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A new class of reverse transcriptase coding sequences was detected in reverse-transcribed RNAs from human
placenta by polymerase chain amplification with primers in highly conserved regions of the pol gene of
mammalian retroviruses and retrotransposons. Using one of these novel sequences as a probe to screen a
human genomic library, we isolated retrovirus-like elements bordered by long terminal repeats and having a
potential leucine tRNA primer-binding site. Determination of the complete nucleotide sequence (6,591 bp) of
one of these elements, termed HERV-L (for human endogenous retrovirus with leucine tRNA primer), revealed
domains of amino acid similarities to retroviral reverse transcriptase and integrase proteins. In addition, a
region with homologies to dUTPase proteins was found unexpectedly downstream from the integrase domain.
Amino acid sequence and phylogenetic analyses indicate that the HERV-L pol gene is related to that of foamy
retroviruses. HERV-L-related sequences are detected in several mammalian species and have expanded in
primate and mouse genomes up to 100 to 200 copies.

Endogenous retroviruses compose 0.1% of the human ge-
nome and can be divided into several distinct families with
copy numbers of 1 to 1,000 per haploid genome (reviewed in
references 26 and 56). Generally, they have been detected in
human DNA by low-stringency screening of genomic libraries
with either DNA or oligonucleotide probes from known ret-
roviruses (4, 5, 11, 15, 25, 27, 31, 34, 40–42). Some endogenous
retroviruses were discovered incidentally in the course of DNA
sequence analyses (29, 30). Retroviral particles were observed
by electron microscopy in human placentas (19) and teratocar-
cinoma cell lines (3, 28), indicating that at least some endog-
enous retroviral sequences are functional. Because of the pos-
sible biological role of such sequences and their potential
pathogenic effect, many attempts were made to generate
probes homologous to expressed endogenous retroviruses and
to identify functional sequences. We describe here a successful
application of a different approach, first described by Shih et al.
(50), to detect novel reverse transcriptase coding sequences in
human nucleic acids. This method is based on polymerase
chain amplifications using universal primers within the best-
conserved amino acid domains (L-P-Q-G and Y-X-D-D boxes)
of reverse transcriptases from retroviruses and retrotrans-
posons (58). Polymerase chain amplification of reverse-tran-
scribed mRNA from human placenta with degenerate primers
(Fig. 1A) shorter and less specific than those previously de-
scribed (2, 12) allowed us to detect still-uncharacterized nu-
cleic acid sequences; this sensitive approach might be used on
substrate RNA isolated from retrovirus-like particles as well.
Total RNA was extracted from full-term human placenta

tissue by the guanidium-CsCl method. Poly(A)1 RNAs were
selected by oligo(dT)-cellulose chromatography and treated
with RNase-free DNase. PCR was performed after reverse
transcription under standard conditions except that high
primer concentrations (4 mM) were used to compensate for the
degeneracy of the primers. PCRs were performed at low an-

nealing temperatures (10 cycles at 378C followed by 30 cycles at
408C) and resulted in many nonspecific products visible on
ethidium bromide-stained acrylamide gels (data not shown).
DNA of the expected size (approximately 130 bp) was eluted
from the gel and reamplified with the same primers. DNA was
extracted with phenol-chloroform, cloned into pBluescript vec-
tor (Stratagene, La Jolla, Calif.), and sequenced by the Sanger
dideoxynucleotide method (47). In spite of the size selection, a
large fraction of the sequences (70%) had no detectable ho-
mology to reverse transcriptases. Among the others, we iden-
tified some sequences which were related to reverse tran-
scriptases from previously identified human endogenous
retroviruses (HERV; these were not analyzed further) and new
sequences with no homology to previously characterized pro-
viral DNA (except the conserved S-P box, 3 amino acids after
the L-P-Q-G box, which critically identifies reverse transcripta-
ses). Amino acid comparison of these elements shows that they
constitute a class of related sequences of 29 amino acids (in-
stead of 30 in the majority of known reverse transcriptases)
characterized by conserved motifs (Fig. 1B).
Cloning and DNA sequence analysis of HERV-L. To char-

acterize further this new class of reverse transcriptase se-
quences and to determine whether they are parts of endoge-
nous proviral genomes, we used the DNA from clone 4 (Fig.
1B) as a probe to screen a human genomic library (a gift from
A. Dejean, Pasteur Institute). From 105 phage plaques
screened under moderately stringent conditions (wash in 0.53
SSC [13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate]–
0.1% sodium dodecyl sulfate for 15 min at 658C), 10 positive
clones were obtained. Cross-hybridization analysis of sub-
cloned restriction fragments and partial sequencing revealed
that the clones contain related sequences (80% homologous)
with different restriction maps, indicating that they correspond
to different genomic locations. Phage clone 10 contained a
complete element with two long terminal repeats (LTRs)
flanking an internal sequence without any repetitive DNA, and
this element was colinear to those from the other clones. DNA
from this representative clone was entirely sequenced (6,591
bp [Fig. 2]) by the dideoxy chain termination method (47). The
presence of an imperfect cellular sequence duplication border-
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ing the 6,591-bp proviral element (TATAT in front of the 59
LTR and CATAT following the 39 LTR) indicates that this
element actually originates from an integration event.
The 59 and 39 LTRs are 82% identical over 462 bp. They

present the usual features of retroviral LTRs: they are bor-
dered by short inverted repeats (TGT. . .ACA), and they con-
tain a CAT box, 43 bp upstream from a presumptive TATA
box, and a polyadenylation signal. The presence of the TATA
box was ascertained by comparing the sequence of another
cloned LTR that actually contained a typical TATAAA signal
(instead of AATAAA in clone 10) at the same position.
Screening of the LTR for known transcription factor binding
sites reveals the presence of one consensus sequence for AP-1
binding (Fig. 2) (33). A pentanucleotide (AATTT, also found
in two other partially sequenced clones) separates the 59 LTR
from a putative tRNA primer-binding site, which was found to
be most closely related to the complementary sequence of the
39 end of a mouse leucine tRNA (CAG anticodon) (45). The
sequence corresponding to this tRNA is indicated under the
primer-binding site in Fig. 2 and discloses a 2-bp mismatch and
a 2-bp deletion (mismatches and/or deletions are also observed
in other retroviruses or retrovirus-like elements). The human
homolog of this tRNA has not yet been sequenced but should
not significantly differ, as it is conserved among mice, rats, and

Drosophila melanogaster (45). A small purine stretch (13 resi-
dues interrupted by two pyrimidines) is present close to the 39
LTR, at the expected position for the polypurine track in all
known retroviruses and retrovirus-like elements. This proviral
sequence will now be tentatively referred to as HERV-L for
HER with leucine tRNA as the most likely primer for reverse
transcription.
Coding regions. Computer-assisted translation of the total

nucleotide sequence into amino acid sequence revealed the
presence of many stop codons, indicating that the cloned
HERV-L element could not code for functional gene products.
With the BLASTX program (University of Wisconsin Genetics
Computer Group), which translates both strands of a query
sequence in all six reading frames and identifies a protein
coding region by data similarity search, no evidence for ho-
mology of HERV-L to any known Gag or Env sequences was
revealed. However, by using the FASTA computer program
(which permits the introduction of gaps in the search for sim-
ilarity), a small region of 35 amino acids (indicated as box A in
Fig. 2) was found to be 37% identical to a peptide from the end
of the human foamy virus (HFV) Gag (32). This peptide in-
cludes a motif rich in glycine and arginine residues possibly
involved in interactions with nucleic acids. As for the foamy
viruses, HERV-L lacks the typical cysteine-and-histidine motif

FIG. 1. Identification of pol-related sequences by polymerase chain amplification of reverse-transcribed RNA from human placenta tissue. (A) The primers derived
from amino acid motifs highly conserved within pol regions of retroviruses are indicated. For clarity, the downstream primers are represented 39 to 59 rather than by
the usual convention. Primer nucleotides in lowercase letters represent noncomplementary 59 extensions that contain recognition sequences for BamHI. I, inosine. (B)
Comparison of nucleotide and predicted amino acid internal sequences of the pol-related PCR-amplified DNA fragments (clone numbers are indicated on the left).
Shaded letters identify conserved amino acid motifs. Sequences in the bottom group are related sequences that do not contain the typical S-P box (positions 4 and 5).
Frameshifts in the amino acid sequence are shown with a slash, and stop codons are indicated with an X.
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normally found in the nucleic acid-binding domains of all other
retroviral Gag proteins.
In contrast to Gag and Env, several open reading frames

with homology to Pol retroviral proteins were detected in
HERV-L by using the BLASTX program. Coding domains
homologous to the reverse transcriptases of various retrovi-
ruses were found, with the following top scores: 40% identity
with HFV for amino acids encoded by nucleotides 2748 to 2954
(frame 3); 62% identity with HFV, simian foamy virus type 1
(24), and simian foamy virus type 3 (43) for those encoded by
nucleotides 3040 to 3111 (frame 1); and 36% identity with
Mason-Pfizer monkey virus (52) for the portion encoded by
nucleotides 3169 to 3291 (frame 1). These coding domains are
maintained on the same reading frame, provided that a one-
guanosine-residue deletion is introduced at position 3000 in
phage 10, as actually observed in the nucleotide sequences of
DNAs from four other phage clones. The predicted sequence
of the protein encoded by the complete open reading frame
encompassing the segments described above is indicated below
the nucleotide sequence in Fig. 2 (box B). The sequence sim-
ilarities between HERV-L amino acids in box B and the cor-
responding regions of other retroviruses range from 20% iden-
tity for human immunodeficiency virus type 1 (55) to 33% for
HFV. The homology with reverse transcriptase extends into
another region 39 to this box (box C, nucleotides 3368 to 3635;
frame 2), disclosing 32% amino acid identity with HFV Pol.
Analysis of the sequence 39 to the reverse transcriptase do-

main identified the F-T-D-G-S motif conserved in previously
described retroviral RNase H (18). Alignment of translated
amino acids in this domain (box D) shows additional residues
shared by a large fraction of retroviral RNase H. The position
of this box is consistent with the presence of the tether region
that separates reverse transcriptase and RNase H domains in
retroviral pol genes.
Two overlapping regions of HERV-L amino acid sequence

(box E, nucleotides 4615 to 5262) were found to be homolo-
gous to integrase proteins, with the following score: 25% iden-
tity with HFV integrase for the first 179 amino acids and 29%
identity with bovine leukemia virus integrase (9) for the last
204 amino acids. This protein sequence includes the highly
conserved D,D(35)E motif shown to be critical for integrative
recombination of retroviruses and transposable elements (23).
The N substitution for the second D residue in HERV-L is
probably the consequence of a single base mutation (GAC to

AAC at position 4927), since the correct D codon was found
in another sequenced genomic clone. N terminal to this
central catalytic domain, two cysteine residues can be
aligned with those found in the potential zinc-binding motif
(H-X3-H-X22–32-C-X2-C) observed in the retroviral inte-
grases (18).
Finally, HERV-L contains a distinct region (nucleotides

5166 to 5587) disclosing 53% DNA homology to a mouse
mammary tumor virus (39) retroviral sequence, which has been
identified as a dUTPase on the basis of both sequence simi-
larity to the dUTPase family (36) and enzymatic activity (1,
22). A dUTPase sequence is found in some retroviruses (in
type B and D oncoviruses and in nonprimate lentiviruses), in
poxviruses, and in herpesviruses (36). Comparison of the
amino acids encoded by HERV-L (from nucleotide 5266 to
5545; box F) with dUTPases of various origins (Fig. 3) using
the CLUSTALV program (16) showed the presence of highly
conserved motifs, strongly suggesting that these sequences are
related. Sequences with maximum homology were from related
retroviruses, thus confirming their evolutionary relationships,
with 66% amino acid identity between caprine arthritis en-
cephalitis virus (46) and visna lentivirus (53) and 56% identity
between mouse mammary tumor virus and Mason-Pfizer mon-
key virus. However, the HERV-L dUTPase is not significantly
closer to the oncovirus family (39 and 32% amino acid identity
with mouse mammary tumor virus and Mason-Pfizer monkey
virus, respectively) than to the nonprimate lentivirus family
(34% amino acid identity with feline immunodeficiency virus
[54]), therefore suggesting that it belongs to a distinct branch.
Most importantly, the genomic location of this sequence, over-
lapping the 39 end of the integrase domain in HERV-L, is
different from that in the other retroviral groups (adjacent to
the protease in type B and D oncoviruses and between RNase
H and integrase in nonprimate lentiviruses). This demon-
strates that dUTPase sequences have been acquired indepen-
dently in these lineages. No definite conclusion concerning the
origin of this gene could be derived from the analysis of the
percentages of amino acid identity among the various dUTPases:
horizontal transfer from an ancestral retrovirus or a DNA virus
as well as capture from the cellular genome are both plausible
(8).
Phylogenetic analysis. To determine the relationship be-

tween HERV-L and other retroelements, the major part of the
protein sequence in box B was tentatively aligned with reverse

FIG. 3. Amino acid homologies between HERV-L dUTPase and various viral or cellular dUTPase sequences. Amino acids are shaded only when identical to those
in HERV-L. The dUTPase domain in HERV-L corresponds to nucleotides 5266 to 5545. Abbreviations and sources for the other sequences are as follows: MPMV,
Mason-Pfizer monkey virus (52); MMTV, mouse mammary tumor virus (39); FIV, feline immunodeficiency virus (54); EIAV, equine infectious anemia virus (21); VISNA,
visna lentivirus (53); CAEV, caprine arthritis encephalitis virus (46); Human, human dUTPase (37); VV, vaccinia virus (14); and HSV-1, herpes simplex virus type 1 (10).

FIG. 2. Nucleotide sequence of HERV-L proviral DNA. LTRs are enclosed by square brackets, and the small inverted termini TGT and ACA are overlined with
arrows. The transcriptional regulatory sequences in the LTRs, i.e., the AP-1 site, the CAAT and TATA boxes, and the polyadenylation signal, are boxed. The
primer-binding site (pbs) and polypurine tract (ppt) are underlined. Sequence complementary to the 39 end of mouse leucine tRNA is shown under the pbs sequence,
with lowercase letters for mismatched nucleotides. The nucleotides underlined with arrows in box B correspond to the primers used for PCR. Translated amino acid
sequences with homologies to those of other retroviruses are given under the nucleotide sequences in the shaded boxes A to F. Frameshifts in the amino acid sequence
are indicated with a slash, and stop codons are indicated with an X.
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FIG. 4. Homologies between reverse transcriptases of HERV-L and other retroviral sequences. Phylogenetic analyses. (A) Alignment of reverse transcriptase amino
acids (shaded only when identical to those in HERV-L); the asterisks at the top of the alignment indicate residues unvariant among retroviruses (57). The HERV-L
reverse transcriptase domain corresponds to nucleotides 2784 to 3333, with two single-amino-acid modifications: L and G in clone 10 were changed into P (position
110) and D (position 146), respectively, as systematically found in five other sequenced clones. (B) Consensus phylogenetic trees were obtained from the alignment
shown in panel A (with additional sequences) by the maximum parsimony method (left), the unweighted-pair-group method (UPGMA; middle), and the neighbor-
joining method (right). The values at the branch points indicate the percentage of bootstrapped trees supporting each node; branch lengths are arbitrary. Abbreviations
and sources of the sequences are as follows: SFV-1, simian foamy virus type 1 (24); MoMLV, Moloney murine leukemia virus (51); FENV, feline endogenous virus
ECE1 (Swiss-Prot database, accession no. P31792); BAEV, baboon endogenous virus (20); MPMV, Mason-Pfizer monkey virus (52); MMTV, mouse mammary tumor
virus (39); RSV, Rous sarcoma virus (48); IAP-M, mouse intracisternal A particle (38); HTLV-1, human T-cell leukemia virus type 1 (49); BLV, bovine leukemia virus
(9); HIV-1, human immunodeficiency virus type 1 (55); VISNA, visna lentivirus (53); CAEV, caprine arthritis encephalitis virus (46); HERV-E, human endogenous
retrovirus E (44); and HERV-K, human endogenous retrovirus K-10 (42). The HFV sequence is from reference 32, and the SFV-3 sequence is from reference 43.
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transcriptase sequences from other endogenous and exoge-
nous retroviruses (Fig. 4A) by using the CLUSTALV program.
As illustrated in Fig. 4A, most of the highly conserved residues
in retroelements (denoted with asterisks) are indeed present in
HERV-L. Interestingly, optimum alignment of the HERV-L
sequence required the introduction of a gap of 7 residues at
positions 96 to 102, exactly (and exclusively) as found for the
foamy viruses. Phylogenetic trees based on this multiple align-
ment (including additional sequences) were constructed by
either ‘‘distance’’ methods, such as the unweighted-pair-group
and neighbor-joining methods, or the maximum parsimony
method, from the PHYLIP package, version 3.52c (13). With
the two latter methods, we used as an outgroup the Ty1 ele-
ment (7) that belongs to the most distantly related group of
retroid elements. The trees had the same overall topology with
parsimony and distance analyses (Fig. 4B) and were consistent
with those already described (35, 58). One difference between
the two types of methods concerns the location of foamy vi-
ruses, which are among the most distantly related elements
within the phylogenetic trees, being placed either as the most
distant member of the type C group (distance methods) or as
a separate branch of retroviruses (parsimony method). An
interesting outcome of the phylogenetic analysis, then, is that
whatever the method, HERV-L is found to be associated with
the foamy viruses, with bootstrap scores strongly supporting
this relationship (Fig. 4B). This suggests that despite important
differences—implicating gain and/or loss of specific genes—
HERV-L and foamy viruses might have a common evolution-
ary history.
Distribution of HERV-L-like sequences among eukaryotic

species. To elucidate the organization of HERV-L elements in
the genomes of different species, EcoRI-digested cellular
DNAs of various origins (zoo-blot; Clontech) were probed
with a 360-bp pol sequence from HERV-L. As illustrated in
Fig. 5, hybridization with HERV-L sequences could be de-
tected under moderately stringent conditions with all mammals
tested (including the rabbit, with longer exposure), whereas no
HERV-L pol-related sequence was detected in the DNA of
chicken cells and Saccharomyces cerevisiae. This result might
suggest that HERV-L-related sequences were present early in
the divergence of the mammalian branch. This is consistent
with the results of PCR analyses using primers (underlined in
Fig. 2, box B) selected from regions of the reverse transcriptase
sequence that are conserved among four genomic phage DNAs
analyzed: salmon, drosophila, and yeast DNAs were negative
by this test, whereas human, simian, murine, and feline DNAs
were positive (data not shown). The hybridization signals
shown in Fig. 5 are much more intense for human, monkey,
and mouse DNAs than for those of other species. This differ-
ence might reflect the degree of sequence divergence or dif-
ferences in copy number. From dot blot hybridizations (data
not shown), the number of gene copies hybridizable with the
pol gene was estimated to be 200 per haploid human genome
(as measured in both human peripheral lymphocytes and HeLa
cells) and at least 100 per haploid mouse genome (3T3 cells
and BALB/c mouse genomic DNA).
The pattern of hybridization of mouse cellular DNA resolves

into a small number of cross-hybridizing bands with a major
2.3-kb EcoRI fragment, which further persists after a high-
stringency wash (0.13 SSC–0.1% sodium dodecyl sulfate, 30
min, 658C). The same pattern was obtained with cellular DNA
of all laboratory mouse strains tested, implying that the
HERV-L-related sequences in these species might represent a
family of relatively homogeneous, well-conserved units (wheth-
er the same applies to wild mice remains to be determined).
The occurrence of a high copy number of HERV-L related

sequences in the mouse lineage—not observed in the rat—
raises interesting questions relative to the history of the
HERV-L elements. Amplification of HERV-L in the mouse
genome should actually have occurred after the ‘‘recent’’ di-
vergence between rats and mice (,35 million years ago [17]),
a result not simply compatible with the occurrence of HERV-L
sequences in primates. An investigation of HERV-L-related
sequences in the murine genome—which already disclosed
.75% homology between human and murine sequences within
a 360-bp PCR-amplified pol domain—is currently being con-
ducted to gain insight into the mechanism of invasion: retro-
transposition of a competent HERV-L element could have
occurred independently in the mouse and primate genomes,
from an ancestral sequence common to both phyla, or alter-
natively amplification could have occurred after an interspecies
horizontal transfer (in that case possibly from primates to
mice). In this respect, the identification of competent HERV-
L-like elements in the murine genome could be easier than the
identification of such elements in the human genome, all the
more so as the former discloses a rather homogeneous pattern
in Southern blot analysis.
In conclusion, we have identified a new family of endoge-

nous retrovirus-like elements—the HERV-L elements—which
are widespread within the human genome (approximately 200
copies). Amino acid sequences and phylogenetic analyses
based on pol genes indicate that HERV-L is most closely
related to the foamy retroviruses. As such, this retrovirus-like
endogenous element might be an ancestor for the present-day
infectious mammalian foamy viruses. Interestingly, and as ob-

FIG. 5. Southern blot analysis of HERV-L pol-related sequences in various
eukaryotic species. A blot containing EcoRI-digested DNA from the indicated
species (5 mg per lane; Clontech) was hybridized under standard conditions (6)
with a 32P-labeled nick-translated 360-bp DNA fragment from phage 10 (ob-
tained by PCR using the primers indicated in Fig. 2). The filter was washed under
moderately stringent conditions (15 min, 0.53 SSC–0.1% sodium dodecyl sul-
fate, 658C), and exposed for 24 h; positions of standard size markers (in kilo-
bases) are indicated. Monkey, rhesus monkey; Rat, Sprague-Dawley rat; Yeast,
S. cerevisiae.
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served for some infectious retroviruses, HERV-L has acquired
a dUTPase gene, but at a distinct location. The presence of
HERV-L-related elements at a high copy number (at least 100
copies) within the murine genome and the analysis of their
evolutionary relationships could finally provide insights into
the interspecies horizontal transfers—or alternatively into the
intraspecies independent amplifications—of retroviruses and
retrovirus-like elements.
Nucleotide sequence accession number. The HERV-L se-

quence has been entered in the EMBL database under the
number X89211.
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