the other features of the cDNAs are most easily
described in relation to the structure of cD11, 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 cD11. The sequences of the inserts of cD11A
(3,395 bp) and cD11B (2,580 bp) were determined in their
entirety. The two are joined to give the complete sequence of
cD11 (5,975 bp) in Fig. 4. A comparison of the sequence of
the 5" end of cD11 with the primate 5’ consensus sequence
indicates that the cDNA clone falls short of being a complete
copy of a poly(A)™* cytoplasmic NTera2D1 L1 RNA by 32 bp.

Altogether, we distinguish five regions in cD11, 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 cD11) extend
through the A-rich 3'-end; this 6th region of the L1 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 cD11 (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 cD11. The other cDNAs are likely
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YCAGGGAGYTCCCTTTCCGASTCAAAGAAAGGGGYGACGGACGCACCTGGAAAA?CG%;?
CACTCCCACCCGAATAYFGCGCYTTYCAGACCGGCYTAAAAAACGGCGCACCACGAG:??
AYATCCC‘CACCTG‘CCVTCGGAGGGTCCYACGCCCACGGAAYCTCGCTGAYYGClkégg
CASCGG?CTGAGATCAAACIGCAAGGCCGCAGCAAGGCYGGGGGAGGGGCGCCCGCC:;;
GCCCAGGCTYGCIYAGGTAAACAAAGCAGCCGGGGAAGCTCGAACYGGGTGCAGCCC;%%
ACAGCTCAAGGAGGCCTGCCTGCCYCTGYAGGCTCCACCYCTGGGGGCAGGGCACAGQ%;
AACAAAAAGACAGCAGTAACCTCTGCAGACTTAAATGTCCCTGTCTGACAGC TTTGAAGA
SAGCAGTGGTTCVCCCAGCACGCAGCYGGAGAYCTGAGAACGGGCAGACYGCCTCCT;EE
GTGGGTCCCTGACCCCYGACCCCCGAGCAGCC?AACYGGGAGGCACCCCCCAGCAGG?%%

ACACTGACACCTCACACGGCAGGETATTCCAACAGACCTGCAGCTGAGEETCCTGTCTET
GlySerCysL::k

TAGAAGGAAAAC TAACAAACAGAAAGGACATCCACACCEAAAACGCATCTGTACATCACC
euﬁluGlyLychuYurAsnArgLysAsplIcnisthrGluAsnAvaSerValnisn;ag

ATCATCAAAGACCAAAAGTAGATAAAACCACAAAGATGGGGAAAAAACAGAACAGAAAAA
|sulsGlnAr"roLysVllAsptysThrThrLys!&;GlylysLysslnAsnArgL;sT

60
CTGGAAACTCTAAAACGCAGAGCACCTCTCCTCCTCCAAAGGAACGCAGTTCCTCACCAG
hrGlyAsnSerLysThrGinSerThrSerProProProlLysGluArgSerSerSerProA

CAACGGACCAAAGCTGEGATGGAGAATGATTTTGACGAGCTGAGAGAAGAAGGCTTCAGAC
lnThrAspGlnSerTrpnetGluAsnAsp'»cnspGluLeuArgGluGluGIyrhe?aas

GCTCAAATTACTCTGAGCTACGGGAGGACATTCAAACCAAAGGCAAAGAAGTTGAAAACT
rgSerAsntyrSchluLeulrgGluAsplleGInthLysslyLysGluVa!Glu?::;
TTGAAAAAAATTTAGAAGAATGTATAACTAGAATAACCAATACAGAGAAGTGCTTAAAGG
thluLysAsnlluGluGluCysllc?nrnrg!lefhrAsnThrGlulysCysLeu}gag

AGCTGATGGAGC TGAAAACCAAGGCTCGAGAACTACGTGAAGAATGCAGAAGCCTCAGGA
luLcunctGluLcutysTbrLysAlaArgGluLeuArgGluGIuCysArgSerLeu:;gg

GCCAATGCGATCAACTGGAAGAAAGGGTATCAGCAATGGAAGATGAAATGAATGAAATGA
erGiInCysAspGinLeuGluGluArgvalSerAlaMetGluAspGluMetAsnGludett

1320
AGCAAGAAGGGAAGTTTAGAGAAAAAAGAATAAAAAGAAACGAGCAAAGCC TCCAAGAAA
ys61n61uGlyLysPheArgGlulysArglleLysArgAsnGluGinSerteuGinGlul

1

380
TATGG6GACTATGTGAAAAGACCAAATCTACGTCTGATTGGTETACCTGAAAGTGATGCGE
leTrpAspTyrvallLysArgProAsnleuArgleul le6lyvalProGluSerAspAlaG

1440

AGAATGGAACCAAGTTGGAAAACACTCTGCAGGATATTATCCAGGAGAC TTTCCCCAATC
TuAsnGlyThriysLeuGluAsnThrieuGlinAspllel 1e61nGluThrPheProAsnl

1500
TAGCAAGGCAGGCCAACGTTCAGATTCAGGAAATACAGAGAACGCCACAAAGATACTCCT
euAlaArgGinAlaAsnValGinlleGinGlulleGinArgThrProGinArgTyrSerS

1560

CGAGAAGAGCAACTCCAAGACACATAATTGTCAGATTCACCAAAGTTGAAATGAAGGAAA
erArgArgAlaThrProArgHisilellevalArgPheThrLysValGluMetLys6luL

1620
AAATGTTAAGGGCAGCCAGAGAGAAAGGTCGAGTTACCCTCAAAGGGAAGCCCATCAGAC
ysletleuArgA!aAlaArgG!uLysG1yArgVnthrLeuLysGlyLysProlle:rgL

6

80
TAACAGCGGATCTCTCGGCAGAAACCCTACAAGCCAGAAGAGAGTGGGGGCCAATATTGA
eu!hrA|aAsoLeuSerAlaG!uThrLeuGInAlaArgArgGlurrpGly'rolle%;ul

4

0
ACATTCTTAAAGAAAAGAATTTTCAACCCAGAATTTCATATCCAGCCAAACTAAGCTTCA
snlleLeulys6luLysAsnPheGInProArglleSerTyrProAlaLysLeuSerPhel

1800
TAAGTGAAGGAGAAATAAAATACTTTACAGACAAGCAAATGCTGACCGATTTTGTCACCA
leSerGIuGIyGlulleLysTerheThrAspLysG|nﬂetLeuThrAspPheVaI}:rg

6

GCAGGCCTGCCCTAAAAGAGCTCCTGAAGGAAGCGCTAAACATGGAAAGGAACAACCEET
erArgProAlaLeulysGluleuleulys6luAlaleuAsnMetGluArgAsnAsnArgT
0

ACCAGCCACTGCAAAATCATGCCAAAATGTAAAGACCATCGAGACTAGGAAGAAACTGCA
yrGln'roLeuGlnAanisAlaLysNetgﬂgkrgProSerArgleuGlyArgAsnE;;é

TCAACTAACGAGCAAAATCACCAGCTAACATCATAATGACAGGATCAAATTCACACATAA
leAsnEndArgAlalysSerProAlaAsnllelleMet ThrGlySerAsnSerHislleT

2040
CAATATTAACTTTAAATGTAAATGGACTAAATTCTCCAATTAAAAGACACAGACTGGCAA
hrlIeLeuThrLenAanalAsnG!yLeuAsnSerProlleLysArgu‘sArgLeu;:sa

GTTGGATAAAGAGTCAAGACCCATCAGTGTGCTGTATTCAGGAAACCCATCTCATGTGCA
erTrplleLysSer6InAspProServalCysCyslleGloGluThrHisLeuMetCysA
2

60
GAGACACACATAGGC TCAAAATAAAAGGATGGAGGAAGATCTACCAAGCAAATGGAAAAC
rgAspThriHisArgleulyslleLys6lyTrpArgLyslleTyrGlnAlaAsnGlyLys6

2220
AAAAAAAGGCAGG6GTTGCAATCCTAGTCTCTGATAAAACAGAC TTTAAACCAACAAAGA
InLysLysAlaGlyValAlolleLeuValSerAsnLysThrAspPhoLys'rotnr%g;g

TCAAAAGAGACAAAGAAGGCCATTACATGATGGTAAAGGGATCAATTCAACAAGAGGAGC
leLysArgAspLys6luGlyHisTyrMetMetValLys6lySerIleG1nGInGluGluL
2

340
TAACTATCCTAAATATGTATGCACCCAATACAGGAGCACCCAGATTCATAAAGCAAGTCC
euThrileLeuAsnNetTyrAlaProAsnThrGlyAlaProArgPhelleLysGinvalL

2400
TGAGTGACCTACAAAGAGACTTAGACTCCCACACATTAATAATGGGAGAC TTTAACACCC
euSerAsplLeuGlinArgAspleuAspSerHisThrieul leMetGlyAspPheAsnThrP

2460
CACTGTCAACACTTAGACAGATCAACGAGACAGAAAGTCAACAAGGATACCAGGAATTGA
roLeuSerThrLeuArgGinlleAsnGluThrGluSer61n61nG1yTyr61n6luLeur

20
ACTCAGCTCTGCACCAAGCAGACCTAATAGACATCTACAGAACTCTCCACCCCAAATCAA
snSerAlaleuHisGInAlaAspleulleAsplleTyrArgThrieuHisProLysSerT

80
CAGAATATACATTTTTTTCAGCACCACACCACAGCTATTCCAAAATTGACCACATACTTG
hrGlulyrThrPhePheSerAlaProHisHisSerTyrSerLyslleAspHislleLeub

40
GAAGTGAAGCTCTCCTCAGCAAATGTAAAAGAACAGAAATTATAACAAACTATCTCTCAG
1ySérGluAlaLeuleuSerLysCysLysArgThrGlullelleThrAsnTyrLeuSerA
2700

ACCACAGTGCAATCAAACTAGAACTCAGGATTAAGAATCTCACTCAAAGCCGCTCAACTA
spHisSerAlalleLysLeuGluLeuArglleLysAsnLeuThrGInSerArgSerThrT

2760
CATGGAAACTGAACAACCTGETCCTGAATGAC TACTGGGTACATAACGAAATGAAGGCAG
hrTrpLysLeuAsnAsnLeuleuleuAsnAspTyrTrpValHisAsnGluMetLysAlaG

20
AAATAAAGATGTTCTTTGAAACCAACGAGAACAAAGACACAACATACCAGAATCTCTAGG
TulleLysMetPhePheGluThrAsnGluAsnLysAspThrThrTyrGinAsnLeufndA

2880

ACGCATTCAAAGCAGTGTGTAGAGGGAAATTTATAGCACTAAATGCCCACAAGAGAAAGC
SQAlllhclysllAValesArgGIylystelIeAlaLeuAsnAlanisLysArggg:g

AGSAA‘GAYCCAAAAYTGACACCCYAACAICACAA!TAAAASAACTAGAAAAGCAAGIGC
lnGluArgScrLyslIelspfhrleufhrSerslnteuLysGluLeuGluLysGlnG;sc
0

3
AAACACATTCAAAAGC TAGCAGAAGGCAAGAAATAACTAAAATCAGAGCAGAAC TGAAGG
lnThruOsSorLysAlaScrArgArgGlnGlulIeThrLyslItAroAlaGluLeuLgsG

3060
AAATAGAGACACAAAAAACCCTTCAAAAAATCAATGAATCCAGGAGCTEGTTTTTTGAAA
Tulle6luThrGintLysThrieuGinLysl leAsnGluSerArgSer TrpPhePheGluA

3120
GGATCAACAAAATTGATAGACCGCTAGCAAGAC TAATAAAGAAAAAAAGAGAGAAGAATC
rglleAsnLyslleAspArgProleuAlaArglevllelyslysLysArg6luLlysAsnG

3180
AAATAGACACAATAAAAAATGATAAAGGGGATATCACCACCGATCCCACAGAAATACAAA
1nlleAspThrileLysAsnAsplysGlyAsplleThrThrAspProThrGlulle6iInT

40
CTACCATCAGAGAATACTACAAACACCTCTACGCAAATAAACTAGAAAATCTAGAAGAAA
hrThrileArgGluTyrTyrLysHisLeuTyrAlaAsnlysLleuGluAsnLeuGluGluM

3300
TGGATACATTCCTTGACACATACACTCTCCCAAGACTAAACCAGGAAGAAGTTGAATCTC
etAspThrPheLeuAspThrTyrThrieuProArgLeuAsnGInGluGluvalGluSerl

3360
TGAATAGACCAATAACAGGAGCTGAAATTGTGGCAATAATCAATAGTTTATCAACCAAAA
euAsnArgProlleThrGlyAlaGlullevalAlallelleAsnSerLeuSerThriysl

3420

AGAGTCCAGGACCAGATGGATTCACAGCCGAATTCTACCAGAGGTACAAGGAGEAAC TGE
y3SerProGlyProAspGiyPheThrAlaGluPheTyrGlnArgTyrlys6luGluLeuy

3480
TACCATTCTTTCTGAAACTATTCCAATCAATAGAAAAAGAGGGAATCCTCCCTAACTCAT
alProPhePheleulysLeuPheGInSerlle6lulys6luGlyl leLeuProAsnSerpP

3540
TTTATGAGGCCAGCATCATTCTGATACCAAAGCCGGGCAGAGACACAACCAAAAAAGAGA
heTyrGluAlaSerllelleLeulleProLysProGlyArgAspThrThriysLys6 luA

3600
ATTTTAGACCAATATCCTTGATGAACATTGATGCAAAAATCCTCAATAAAATACTGGCAA
snPheArgProlleSerLeuMetAsnlleAspAlaLlyslleLeuAsnlysileLeuAlar

60
ACCAAATCCAGCAGCACATCAAAAAGCTTATCCACCATGATCAAGTGGGCTTCATCCCTE
snGinlleGInGInHisIleLysLysLeul leHisHisAspGInValGlyPhellePro6

3720

GGATGCAAGGCTGGTTCAATATACGCAAATCAATAAATGTAATCCAGCATATAAACAGAG
TyMetGInGlyTrpPheAsn] leArglysSerlleAsnVallleGinHisIleAsnArgA
3780

CCAAAGACAAAAACCACATGATTGTCTCAATAGATGCAGAAAAAGCCTTTGACAAAATTC
laLyslspLysAsnu!sletllov.lSerlleAspAluGluLysAlaPheAsoLysl;eg
384

AACAACCCTTCATGCTAAAAACTATCAATAAAATAGGTATTGATGGGATGTATTTCAAAA
lnGln'roPholetLoutysTurllclsnLyslleGlylleAspGlyﬂetIerhegyas
9

TAATAAGAGCTATCTATGACAAAACCACAGCCAATATCATACTGAATGGGCAAAAACTGE
lelIclrgklnlleTyrAsoLysThr!hrAlaAsnlIelleLeuAsnGlyGlnlysseug
96

AAGCATTCCCTTTGAAAACCEGCACAAGACAGGEATECCCTCTCTCACCGCTCCTATICA
TuAlaPheProLeulysThrGlyThrArgGInGlyCysProleuSerProleuleuPheA
4020

ACATAGTGTTEGGAATTTCTE6CCAGGGCAATCAGGCAGGAGAAGGAAATAAAGGETATTC
snlltValLouGIu'belculltlrgllalleArgGlnGluLysGlulleLysGlyI&eG
4080

AATTAGGAAAAGAGGAAGTCAAATTGTCCCTETTTGCAGATGACATGATTGTTGATCTAG
InLeuGlyLysGluGluValLysLeuSerLeuPheAlaAspAspMetIlevalAspleuG
4140

AAAACCCCATCGTCTCAGCCCAAAATCTCCTTAAGCTGATAAGCAACTTCAGCAAANTCT
TuAsnProllevalSerAlaGinAsnLeuleulysLeul leSerAsnPheSerLys---S

4200
CAGGATACAAAATCAATGTACAAAAATCACAAGCATTCCTATACACCAACAACAGACAAA
erGlyTyrLyslleAsnValGinLysSerGInAlaPheleuTyrThrAsnAsnArg6inT

4260
CAGAGAGCCAAATCATGAGTGAACTCCCATTCACAATTGCTTCAAAGAGAATAAAATACC
hrGluSerGinlleMetSerGluLeuProPheThrileAlaSerLysArglleLysTyrlL

4

320
TAGGAATCCAACTTACAAGGGATGTGAAGGACCTCTTCAAGGAGAAC TACAAACCACTGC
euGlylleGinLeuThrArgAspValLysAspleuPhelysGluAsnTyrLysProLeul

4380
TCAAGGAAATAAAAGAGGATACAAAAAAATGGAAGAACANTCCATGCTCATGGETAGGAA
eulysGlulleLysGluAspTharLysLysTrpLysAsn---ProCysSerTrpValGlyA

4440

GAATCAATATCGTGAAAATGGCCATACTGCCCAAGGTAATTTACAGATTCAATGCCATCC
rglleAsallevallysMetAlalleLeuProlysVallleTyrArgPheAsnAlal lep

4500
CCATCAAGCTACCAATGACTTTCTTCACAGAATTGGAAAAAACTACTTTAAAGTTCATAT
rolleLysLeuProMetThrPhePheThrGluLeuGluLysThrThrieulysPhelleT

FIG. 4. Nucleotide sequence of cD11 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 ORF?2 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
GGAACCAAAAAAGAGCCCGCAYYGCCAAGTCAA!CCTAAGC(AAAAGAACAAAGCYGGAG
rpAsnGlnLysArgAlaArglleAlaLysSerlleLeuSerG!nLysAsnLysAlaGIyG

4620
GCATCACACTACCTGACTTCAAACTATACTACAAGGC TACAGTAACCAAAACAGCATGET
VylleThrieuProAspPhelysLeuTyrTyrLysAlaThrValThrLysTheAlaTrpT

4680
ACTGETACCAAAACAGAGATATAGATCAATGGAACAGAACAGAGCCCTCAGAAATAACEN
yrTrpTyrGinAsnArgAsplleAsp6inTrpAsnArgThrGluProSer6lul leThr-

4740
NGCTTACCTACAACTATCTGATCTTTGACAAACCTGAGAAAAACAAGCAATGGEEAAAGE
--LeuThrTyrAsnTyrLeul 1ePheAspLysProGluLysAsnLys61nTrpGlyLysA

4800

ATTCCCTATTTAATAAATGGTGCTGG6AAAACTGGCTAGCCATATGTAGAAAGC TGAAAG
spSerLeuPheAsnlysTrpCysTrpGluAsnTrpLeuAlalleCysArglysLleulysy
4860

6
TGGATCCCTTCCTTACACCTTATACAAAAATCAATTCAAGATGGATTAAAGAC TTAAACE
alAspProPheLeuThrProTyrThriyslleAsnSerArgTrplleLysAspleuAsay

492
TTAGACCTAAAACCATAAAAACCCTAGAAGAAAACCTAGGCATTACCATTCAGGACATAG
alArgProLysThrileLysThrieu6luGluAsnleuGlylleThrileGinAsplle6

4980

GCGTGGGCAAGGACTTCATGTCCAAAACACCAAAAGCAATGGCAACAAAAGCCAAAATTE
1yValGlyLysAspPheMetSerLysThrProlysAlaMetAlaThriysAlalys] leA
5040

ACAAATGGGATCTAATTAAACTAAAGAGCTTCTGCACAGCAAAAGAAAC TACCATCAGAG
spLstrpAspLeulchysLeiLysSerPueCsthrllaLyssluThrfhrIchrsv
5100

TGAACAGGCAACCTACAACATGGGAGACAATTTTCACAACCTACTCATCTGACAAAGGGC
a1ASAArgGInProThrTArTrpGluThrilePheThr ThrTyrSerSerAsplys6 iyl
5160

TAATATCCAGAATCTACAATGAACTCAAACAAATTTACAAGAAAAAAACAAACAACCCCA
eulleSerArglleTyrAsnGluLeulysGlinlleTyrLysLysLysThrAsnAsnProl

5220
TCAAAAAGTG6GCEAAGGACATGAACAGACAC TTCTCAAAAGAAGACATTTATGCAGCCA
leLysLysTrpAlaLysAspMetAsnArgHisPheSerLys6luAsplleTyrAlaAlal
5280
AAAAACACATGAAAAAATGCTCATCATCACTEGGCCATCAGAGAAATGCAAATCAAAACCA
ysLysHisMetLysLysCysSerSerSerLeuAlalleArg6luMetGinlleLysThrT

5340
CTATGAGATATCATCTCACACCAGTTAGAATGGCAATCATTAAAAAGTCAGGAAACAACA
hriMetArgTyrHisLeuThrProvalArgMetAlallelleLysLysSer6lyAsnAsnA

5400
GGTGCTGGAGAGGATGTGEAGAAATAGGAACACTTTTACACTGTTG6TGEEACTETAAAC
rgtyslr’ArQGIyCysGlyﬁlul!eGlythLeuLeunistysTrpTruAspcysLySL

5460

TAGTTCAACCATTGTGGAAGTCAGTGTGGCGATTCCTTAGGGATC TAGAACTAGAAATAC
cuVuIGln'roLauerLysServ.ITraArgPheLeuArgAspLeoGluLenGlulIe'

CAYTTGACtCAGCCATCCCATTACTGGGTA!ATACCCAAAYGACTAYAAAICATGC?%E?
ro'hcksp'roll.lleProLeuLcuGIylleYyr'rnAsnAsprrLysSerCysCst
5580

ATAAAGACACATGCACACGTATGTTTATTGCGGCATTATTCACAATAGCAAAGAC TTGGA
yrLysAspThrCysThrArgNetPhelleAlaAlaleuPheThrileAlalysThrTrpA

5640
ACCAACCCAAATGTCCAACAATGATAGACTGGATTAAGAAAATGTGGCACATATACACCA
snGInProLysCysProThrMetlleAspTrplleLysLysMetTrpHislleTyrThrn

5700
TEGAATACTATGCAGCCATAAAAAATGATGAGTTCATGTCCTTTGTAGGGACATGEATGA
et6luTyrTyrAlaAlalleLysAsnAspGluPheMet SerPheValGlyThrTrpMetlL

5760
AATTGGAAACCATCATTCTCAGTAAACTATCGCAAGAACAAAAAACCAAACACCGCATAT
ysteuGluThrilelleLeuSerLysLeuSerGInGluGinLysThriysHisArglleP

5820
TCTCACTCATAGGTE6GAATTGAACAATGAGATCACATGGACACAGGAAGGGGAATATCA
heSerLeulleGlyGlyAsnEnd

5880

CACTCTGGGGACTATGETE6GE AGGGATAGCATTGGGAGATATACC

5940

TAATGCTAGATGACGAGTTAGTGGTGCAGTGCACCAGCATGGCACATETATACATATGTA
7

5975
ACTAACCTGCACAATGTGCACATGTACCCTAAAAC

to have similar 5’ leaders because the cD11 sequence
matches well the 370 bp of cD14 that were determined in this
region and is similar to the genomic L1 consensus.

cD11 has a skewed distribution of CpG dinucleotides.
There are 29 CpGs within the first 400 bp of cD11 and only
57 more in the remaining 5,575 bp. A similar clustering of
CpGs is found near the 5’ end of the mouse L1Md-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 L1
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 L1s contain an insert of 132 bp in
the 5’ leader. The sequence of cD11 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 ¢D11. ORF1 of cD11 consists of 1,122 bases
(residues 769 to 1899). The first ATG in ORF1 is at residue
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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 cDNA s 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
OREF of the mouse L1, L1Md-A2 (36), although L1Md-A2 is
a genomic clone and its ability to be transcribed is unknown.
L1Md-A2 contains two ORFs that are related to those in
cD11. A comparison of the mouse ORF1 (1,100 bp) and cD11
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 NH, terminal (not
shown). A search of the protein data bank (March 1987) for
homology between the cD11 ORF1 and known proteins
revealed nothing of obvious significance.

Inter-ORF, the region between ORF1 and ORF2. ORF1
and ORF2 of cD11 are separated by 39 bp, including the
TAA codon that ends ORF1 (residues 1890 to 1928 in cD11)
(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 (cD5A and cD14A) as well as in the
human genomic L1 consensus (Fig. 5).

ORF?2 of c¢D11. 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 c¢D16, were sequenced through this region,
and both were found to code for tryptophan (TGG) at this
position. Thus, the TAG in cD11 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 L1 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 ORF?2 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 (L1Md-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 ORF?2 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 cD11 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 cD11) 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 cD11) 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 L1s (57). The genomic
L1s 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 cD10B, 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 L1s, subset T, is the main
contributor to the 6.5-kb cytoplasmic RNA in the NTera2D1
cells. Four of the cDNAs, cDSB, c¢cD21B, c¢cD23B, and
c¢D27B, 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 EcoRlI 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-L.1 transcripts that have been isolated from the same
Agtl0 library also lack long poly(A) tails (47; S. Detera-
Wadleigh, personal communication).

DISCUSSION

The initial characterization of the discrete cytoplasmic L1
transcript in NTera2D1 cells with the embryonal carcinoma
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TABLE 1. Properties of ORFs in cD11¢

Property ORF1 ORF2
Length
Nucleotides 1,014 3,825
Codons 338 1,275
Polypeptide (kilodaltons) 39.8 149.5
% Homology to mouse L1
Nucleotides 53 67
Amino acids 35 60
Amino acid composition®
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
1 18 129
L 29 115
K 32 148
M 11 31
F 10 51
P 15 48
N 21 71
T 21 94
w 3 29
Y 6 42
\% 9 32

“ 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 L1 sequences. This finding was consistent with cur-
rent speculations concerning (i) the potential of some L1
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 L1 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 L1 RNA in
the sample used for cDNA synthesis. Only one, cD28, had
non-L1 sequences joined to L1 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, cD11 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 L1 units and not transcripts of

START 1958
ORF 2

cDhl1 CAMCMT%AGACCAWGAGZCTAMMGMCTGCATCAACIA_ACGAGCAAMTEACCAGCTAACATCATAAE

€D14 CA GCCAAAATGTAAAGACCATCAAGACTAGGAAGAAACTGCATCAACTAACGAGCAAAATAACCAGCTAACATCATAATG

€D5  CATGCCAAAATGTAAAGACCATCGAGACTAGGAAGAAACTGCATCAACTAATGAGCAAAATCACCAGCTAACATCATAATG

LIHs CATGCCAAATTGTAAAGACCATCGAGGCTAGGAAGAAACTGCATCAACTAACGAGCAAAATAACCAGCTAACATCATAATG

FIG. 5. Nucleotide sequences of cDSA, cD11A, cD14A, and the human genomic L1 consensus sequence (L1Hs) in the region of the stop
codons separating ORF1 and ORF2. The strand with the ORF is shown. The conserved stop codons are underlined. Other in-frame stop
codons in ¢cD14, cD35, and L1Hs are indicated by broken underlining. Overlines indicate differences between the cDNAs and the genomic

consensus sequence.
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L1 units fortuitously inserted in unrelated transcription
units.

We established the complete nucleotide sequence of one
of the cDNAs, cD11. 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 L1 units.
However, we do not know if both frames are completely
open in any one of the cDNAs. The structure of cD11, 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 L1 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 L1s, including the full-length L1Md-
A2, the two ORFs that are homologous to the human L1
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 L1 cDNAs have a unique arrangement
more like that of Moloney murine leukemia than Rous
sarcoma virus, while the mouse L1 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 L1, 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 ORF?2 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 10° to 4 x 10* unit-length
genomic L1s may be templates for the RNA. Moreover,
these particular L1s (subset T) are more homogeneous in
sequence than are the bulk of genomic L1s, 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 L1s. We term
those units that have the 3'-trailer consensus of randomly
selected genomic L1s are subset U. To account for the
discrete cytoplasmic NTera2D1 RNAs, we propose that
subset T, but not subset U, is associated with specific

UNIT-LENGTH L1 TRANSCRIPTS 1393

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 L1s 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 L1 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 L1s might be
clustered in a tandem array in a transcriptionally active
genomic region much like the tandemly amplified loci con-
taining functional U1 (5), dihydrofolate reductase, or CAD
genes (59). The amplified unit could have included the L1
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 L1
elements themselves, as proposed for the L1-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 L1 element. An inter-
esting version of this second model has been proposed for
mouse L1s (36).

Of the two subsets, A and F (36, 41), of mouse genomic L1
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, L1 units
that possess at least one copy of the 5’-repeat unit, including
reverse transcribed and reintegrated L1 units, will be capa-
ble of transcriptional activity because the repeats contain
promoter elements that direct downstream transcription
initiation. Neither the L1 cDNA clones, described here, nor
primate L1 consensus sequences (Sakaki, personal commu-
nication; Scott et al., personal communications) have such
repeat structures. A rat L1 (L1Rn) 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
L1Md 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 L1 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 L1 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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10 20 30 40 50 60
GE TGAACAATG AGAaCACATG GACACAGGAA GGGGAACATC ACACaCTGGG GcCTGTtGTG GGGTgGGGGG
cD TGAACAATG AGATCACATG GACACAGGAA GGGGAATATC ACACTCTGGG GACTGTNGTG GGGTNGGGGG

3 A G G
4 G A T T G
5 G c
6 (A c G T G
9 A A C A T G
11 AG AG
12 « T c
13 A AT G
14 c G T
16 ( T G c
21 G c
2] —( G c
25 A G c
26 ¢ T T G
27 ( G c

70 80 90 100 111 121 131

GE NGGGGGGAGG GATAGCATTa GGAGATATAC CTAATGCTAaA TGACGAGTTA aTGGETGCAG CaCACCAaCA
cD AGGGGGGAGG GATAGCATTG GGAGATATAC CTAATGCTAGA TGACGAGTTA GTGG-TGCAG CGCACCAGCA

4 A G T- G

6 A A G A A AG A

14 AC T

21 ACA
23 G ACA

27 ACA

141 151 161 171 181 191 201
GE TGGCACATGT ATACATATGT AACaAACCTG CACgtTGTGC ACATGTACCC TAgAACTTAA AGTAT
cD TGGCACATGT ATACATATGT AACTAACCTG CACAATGTGC ACATGTACCC TAAAACTTAA AGTAT
)

N

3 1.2
4 ) 4.4
b) )——— 1.5
6 T 6.2
9 T T C 4.4
10 G A G 11.4
11 ) 1.7
12 G 2.7
13 )————— 1.5
14 T TG 3.4
16 ) 2.2
21 ) 1.7
23 - T G 4.1
25 2.0
26 ) ———— 3.7
27 G 2.3

FIG. 6. cDNA, cDNA consensus (cD), and genomic consensus (GE) sequences in the 3'-trailer region of human L1 units. The top line is
the consensus sequence derived from 20 randomly selected human genomic L1s. 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
c¢DNA consensus; residues for which there is no consensus (N) were ignored in the calculation.
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3'-ENDS OF cDNA CLONES

cDh23 AATAAAAAAAAT T, TAAATAAATAAATAAATAAAAAACAAAAA-E

cD27 AATAAAAAAAAAAAAAAAA-E

cDl4 AATAATAATAAAAAAAAG-E
cb9 AATAATAATAAATAATAAATAAAAATAAAAACAAACAAAAATCTTGAAAAAAAAA-E
cDé AAAAAAAAAAATCTGGCAAATTTT-E

eD12 AATAATAAAAAAAAAGAAAAATGTTCACCAAAAAAAAAA-E

D10 AATAATAATAATAATAAAAGAATGCACTCTGTAGAAAGACCTTATAAATGTAAGATATGTGE
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 L1s
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),, 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 L1s 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 Lls 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 A-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), just
prior to the 3’ copy of the target site duplication. Thus, the
structures of L1s 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 L1 family contains one or more functional
genes. Perhaps the most compelling is the conservation of
the two ORFs in the L1s 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
ORF1 are 53% identical. It is possible that this 80-amino acid
region represents a functional domain of the ORF1 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
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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 L1s encode proteins that can foster L1
amplification and dispersal through the intermediary forma-
tion of L1 RNA and, thus, the possibility that at least some
L1s are transposable elements.

L1 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 of Bombyx 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 ORF?2 of ¢D11, including the regions of reverse
transcriptase homology. The ORF2 homology between all of
these elements and L1 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 L1,
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 L1 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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