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We had previously identified a new family of human endogenous retrovirus-like elements, the HERV-L
elements (human endogenous retrovirus with leucine tRNA primer), whose pol gene was most closely related
to that of the foamy viruses. HERV-L pol-related sequences were also detected in other mammalian species. The
recent cloning of the mouse Fv1 gene (S. Best, P. Le Tissier, G. Towers, and J. P. Stoye, Nature 382:826-829,
1996) has shed light on another HERV-L domain—identified as a gag gene based on its location within the
provirus—which was found to be 60% identical, at the nucleotide level, to the Fv1 open reading frame (ORF).
We have now cloned the murine homolog of HERV-L which, in contrast to HERV-L, displays fully open reading
frames in the gag and pol genes. Its predicted Gag protein shares 43% identity with the Fvl ORF product.
Moreover, the characteristic major homology region of the capsid subdomain can be identified within both
proteins, thus strongly emphasizing the gag-like origin of Fv1.

We had previously identified a new family of human endog-
enous retrovirus-like elements, the HERV-L elements (for
human endogenous retrovirus with leucine tRNA primer),
which displayed a foamy virus-related pol sequence and had
expanded in the genome of primates to a level of up to 200
copies (4). A zoo blot hybridization under rather stringent
conditions with a pol-specific probe had revealed the presence
of a limited number of related sequences in most mammals,
with a burst in mice—not observed in the rat—of up to 100 to
200 copies. The cloned HERV-L element disclosed many stop
codons, but fragmented open reading frames (ORFs) could be
identified for the pol products, including reverse transcriptase,
RNase H, and integrase, and for a dUTPase. The gag region of
HERYV-L was recently found as the sequence the most closely
related to the newly cloned murine FvI gene (1, 2). The Fvi
(Friend virus susceptibility 1) gene controls the replication of
murine leukemia retroviruses and prevents disease in mice
infected with these viruses (9, 11, 17). This sequence similarity
was highly suggestive of a Gag-like structure for the Fv1 prod-
uct and indicated that the FvI gene could have a retroviral
origin. However, due to many stop codons in the cloned
HERV-L element, the identification of the gag region was
questioned, since it was mostly based on its position in the
genome. In addition, the FvI gene is present only in the mouse
(1), and a likely progenitor for this gene would be rather
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expected to be a murine sequence. These questions can now be
addressed.

Cloning of MuERV-L and comparison with HERV-L. Since
our 1995 publication (4), we have isolated and characterized
the murine homolog of HERV-L, which we have named
MuERV-L. This new murine endogenous retrovirus was
cloned from a BALB/c mouse genomic library, by using as a
probe a 360-bp fragment from the HERV-L pol gene and
following standard procedures as described in reference 4. A
full-length proviral element, as well as phage clones containing
only part of other copies of MuERV-L, was entirely se-
quenced. As illustrated in Fig. 1, a dot matrix comparison of
HERV-L and MuERV-L using the COMPARE program of
the Genetics Computer Group package shows that both se-
quences are closely related. The long terminal repeats (LTRs)
are the most diverged sequences between MuERV-L and
HERV-L, with only 40% similarity, while the coding regions
are 74% identical. At the amino acid level, a striking feature of
the randomly cloned MuERV-L element is that it harbors an
almost full coding potential. A first ORF (from nucleotides [nt]
538 to 2283) most probably corresponds to the gag domain of
the element (see next sections), whereas the second ORF was
interrupted by a frameshift located between nt 4100 and 4250.
However, sequencing of the corresponding domain of other
partial MuERV-L elements revealed an 8-bp deletion in the
cloned full-length copy, the reintroduction of which restores
a complete ORF for pol extending from nt 2284 to 5831
(see ORF map in Fig. 1 and position of the 8-bp insertion).
MuERV-L and HERV-L display a similar overall organiza-
tion, including the characteristic presence of a dUTPase gene
3’ to pol and the absence of an env gene.

Sequence analysis of MuERV-L. The MuERV-L proviral
sequence is 6,471 nt long (Fig. 2). The 5" and 3" LTRs of
MuERV-L are 98% identical over 493 bp. They present the
usual features of retroviral LTRs, i.e., they are bordered by
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FIG. 1. Structure of the MUuERV-L provirus and comparison with HERV-L: dot matrix comparison between MuERV-L and HERV-L and ORF map of the
HERV-L provirus (left) and the MuERV-L provirus (bottom). MHR, major homology region.

short inverted repeats (TGTA. .. TACA) and contain a pre-
sumptive TATA box and a polyadenylation signal. The identi-
fication of a CAAT box is more uncertain. Two degenerated
sequences, 30 and 65 bp upstream of the TATA box, may
represent imperfect CAAT boxes. As for HERV-L, a putative
tRNA primer-binding site complementary to the 3’ end of a

mouse leucine tRNA (16) can be identified downstream of the
5" LTR (5 nt from the inverted terminal repeat of the LTR, as
observed for another human endogenous retrovirus [15]), as
well as a polypurine track close to the 3’ LTR.

Unlike HERV-L, which contains many stop codons, the
predicted MuERV-L translation shows a long ORF (as can be
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FIG. 2. Nucleotide sequence of MuERV-L proviral DNA and predicted translation products (single-letter amino acid code; asterisk, stop codon). LTRs are
enclosed by brackets, and the small inverted termini are overlined with arrows. The two degenerated CAAT boxes are boxed, as are the TATA box and the
polyadenylation signal. The primer-binding site (pbs) and polypurine tract (ppt) are underlined. The 8 nt which are deleted in the cloned full-length element are
indicated in italics (positions 4182 to 4189). The different predicted proteins are indicated. The conserved residues (see text) within the protease, reverse transcriptase,
RNase H, integrase, and dUTPase are boxed, as are the three conserved residues within the MHR motif.

seen on the ORF map in Fig. 1) except for a stop codon at
position 2281 which most probably corresponds to the end of
Gag. In this respect, regions downstream of the gag gene would
be translated by a readthrough suppression mechanism as ob-

A.

served for some retroviruses, such as the mammalian type C
retroviruses (reviewed in reference 3). Coding capacities of the
gag gene were confirmed by the size of a recombinant protein
that we made in bacteria (75 kDa [data not shown]). With the
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WRGPEDVPITRAMRITFVRETRETWKSFVFSLLCIKDITVGSVAAQLHDL IELSLKPTAAGLTSVGSVGVLSLSPWKHOSNS *

Cir e 1l [ I e | [ |

WEGPEDMPFTS STRRKLVRGAPAHLKGFVLSLFLVPDLS IGDASAQLDELNSLGL. . . . VGFRG . NKGQV AALNHRRQGDS SNKGQVAAL NHRRQGDSS Y
YNGORRQKNVY NNIPSNGQHRRGE Y NGMARLDLWYWLTNHGVSRNE IHRKPTAYLFDLYKQKNSQTNERKATLDCGKQPNERKATLDRGKQOSRPVNQF
PDLRQFADPEPLE*

Fvl ORF. The MHR is underlined in each sequence; the vertical bars indicate identity.
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RSV 395 IMYGPS)YSFVD IKAV
AMV 395 ITyGP SFVD IKAV
BIV 290 THMGP PYTD VAAL
BLV 244 IV[IGP SSVE QISL
MPMV 447 VKEGPDIYPFAD ITTA
GALV 344 VL GPARPPSV MEAY
SIV 294 IRMGP PFKD YKAI
HIV-1 284 IRYGPKIPFRD YKTL
HIV-2 288 VHYGPKIXPFQS YKSL
SPAV 399 VRGP PYQD LDTI
Mo~MulVv 357 IT{GP SP SA| KEAY
HTLV-I 266 IIMGL PYHA NIAL
HTLV-II 272 TIL{GLEPYCA NV AL
EIAV 277 INYGAKIYPYPE| LSQI
FIV 280 LHNYGAKADYSS FAQL
FeLV 413 VV[EGK TP AA| KEAY
BaEV 367 ITYGK SP AA| LE GF
MMTV 418 LKWGNEISYET EEAV
VISNA 286 VKIJKN SYED LEAT
CAEV 281 VHKEKT PYED LEAI
IAP 364 VVYGP SFSD TE AA
Fvl 267 NRYKAKIJHARKW IL DNG
MuERV-L 281 F%K?ﬁYVWEL@ZDKG
CONSENSUS --Q---E-~---®0-RO----

FIG. 4. Amino acid alignment of the MHR domain of a series of retroviruses
(5) and a murine retrotransposon (IAP-MIA14) (13) of MuERV-L and Fv1 (1).
The numbers indicate the position of the first residue of the MHR. The invariant
residues Q, E, and R are indicated within black boxes, and the conserved
hydrophobic residues are indicated within shaded boxes; Fvl or MuERV-L
amino acids also found in other MHR are printed in boldface. The consensus
sequence is indicated, with ® for aromatic and O for hydrophobic amino acids.
RSV, Rous sarcoma virus; AMV, avian myeloblastosis virus; BIV, bovine immu-
nodeficiency-like virus; BLV, bovine leukemia virus; MPMV, Mason-Pfizer mon-
key virus; GALYV, gibbon ape leukemia virus; SIV, simian immunodeficiency
virus; HIV-1 and -2, human immunodeficiency virus types 1 and 2; SPAV, sheep
pulmonary adenomatosis virus; Mo-MuLV, Moloney murine leukemia virus;
HTLV-I and -II, human T-cell leukemia viruses types 1 and 2; EIAV, equine
infectious anemia virus; FIV, feline immunodeficiency virus; FeLV, feline leu-
kemia virus; BaEV, baboon endogenous retrovirus; MMTV, mouse mammary
tumor virus; CAEV, caprine arthritis encephalitis virus.

help of the FASTA computer program, the pol origin of the
region from residues 583 to 1764 was ascertained by the rela-
tive positions of specific amino acids shared by all retroviral
enzymatic proteins. These conserved residues and/or motifs
are as follows (Fig. 2): for protease, the L-L-D-T-G-S motif
(18); for reverse transcriptase, D and A-F within the third box
of homology of reverse transcriptases (8, 21), L-P-Q and S-P
within the fourth box, and Y-I-D-D within the fifth box; for
RNase H, the F-T-D-G-S-A motif as well as a T-D-S motif (8);
and in integrase, the imperfect zinc finger H-X,-H-X,, ;,-C-
X,-C (the histidine residues are separated in MuERV-L by
four residues instead of three) and the specific D-Xs5_gy-D-
X55-E motif (8, 10). Therefore, MuERV-L potentially encodes
all the usual retroviral enzymes, with the protease in the same
frame as the pol products. As for HERV-L, MuERV-L en-
codes, at the carboxy-terminal end of the pol gene, a dUTPase-
like protein with the A-G and G-X-I-D conserved residues (4,
12).

Homology between the Gag MuERV-L protein and the Fvi
OREF product. Expectedly, as for HERV-L, the gag MuERV-L
region displays similarities with the Fv/ locus (Fig. 3). The
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domain of similarity coincides with the first three-fourths of
MuERV-L Gag and covers the whole FvI coding sequence
product, where 43% amino acids are identical (Fig. 3B). The
carboxy-terminal region of the gag product of MuERV-L that
could include a nucleocapsid subdomain is not found in the
Fvl ORF product. A matrix subdomain could not be ascer-
tained, as retroelements have only limited homology in this
domain at the primary sequence level. However, in the capsid
(CA) subdomain, the MuERV-L Gag protein and Fvl ORF
product display the characteristic major homology region
(MHR) domain located at the carboxy terminus of the CA
subdomain of most retroviruses (5, 14, 19) with the three
absolutely conserved residues of this motif (Fig. 4), as well as
the exact spacing between them (Q-X;-E-X,-R). These hydro-
philic residues are embedded within hydrophobic residues, as
observed for other Gag proteins (Fig. 4). Finally, further anal-
ysis using a combination of one-dimensional search methods
and hydrophobic cluster analysis (6, 20) and comparison with
the predicted structure of the human immunodeficiency virus
type 1 CA obtained by crystallographic data (14) indicates
structural similarities 5" to the MHR, with a series of predicted
a-helices that should form a coiled-coil structure (1a). These
data strongly emphasize the gag-like origin of FvI (1, 7). No
other homology could be identified out of the FvI coding
region, including between the predicted promoter sequence of
FvI and the MuERV-L LTRs.

HERV-L-related sequences are found at a low copy number
in all mammalian species, except in primates and in the mouse
where they have been amplified up to 100 to 200 copies (4). In
contrast to HERV-L, amplification of MuERV-L sequences
should be recent, as suggested by the uninterrupted ORFs of
the gag and pol genes in the cloned elements and the almost
fully identical LTRs (98%), as well as the conservation among
all the genomic copies of a series of restriction sites that can be
tested by Southern blot analysis (reference 4 and data not
shown). Moreover, a similar burst is absent in the rat genome.
Therefore, MuERV-L should correspond to a recently ampli-
fied functional mouse endogenous element. As proposed by
Best et al. (1), the homology between HERV-L and FvI, the
unusual structure of Fv/ mRNA (a unique large exon), and its
absence in a very closely related species, i.e., in the rat genome,
lead to the hypothesis that the Fvi gene is likely to have
evolved from an endogenous retrovirus. The newly identified
MuERV-L endogenous retrovirus provides a murine retrovi-
rus-like element with an appropriate gag coding sequence for
the generation of this FvI resistance gene. Distribution of the
MuERV-L element among wild mice and functionality of the
cloned copy are under investigation.

Nucleotide sequence accession number. The MuERV-L se-
quence has been entered in the EMBL database under the no.
Y12713.
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