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Analysis of genomic and expression data allows both identification and characterization of novel retrovi-
ruses. We describe a recombinant type C murine retrovirus, similar to the Mus dunni endogenous retrovirus,
with VL30-like long terminal repeats and murine leukemia virus-like coding sequences. This virus is present
in multiple copies in the mouse genome and expressed in a range of mouse tissues.

Data mining genomic databases not only allows the discov-
ery of new genes; it can also lead to the discovery and charac-
terization of novel retroviruses and transposable elements and
will prove invaluable in exploring the role of retroelements in
host genome evolution. Here we combine analysis of both
genomic and expression data to characterize a novel murine
type C retrovirus from DNA sequence databases. This retro-
virus is present in multiple copies in the Mus musculus genome,
representing multiple recent insertions, and is transcribed in a
range of mouse tissues. The virus is recombinant, with murine
leukemia virus (MLV)-like coding sequences and long termi-
nal repeats (LTRs) derived from a VL30 retroelement. Anal-
ysis of expression data suggests that a 70-bp repeat region of
the LTR containing the polyadenylation signal can be tan-
demly duplicated and may have properties that enhance its
cooption into the host genome.

Complete simple type C retroviruses (accession no. AF151794
and X94150) were used as query sequences for searching the
nonredundant high-throughput (HTG), genome survey se-
quences (GSS), and nucleic acid databases supplied by the
Australian National Genomic Information Service (http:/www
.angis.org.au). The databases were searched using BlastN (1).
The results were manually screened for multiple high scoring
pairs (HSP) that spanned more than 2,000 continuous nucle-
otides of the subject sequence. These matches (plus 5,000 bp
upstream and downstream) were run through FRAMES (Wis-
consin Package, version 8.1-UNIX, August 1995) to look for
the open reading frame (ORF) pattern typical of simple ret-
roviruses. For the expression analysis, we used all Mus muscu-
lus expressed sequence tags (ESTs) in GenBank 117. We have
developed a number of Perl scripts to parse the Blast output
and semiautomate the process of filtering and sewing the blast
matches (http://www.bit.uq.edu.au/retrovirus/).

The reference proviral genome sequence is 8,665 nucleo-
tides (112341 to 121005) from an M. musculus PAC clone (12).
Similar sequences (with 3% average difference across coding
sequence) can be found in a number of other clones on several
different chromosomes (2, 4, 6). The provirus has open reading
frames for gag, pro-pol, and env (101 bp of overlapping reading
frames [+1 bp] between pol and env). Upstream of the gag
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ATG start codon, a CTG start codon defines the start of 99 bp
of glycosylated Gag (which has been implicated in pathogenic-
ity in murine leukemia viruses [3]). We defined the LTRs by
imperfect inverted 9-bp repeats (11) and identified the TATA
box, primer-binding sites, polyadenylation and polypurine sig-
nals, and splice sites (see Fig. 2; also see http://www.bit.uq
.edu.au/retrovirus/). The untranslated region downstream of
U5 contains two copies of a 35-bp repeat (which is present in
up to 10 copies in VL30-like LTRs). This virus, here referred
to as M. musculus retrovirus (MmERYV), is most closely related
to Mus dunni endogenous retrovirus (MDEV) but is clearly a
distinct variant, differing at 10% of sites in the protein-coding
sequences (Fig. 1).

EST data for mice demonstrate that MmERYV is transcribed
in a range of mouse tissues, including heart, skin, and T cells
(with complete EST hits for all genes and LTRs, including
ESTs that overlap gene boundaries). The presence of
MmERYV in a variety of mouse tissues, presumably from a
number of different laboratory stocks of M. musculus, may
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FIG. 1. Maximum-likelihood phylogeny of an alignment of con-

served regions of coding sequences from available whole genome
sequences of mammalian type C leukemia retroviruses. Porcine en-
dogenous retrovirus (PERV, accession AF038600), M. dunni endoge-
nous retrovirus MDEV (AF053745), koala endogenous retrovirus (7)
(KoRV, AF151794), Gibbon ape leukemia virus (GALV, M26927),
gibbon ape leukemia virus strain X (GALVX, GLU60065), feline leu-
kemia virus (FELV, M18247 and M19392), murine leukemia virus
(MLV, MLU13766), Friend murine leukemia virus (FMLV, M93134
and M81185), rat leukemia virus (RLV, MLVGAG), Moloney murine
leukemia virus (MMLV, REMLM). Sequences were aligned by eye;
positions too variable to be confidently aligned were excluded from
the analysis, leaving a final alignment of 4,779 bp. We assumed an
HKY+I" model, with transition-transversion ratio (ti/tv), (ti/tv) base
composition, and gamma shape parameter (o) estimated from the
data) (ti/tv = 3.1, a = 0.4). Scale in substitutions per site.

01



3054

61
121
181

241

301

3

o

1

421

481

541

601

661

721

781

841

901

961

1021

1081

1141

1201

1261

1321

1381

1441

1501

1561

1621

1681

NOTES

|U3—>
TGAAGAATAAAAGTTACTGAACTCTTCCTCACCCCAGAACTCGTTCCCAGAACACTCCTG

AACTCTTCACCCTAGAATGCATTCCTGAACTCCTCACCCTAGAGTTCGAACCCTCCCAAC
TAAAGACTGTTCCAAGAACATTTTTGAGATAAGGGCCTCCTGGAACAACCTCAGAATGAA
CCGGGTACATTGCCAAATAATAGGACATGACCCCTTAGTTACGTAGAATCCCTTGGCAGA
ACCCCTTGTCCCTTGGCAGAACCCCTTAGTTATGTAAACTTGTACTTTCCCTACCCCGCT

promoter «U3|R—>
CTCCCCCCTTGAGTTTTCCITATATAAIGCCTGTGAAAAATTTGGCTGGTCGTCGATTCTCC

pol motif

TCTACACCACTAGGTGTATGAGTTTCGACCCCAGAGCTCT! 'CTATGTGCTTTCATGCT
inverse palindrome

polyA signal  «R|U5— |
GCTGCTTTATTAANTC TTGCCTTCAACATTTTGAGTTCGGTCTCAGTGTCTTCTTGGGTC

«U5 |primer binding

CGCGGCTGTCCCGAGGCTTGAGTGAGGGTCTCCCTTCGGGGGTCTITICATTTGGGGGCTC

site splice donor site

[GTCCGGGATCAGTGCGACCACCCAGAGACCCTAGACCCACTTTARGGTAAGATTCTTTGA
CCTGTCTTGGTTTGGTGTCTCTGTTCTGTTTCTAAGTTTGGTGCGATCGCAGTTTCGGTT
TTGCGEACGCTCAGTGAGACTGCGCTCCGAGAGGGAACGCGGEGTGGATAAGGATAGACG
TGTCCAGGTGTCCGCCGTCCGTTCGCCCTGGGAGACGTCCCAGGAGGAACAGGGGAGGAC

[ Rptl
CAGGGACGCCTGGTGGACCCCTTTGGAGGCCAAGAGACCATCTGGGGTTGCGAGATCGTG

Rpt2 1
GGTTCGAGTCCCACCTCGTGCCTTGTTGCGAGATCGTGGGTTCGAGTCCCACCTCGTGCA

|glyco-gag—
GAGGGTCTCAATCGGCCGGCCTTAGAAAAGCCATCTGATTCTCTGAGTTGCTTGTGGTCG
LeuSerCysLeuTrpSer

ACGCGAAGTCGCCGCCGCTTTTGGTTTCTTTTTTGTCTTAGTCTCGTGTTCGCTCTTGTT
ThrArgSerArgArgArgPheTrpPheLeuPheCysLeuSerLeuValPheAlalLeuVal

gag—
GTGTCTACTATTGTTCTGGAAATGGGACAATCTGTGTCCACTCCCCTTTCTCTAACTCTG
ValSerThrIleValLeuGluMetGlyGlnSerValSerThrProLeuSerLeuThrLeu

GAGCATTGGAAGGAGGTGCGGGTCAGAGCTCACAACCAGTCGGTGGAGGTCAGAAAGGGT
GluHisTrpLysGluValArgValArgAlaHisAsnGlnServalGluValArgLysGly

CCGTGGCAGACCTTTTGCACCTCCGAGTGGCCGACGTTTGGAGTGGGCTGGCCACCAGAA
ProTrpGlnThrPheCysThrSerGluTrpProThrPheGlyValGlyTrpProProGlu

GGTGCTTTTGACTTATCACTAATCGCCGCCGTCAGGCGAATTGTTTTTCAGGAGGAAGGG
GlyAlaPheAspLeuSerLeulleAlaAlaValArgArgIleValPheGInGluGluGly

GGTCACCCTGATCAGATCCCCTACATTGTGACCTGGCAGAATCTCGTCCAATTCCCACCT
GlyHisProAspGlnIleProTyrIleValThrTrpGlnAsnLeuValGlnPheProPro

CCGTGGGTCAAGCCTTGGACCCCAAATTCTTCGAAACTGACGGTCGCGGTTGCCCAGTCT
ProTrpValLysProTrpThrProAsnSerSerLysLeuThrValAlavalAlaGlnSer

GATGCAGCCGGAAAGTCCAGCCCGTCAGCTCCCCCCAAGATTTATCCAGAGATTGACGAC
AspAlaAlaGlyLysSerSerProSerAlaProProLysIleTyrProGlulleAspAsp

CTCCTCTGGATGGACTCCCAACCTCCCCCTTATCCCCTGCCCCAGCAGCCACCTGCAGCC
LeuLeuTrpMetAspSerGlnProProProTyrProLeuProGlnGlnProProAlaAla

GCCCCACCACAGGGACCAATAGCGAGAGGGGCTCAGGGACCGGCGGGGEGGACTCGGAGC
AlaProProGlnGlyProIleAlaArgGlyAlaGlnGlyProAlaGlyGlyThrArgSer

CGACGAGGCCGAAGCCCCGGGGAGGAAGGGGGGCCGGATTCAACAGTTGCCTTACCACTT
ArgArgGlyArgSerProGlyGluGluGlyGlyProAspSerThrValAlaLeuProLeu

AGAGCACATGTGGGAGGGCCAGCGCCAGGACCCAATGATCTCATTCCTTTACAGTACTGG
ArgAlaHisValGlyGlyProAlaProGlyProAsnAsplLeulleProLeuGlnTyrTrp

TCTTTTTCCTCTTCTGATTTATATAATTGGAAAACTAACCACCCTCCTTTCTCAGAGAAC
SerPheSerSerSerAspLeuTyrAsnTrpLysThrAsnHisProProPheSerGluaAsn
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CCCTCTGGGCTTACTGGGCTCCTTGAGTCACTTATGTTCTCCCATCAACCCACTTGGGAT
ProSerGlyLeuThrGlyLeuLeuGluSerLeuMetPheSerHisGlnProThrTrpAsp

GATTGTCAGCAGCTTTTGCAGGTTCTTTTTACCACAGAGGARAGAGAAAGAATCCTGATG
AspCysGlnGlnLeuleuGlnValLeuPheThrThrGluGluArgGluArgIleleuMet

GAGGCGAGARAAAATGTTCTGGGAGAGGACGGCACACCCACTGCCCTCCCTAACCTCGTG
GluAlaArgLysAsnValLeuGlyGluAspGlyThrProThrAlalLeuProAsnLeuvVal

GACGAGGCTTTCCCCTTGAACCGCCCCAACTGGGACTACAACACCGCAGAAGGTAGGGGA
AspGluAlaPheProLeuAsnArgProAsnTrpAspTyrAsnThralaGluGlyArgGly

CGCCTCCTTGTCTATCGCCAGACTCTAGTGGCAGGTCTCAGAGGAGCCGCTAGACGGLCCC
ArgLeuLeuValTyrArgGlnThrLeuvValaAlaGlyLeuArgGlyAlaAlaArgArgPro

ACCAATTTGGCTAAGGTAAGAGAGGTCTTGCAGGGGCAGACTGAACCACCCTCAGTCTTC
ThrAsnLeuAlalysValArgGluValLeuGlnGlyGlnThrGluProProSerValPhe

CTTGAGCGTCTAATGGAGGCATATAGGAGGTACACCCCTTTTGACCCCTTGTCAGAGGGG
LeuGluArgLeuMetGluAlaTyrArgArgTyrThrProPheAspProLeuSerGluGly

CAGAGAGCCGCTGTAGCCATGGCCTTCATTGGTCAGTCCGTTCCCGACATTAAGAAAAAG
GlnArgAlaAlaValAlaMetAlaPheIleGlyGlnSerValProAspIleLysLysLys

CTGCAAAGGCTGGAGGGGCTCCAAGATCATACGCTCCAAGATTTAGTAAAAGAAGCAGAG
LeuGlnArgLeuGluGlyLeuGlnAspHisThrLeuGlnAspLeuValLysGluAlaGlu

AAAGTCTATCATAAGAGGGAAACAGAAGAAGAGAGGCAGGAGAGAGAGAAGAARAG. TG
LysValTyrHisLysArgGluThrGluGluGluArgGlnGluArgGluLysLysGluMet

GAGGAGAGGGAAAATAGACGGGGATTTCAGGAGAGAAATTTGAGTAAAATTTTGGCCGCA
GluGluArgGluAsnArgArgGlyPheGlnGluArgAsnLeuSerLysIleLeuAlaAla

GTTGTAAATGATAGACAGTCAGGAAAAGGTAAAATAGGGCTCCTGGGCAACAGGGCAGTG
ValValAsnAspArgGlnSerGlyLysGlyLysIleGlyLeuLeuGlyAsnArgAlaval

AAACCGCCAGGTGGCAGAAAGATACCACTGGAARAAAGACCAATGCACCTATTGCAAAGAG
LysProProGlyGlyArgLysIleProLeuGluLysAspGlnCysThrTyrCysLysGlu

AAAGGACACTGGGCTAGAGATTGCCCTAAAAAACGGGAGCGATCCAAGGTCCTGACCCTA
LysGlyHisTrpAlaArgAspCysProLysLysArgGluArgSerLysValLeuThrLeu

«gag | pro-pel—
GAAGATGATTAGGGAAGTCGGGGCTCAGACCCCCTCCCTGAGCCTAGGGTAACTTTGTCC
GluAspAspEndGlySerArgGlySerAspProLeuProGluProArgvalThrLeuSer

GTGGAGGGGACTCCCGTCAACTTCCTGATAGACACCGGAGCAGAGCATTCAGTACTCACT
ValGluGlyThrProvValAsnPheLeuIleAspThrGlyAlaGluHisSerValLeuThr

AGCCCCCTAGGCAAGCTAGGCTCTAAAAAGACCATGGTGATTGGAGCCACTGGTAGTAAR
SerProLeuGlyLysLeuGlySerLysLysThrMetValIlleGlyAlaThrGlySerLys

TTTTACCCCTGGACGACCGAACGAGCCCTACAGATAAACAAGAACATAGTGACTCATTCC
PheTyrProTrpThrThrGluadrgAlaLeuGlnIleAsnLysAsnIleValThrHisSer

TTCCTGGTGATACCTGAGTGTCCTGCTCCCCTCTTGGGGCGCGATCTGCTAACCAAACTA
PheLeuValIleProGluCysProAlaProLeuLeuGlyArgAspLeuleuThrLysLeu

AAGGCTCAAGTCCAATTTACTTCAGAAGGCCCACAAGTAAGCTGGGGAAAAGCCCCCGTT
LysAlaGlnvValGlnPheThrSerGluGlyProGlnValSerTrpGlyLysAlaProval

GCCTGCCTTGTCCTCAACACAGAGGAAGAATATCGGTTGCATGAAGAGCAACCCAAAAAT
AlaCysLeuValLeuAsnThrGluGluGluTyrArgLeuHisGluGluGlnProLysAsn

GCAGTCTCTTCAGGCTGGCTAACTGCGTTCCCCAATGTCTGGGCAGAACAAGCAGGAATG
AlavalSerSerGlyTrpLeuThrAlaPheProAsnValTrpAlaGluGlnAlaGlyMet

GGGTTGGCTAAACAAGTGCCTCCGGTTGTGGTAGAACTTAAAGCTGATGCCACCCCCATC
GlyLeuAlaLysGlnValProProvalValvalGluLeulysAlaAspAlaThrProlle

TCGGTAAGACAATACCCCATGAGCAAGGAAGCTAGGGAGGGCATCCGGCCTCATATCCAG
SerValArgGlnTyrProMetSerLysGluAlaArgGluGlyIleArgProHisIleGln

AGGTTGCTAGACCAAGGAGTTTTAGTGGCCTGTCAGTCCCCCTGGAATACACCACTTCTG
ArgLeuLeuAspGlnGlyVallLeuValAlaCysGlnSerProTrpAsnThrProLeuleu

CCGGTTCGAAAACCAGGGACCAATGACTATCGCCCAGTGCAAGACCTCCGGGAAGTTAAC
ProValArgLysProGlyThrAsnAspTyrArgProvValGlnAspLeuArgGluvalAsn

ARAAGGGTCCTGGACATTCACCCCACAGTCCCGAACCCATACAATTTATTAAGCTCTCTC
LysArgVallLeuAspIleHisProThrValProAsnProTyrAsnLeuleuSerSerLeu

CCACCTGAGAGAACATGGTATACAGTCTTGGACTTAAAAGATGCCTTCTTTTGCCTGCGC
ProProGluArgThrTrpTyrThrVallLeuAspLeulysAspAlaPhePheCysLeuArg

FIG. 2. Nucleotide sequence of the proviral genome of a novel type C retrovirus (MmERYV) from positions 112341 to 121005 of M. musculus
PAC clone 657p21 (accession no. AC005743) has a total length of 8,665 bp. The 9-bp imperfect inverted repeats that define the LTRs have been
underlined. Note that 2 bp are deleted from the terminal copies of these repeats upon insertion. The CAT box is not clearly identifiable (13),
though a candidate sequence appears upstream of the TATA box on the opposite strand. The repeat region spanning U3 and R is marked by bold
horizontal bars, and the following features are identified: flanking 9-bp repeats (double underline), pol-like motif (bold type), 12-bp inverse
palindrome (boxed), and polyadenylation signal (boxed). This region containts a putative ORF (213 bp, positions 378 to 590: MSFDPRA
LVYVLSCCCFIKSCLOHFEFGLSVFLGPRLSRGLSEGLPSGVFHLGARPGSVRPPRDPRPTLR). Upstream of the gag ATG start codon, a
CTG start codon defines the start of 99 bp of glycosylated gag. The untranslated region between U5 and the start of glycosylated gag contains a
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ble number (two to six) of perfect 35-bp repeats.
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TTGCACCCTAAGAGTCAGCTCCTGTTTGCCTTTGAATGGAGGGACCCAGAGGGCGGACAG
LeuHisProLysSerGlnLeuLeuPheAlaPheGluTrpArgAspProGluGlyGlyGln

ACTGGTCAACTAACCTGGACTAGGCTACCACAGGGGTTCAAAAATTCCCCCACCCTGTTT
ThrGlyGlnLeuThrTrpThrArgLeuProGlnGlyPheLysAsnSerProThrLeuPhe

GACGAGGCCCTCCATCGGGATCTCGCGCCTTTTCGTGCTCGAAACCCTCAGCTTACCCTA
AspGluAlaLeuHisArgAspLeuAlaProPheArgAlaArgAsnProGlnLeuThrLeu

CTACAGTATGTGGATGATCTCTTGGTCGCGGCGGCCTCGAAGGAGCTGTGTCACCAGGGA
LeuGlnTyrValAspAspLeulLeuvalAlaAlaAlaSerLysGluLeuCysHisGlnGly

ACTGAGAGGCTCCTTGCAGAACTGAGTGACTTGGGGTATCGAGTTTCGGCTAAGAAGGCA
ThrGluargLeuLeuAlaGluLeuSerAspLeuGlyTyrargValSerAlalysLysAla

CAAATTTGTCAAACTGAGGTAACCTACCTGGGGTATACCCTCCGAGGGGGCAAAAGATGG
GlnIleCysGlnThrGluvalThrTyrLeuGlyTyrThrLeuArgGlyGlyLysArgTrp

CTCACAGAGGCCCGGAAGAAGACTGTTATGATGATCCCATCGCCAACTACCCCACGGCAG
LeuThrGluAlaArgLysLysThrValMetMetIleProSerProThrThrProArgGln

GTACGTGAGTTTCTGGGGACTGCTGGCTTTTGTAGACTCTGGATTCCAGGCTTTGCAACC
ValArgGluPheLeuGlyThrAlaGlyPheCysArgLeuTrpIleProGlyPheAlaThr

CTAGCAGCACCTCTATATCCTTTGACTAAGGAAGGGTTTCCTTTTGAGTGGAAAGAAGAG
LeuAlaAlaProLeuTyrProLeuThrLysGluGlyPheProPheGluTrpLysGluGlu

CACCAAAGAGCTTTTGAGGCTATCAAGTCGTCTCTAATGACTGCCCCCGCGCTAGCATTA
HisGlnArgAlaPheGluAlaIleLysSerSerLeuMetThralaProAlalLeuAlaLeu

CCAGACTTGACTAAGCCTTTCGTCCTATATGTGGACGAGAGAGCGGGTGTAGCCAGGGGA
ProAspLeuThrLysProPhevValLeuTyrValAspGluArgAlaGlyValalaArgGly

GTGTTGACACAAGCACTGGGACCCTGGAAGAGACCTGTAGCCTATTTGTCAAAGAAATTA
ValLeuThrGlnAlaLeuGlyProTrpLysArgProvalAlaTyrLeuSerLysLysLeu

GATCCCGTTGCTAGTGGATGGCCCACATGCCTGAAAGCTATTGCGGCAATGGCCCTGCTG
AspProvalAlaSerGlyTrpProThrCysLeulysAlaIleAlaAlaMetAlalLeuleu

ATCAAAGATGCTGACAAATTGACAATGGGACAACAGGTGACTGTTGTGGCCCCTCATGCC
IleLysAspAlaAspLysLeuThrMetGlyGlnGlnValThrvalvalAlaProHisAla

TTGGAAAGTATCGI'GCGGCAGCCACCTGACAGATGGATGACAAATGCCCGAATGACACAC
LeuGluSerIleValArgGlnProProAspArgTrpMetThrAsnAlaArgMetThrHis

TATCAGAGCTTGCTGCTAAATGAGCCTGTAACCTTTGCGCCCCCTGCCATCCTCAACCCA
TyrGlnSerLeuLeulLeuAsnGluArgValThrPheAlaProProAlallelLeuAsnPro

GCTACCCTTCTCCCTCTAACAAATGATTCCGTCCCAGTACATCAATGTACAGACATCCTC
AlaThrLeuLeuProLeuThrAsnAspSerValProValHisGlnCysThrAsplleLeu

GCTGAAGAGACTGGGACCAGAAGAGACCTGACTGACCAACCCTGGCCTGGAGCTCCCAGT
AlaGluGluThrGlyThrArgArgAspLeuThrAspGlnProTrpProGlyAlaProSer

TGGTATACGGATGGCACCAGTTTCCTGATAGAGGGGAAGCGARAGGCTGGAGCTGCGGTG
TrpTyrThraspGlySerSerPheLeulleGluGlyLysArgLysAlaGlyAlaAlaval

GTGGACGGGAARAAGGTAATTTGGGCAAGCGCTTTGCCTGAAGGAACGTCGGCACAAAAG
ValaAspGlyLysLysValIleTrpAlaSerAlaLeuProGluGlyThrSerAlaGlnLys

GCTGAACTTATAGCACTTATACAAGCCCTCCGAGAGGCTAAAGGTAAGATCGTTAACATC
AlaGluLeulleAlaleulleGlnAlaLeuArgGluAlaLysGlyLysIleValAsnIle

TACACTGACAGCCGCTATGCTTTTGCTACCGCACACATCCATGGGGCCATCTACAGGCAG
TyrThrAspSerArgTyrAlaPheAlaThrAlaHisIleHisGlyAlalleTyrArgGln

CGAGGGCTATTGACTTCGGCTGGTAAAGACATTAAAAACAAAGAAGAAATTCTGGCCCTG
ArgGlyLeuLeuThrSerAlaGlyLysAspIleLysAsnLysGluGluIleLeuAlaLeu

TTGGAAGCCATACATGCACCTAAGARAGGTAGCCATCATCCACTGCCCCGGCCACCAAAGA
LeuGluAlaIlleHisAlaProLysLysValAlalleIleHisCysProGlyHisGlnArg

GGAGAAGACTTGGTGGCCAAGGGCAACCGAATGGCAGACTCAGTGGCAAAACAAGTTGCT
GlyGluAspLeuvalAlalLysGlyAsnArgMetAlaAspServValAlaLysGlnvValAla

CAAGGGGCCATGATCTTAACTGAAAAAGGTGATCCACCCAAAAGCCCTGAGGATGAGAGG
GlnGlyAalaMetIleLeuThrGluLysGlyAspProProlLysSerProGluAspGluArg

TATAACATAAAAGAGCTATTGTGGACCAGTGATCCCCTCCCATACTTTTTTGAAGGGAAR
TyrAsnIleLysGluLeuLeuTrpThrSerAspProLeuProTyrPhePheGluGlyLys

ATAGAATTGACTCCCGAAGAAGGAATAAAATTTGTGAAAGGACTACACCAATTCACCCAC
IleGluLeuThrProGluGluGlyIleLysPheValLysGlyLeuHisGlnPheThrHis

CTGGGAGTTGAAAAAATGATGAGACTAATTAAGAATTCCCGATACCAAGTCCCCAACCTG
LeuGlyValGluLysMetMetArgLeulleLysAsnSerArgTyrGlnValProAsnLeu

AAGTCAGTGGCTCAAAAGATTATAGACTCCTGCAAACCATGTGCATTCACTAATGCGACT
LysSerValAlaGlnLysIleIleAspSerCysLysProCysAlaPheThrAsnAlaThr

AAAGCCTACAAAGAACCTGGAAAGAGACAACGGGGAGACCGTCCTGGAGTGTATTGGGAG
LysAlaTyrLysGluProGlyLysArgGlnArgGlyAspArgProGlyValTyrTrpGlu

GTAGATTTTACTGAAGTTAAACCTGGAATGTATGGTAACAAGTATCTGTTAGTATTTGTA
valAspPheThrGluValLysProGlyMetTyrGlyAsnLysTyrLeuLeuValPheval
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GACACTTTTTCAGGATGGGTTGAGGCGTTTCCCACTAAAACTGAGACTGCCCAGATTGTG
AspThrPheSerGlyTrpValGluAlaPheProThrLysThrGluThrAlaGlnIleval

GCCAAGAAGATCCTTGAAGAAATCCTGCCAAGATTTGGAATCCCTAAGGTAATCGGGTCC
AlaLysLysIleLeuGluGluIleLeuProArgPheGlyIleProLysValIleGlySer

GATAATGGACCAGCCTTTGTTGCCCAGGTAAGTCAGGGCTTGGCCACTCAGTTGGGCATC
AspAsnGlyProAlaPhevValAlaGlnValSerGlnGlyLeuAlaThrGinLeuGlyIle

GATTGGARATTACACTGTGCTTACCGCCCTCAAAGCTCAGGACAGGTAGAGAGGATGAAT
AspTrpLysLeuHisCysAlaTyrArgProGlnSerSerGlyGlnvalGluArgMetAsn

AGGACCTTAAAAGAGACCTTGACTAAATTAGCCATTGAGACCGGCGGGAAAGACTGGGTG
ArgThrLeuLysGluThrLeuThrLysLeuAlaIleGluThrGlyGlyLysAspTrpval

GCTCTCCTTCCTCTTGCGCTCTTCCGAGCCCGAAACACCCCTGGACGTTTCGGGCTCACT
AlaLeuLeuProLeuAlaLeuPheArgAlaArgAsnThrProGlyArgPheGlyLeuThr

CCTTTTGAAGTTCTGTATGGAGGACCTCCCCCTTTAATGGAAGCTGGTGGAACATTGGTT
ProPheGluvalLeuTyrGlyGlyProProProleuMetGluAlaGlyGlyThrLeuval

splice acceptor siteV
TCCGGCTCTGACCCTGTCTTACCCTCCTCTTTGCTTATTCATTTAAAGGCCCTAGAAGTG
SerGlySerAspProvValleuProSerSerLeuleulleHisLeulysAlaLeuGluval

ATTAGGACCCAGATTTGGGACCAACTGAAGGCAGCCTATACCCCAGGGACCACCGCAGTA
IleArgThrGlnIleTrpAspGlnLeulysAlaAlaTyrThrProGlyThrThrAlaval

CCCCACGGGTTCCGAGTTGGAGATAAAGTCTTGGTCAGACGGCATCGAACCGGCAGCCTC
ProHisGlyPheArgValGlyAspLysVallLeuValArgArgHisArgThrGlySerLeu

GAGCCACAGTGGAAGGGACCCTATTTGGTGTTACTGACAACCCCTACTGCGGTAAAAGTC
GluProGlnTrpLysGlyProTyrLeuValLeuLeuThrThrProThrAlavallLysval

| env—
GACGGGATTGCCTCCTGGATCCACGCCTCCCACGTCAAGAGGGCCGCAAGTCAAGATGAA
AspGlyIleAlaSerTrplleHisAlaSerHisVallysArgAlaAlaSerGlnAspGlu
MetLys

GAAAACCATGAAGACAATTGGACAGTGGCAGCCACTGACAATCCTCTTAAGCTTCGTTTG
GluaAsnHisGluAspAsnTrpThrValAlaAlaThrAspAsnProLeulysLeuArgLeu
LysThrMetLysThrIleGlyGlnTrpGlnProLeuThrIleLeuLeuSerPhevValCys

é—poli
TGCCGCAGGCGCCACCCTGAGCCTAGGGAACCATAACCCTCATGCTCCAATTCAACAGTC
CysArgArgArgHisProGluProArgGluProEnd
AlaAlaGlyAlaThrLeuSerLeuGlyAsnHisAsnProHisAlaProIleGlnGlnSer

TTGGGAAGTGCTTAATGAGGAGGGAAACATTGTGTGGGCAACCACTGCAGTCCATCCCCT
TrpGluvalLeuAsnGluGluGlyAsnIleValTrpAlaThrThrAlaValHisProLeu

CTGGACTTGGTGGCCTGATCTCACACCTGACATCTGTAAGTTAGTGGCAGGATCCACCAA
TrpThrTrpPrpProAspLeuThrProAspIleCysLysLeuvValAlaGlySerThrlys

ATGGGACCTCCCTGATCATACCGATCTTAGTAACCCACCCCCTGAAGAGCGGTGTGTCCC
TrpAspLeuProAspHisThrAspLeuSerAsnProProProGluGluArgCysValPro

ARACGGGATAGGGAGCACATATTGGTGTTCGGGGCAGTTTTACCGAGCTAATCTTAGAGC
AsnGlyIleGlySerThrTyrTrpCysSerGlyGlnPheTyrArgAlaAsnleuArgAla

TGCACAATTTTATGTTTGCCCTGGTCAGGGTCAGAGCAAAAGGCTTCAACGAGAATGTGG
AlaGlnPheTyrValCysProGlyGlnGlyGlnSerLysArgLeuGlnArgGluCysGly

AGGGGCATCAGATTACTTTTGTGGTARATGGACATGTGAAACGACAGGGGRAGCTTACTG
GlyAlaSerAspTyrPheCysGlyLysTrpThrCysGluThrThrGlyGluAlaTyrTrp

GAAGCCCTCCTCTGACTGGGACCTAATCACGGTAAAACGAGGAAGTGGCTATGATAGGTC
LysProSerSerAspTrpAspLeulleThrVallLysArgGlySexrGlyTyrAspArgSer

AAACGAAGGAGAAAGAAACCCCTATAAATATCCAGAGAATGGGTGCGCTTTTAAAAACAG
AsnGluGlyGluArgAsnProTyrLysTyrProGluAsnGlyCysAlaPheLysAsnSer

CCCCCCAGGACCATGCAAAGGTAAATACTGCAACCCCCTACTTATAAAGTTCACCGAGAA
ProProGlyProCysLysGlyLysTyrCysAsnProLeuLeulleLysPheThrGluLys

AGGGAAACAACACCGTCTAAGTTGGCTTAAAGGAAATAGGTGGGGTTGGCGAGTATACCT
GlyLysGlnHisArgLeuSerTrpLeuLysGlyAsnArgTrpGlyTrpArgValTyrLeu

TCCACTAAGAGATCCTGGGTTCATTTTCACGATCAGGCTGACAGTGAGAGACCTGGCGGT
ProLeuArgAspProGlyPhellePheThrIleArgLeuThrvValArgAspLeuAlaval

GACACCTGTTGGGCCCAACAAGGTCCTTATAGAACAGGGCCCCCCAGTCGTACCGGCTCC
ThrProvalGlyProAsnLysValLeulleGluGlnGlyProProValValProAlaPro

CCCAAAGGTCCCAGCCGTACCAGCTCCACCAACTCCACAGCCCAACATAGTGGTACCCTC
ProLysValProAlaValProAlaProProThrProGlnProAsnIlevValvalProSer

CCTAGGGACTAATACTCCCCTCATAAAGCCTACCTTGGCTTCCCCACCGCCCCTAGGTAC
LeuGlyThrAsnThrProLeuIleLysProThrLeuAlaSerPrcProProLeuGlyThr

AGAGGACCGTCTGGTCAGTCTACTCCAGGGAGCTTTTTTAGCTTTAAATAGAACTAACCC
GluAspArgLeuvValSerLeuleuGlnGlyAlaPheLeuAlaLeuAsnArgThrAsnPro

TAATATGACTCAATCATGCTGGTTATGCTATACCTCTAGCCCCCCTTATTATGAAGGAAT
AsnMetThrGlnSerCysTrpLeuCysTyrThrSerSerProProTyrTyrGluGlyIle

AGCTCAGATCAGGACTTATAATATTACTTCAGATCATTCTCAATGTCTTTGGGGAGAAAA
AlaGlnIleArgThrTyrAsnIleThrSerAspHisSerGlnCysLeuTrpGlyGluAsn

FIG. 2—Continued.
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7201 CAGAAAGTTGACTCTGGCAGCAGTTTCAGGAAGAGGGCTTTGTTTGGGCCAGGTACCTCA
ArglLysLeuThrLeuAlaAlavalSerGlyArgGlyLeuCysLeuGlyGlnvalProGln

7261 GGATAAAGGGCACCTCTGTAATCAGACCCAGAACATCCAGTCTAGCAAAAGTGGTCAGTA
AspLysGlyHisLeuCysAsnGlnThrGlnAsnIleGlnSerSerLysSerGlyGlnTyr

7321 TCTAGTGCCCCCCTTAGACACAGTATGGGCTTGCAATACCGGTCTCACTCCTTGTGTGTC
LeuValProProLeuAspThrValTrpAlaCysAsnThrGlyLeuThrProCysValSer

7381 TATGTCTGTTTTTAATAGTTCCAAAGATTTCTGCATTTTGGTTCAGCTTATTCCTAGACT
MetSerValPheAsnSerSerLysAspPheCysIlelLeuvalGinLeulleProArgLeu

7441 CCTGTATCATGATGATAGCTCCTTTTTAGACAAATTTGAGCGTTGGGTCCGCTGGAGAAG
LeuTyrHisAspAspSerSerPheLeuAspLysPheGluargTrpValArgTrpArgArg

7501 AGAGCCCGTTACCCTAACTTTGCGCAGTTCTATTAGGATTAGGAGTAGCGGCTGGAGTAGG
GluProValThrLeuThrLeuAlaValLeuLeuGlyLeuGlyValAlaAlaGlyValGly

7561 TACAGGAACCGCTGCCTTAATTAAGACCCCCCAATACTATGAAGAACTACGTGCAGCTAT
ThrGlyThrAlaAlaLeuIleLysThrProGlnTyrTyrGluGluLeuArgAlaAlaMet

7621 GGATGTTGATCTTAGAACTATAGAACAGTCTATAACCAAATTAGAAGAATCTTTAACTTC
AspValAspLeuArgThrIleGluGlnSerIleThrLysLeuGluGluSerLeuThrSer

7681 CCTGTCCGAAGTGGTGCTACAGAAAGGAAGGGGATTAGACTTATTATTCCTTAAAGAAGG
LeuSerGluvValvValLeuGlnLysGlyArgGlyLeuAspLeuLeuPheLeulysGluGly

7741 AGGACTCTGTGCTGCCCTAAAAGAAGAATGTTGTTTTTATGTTGACCATTCAGGAGTAAT
GlyLeuCysAlaAlaLeuLysGluGluCysCysPheTyrValAspHisSerGlyvValIle

7801 CAAAGATTCTATGGCCAAACTTAGAGAACGCCTAGATATACGTAAAAGAGAAAGAGAAAG
LysAspSerMetAlaLysLeuArgGluArgLeuAsplleArglysArgGluArgGluSer

7861 CCAACAAGGATGGTTCGAAAGCTGGTTTAATAAGTCCCCTTGGCTCACCACTCTCCTCTC
GlnGlnGlyTrpPheGluSerTrpPheAsnLysSerProTrpLeuThrThrleuleuSer

J. VIROL.

7921 CACCATAGCAGGACCTTTGATTACTCTTATGCTTTTGCTTACTTTTGGCCCCTGCATCCT
ThrIleAlaGlyProLeulleThrLeuMetLeuLeuLeuThrPheGlyProCysIleLeu

7981 TAATAAGTTAGTAGCTTTTATTAGAGAAAGGATAAATGCAGTACAGGTTATGGTACTAAG
AsnLysLeuValAlaPheIleArgGluArgIleAsnAlaValGlnValMetValLeuArg

é—env]
8041 GCAACAATATCGGGTCCTTCAGGAGGTTGAAAACTCGCTCTAAGATTAGAGCTATTTCCT
GlnGInTyrArgVallLeuGlnGluvalGluAsnSerLeuEnd

PPT |u3—>
8101 ARAAAGAGTGGGGAATGAAGAATAAAAGTTACTGAACTCTTCCTCACCCCAGAACTCGAC

8161 CCCTTCCATCTAGAGAGTGTTCCCAGAACACTCCTGAACTCTTCACCCTAGAATGCATTC
8221 CTGAACTCCTCACCCTAGAGTTCGAACCCTCCCAACTAAAGACTGTTCCAAGAACATTTT
8281 TGAGATAAGGGCCTCCTGGAACAACCTCAGAATARACCGGGTACATTGCCAAATAATAGG
8341 ACATGACCCCTTAGTTACGTAGAATCCCTTGGCAGAACCCCTTGTCCCTTGGCAGAACCC

promoter
8401 CTTAGTTATGTAAACTTGTACTTTCCCTACCCCGCTCTCCCGCCTTGAGTTTTC

«U3 |R—>
8461 EEFCCTGTGAAAAATTTGGCTGGTCGTCGATTCTCCTCTACACCACTAGGTGTATGAGTT

polyA signal
8521 TCGACCCCAGAGCTCTGGTCTATGTGCTTTCATGCTGCTGCTTTRTTARATCTTGCCTTC

«R|US—
8581 AACATTTTGAGTTCGGTCTCAGTGTCTTCTTGGGTCCGCGGCTGTCCCGAGGCTTGAGTG

«Us |
8641 AGGGTCTCCCTTCGGGGGTCTTTCA

FIG. 2—Continued.

indicate that it is endogenous in the mouse genome. However,
the LTRs are perfect copies of each other, and the coding
sequences of the different MmERYV clones are very similar,
implying relatively recent insertions of the MmERYV provirus
into the mouse genome (8), so MmERYV may also exist as an
exogenous virus of M. musculus. The recombinant nature of
MmERYV might confer some of the expression properties of
VL30 elements. These retroelements do not have functional
coding sequences, but strong promoters and enhancers and
promiscuous packaging signals allow them to transpose and to
cross-infect cells (including human cells) by efficiently copack-
aging with MLV-type virions (5, 8, 13). The closest relative of
MmERYV, the M. dunni retrovirus MDEYV, also has VL30-like
LTRs and can be induced to produce virions (13). It therefore
seems possible that MmERY is replication competent.

Expression data reveal that a 70-bp region of the MmERV
LTR which spans the R-US boundary and contains the poly-
adenylation signal (nucleotides 383 to 452; Fig. 2) is conserved
among diverse VL30-like LTRs and is tandemly duplicated in
some LTRs (possibly representing a case of multimerization of
regulatory elements to increase viral replication rates [14] or to
alter expression patterns [8]). This region appears to provide
the polyadenylation signal for a range of ESTs. Furthermore,
the region occurs in EST transcripts that apparently are not
transcribed from proviruses or VL30 elements (for example,
ESTs AA572611, AW261579, and AV343291). These observa-
tions suggest that this repeat region is not only important in the
transcription of viral (and retroelement) sequences but may be
active in the expression of nonviral sequences. This observa-
tion is consistent with previous examples of mammalian genes
adopting polyadenylation signals from retroviruses and trans-
posable elements (8-10).

A closer examination of this repeat region reveals that it has
a number of curious features. It is flanked by 9-bp imperfect
repeats and contains a 12-bp inverted palindrome (CCAGAG

CTCTGG). This palindrome coincides with a sequence that
closely matches a highly conserved motif of pol (Fig. 2). This
sequence lies within a small ORF (213 bp, positions 378 to
590). The significance of this ORF is unknown; it is not well
preserved between isolates, and the potential product has no
significant matches to sequences in the current databases. An
additional upstream copy of the 9-bp flanking repeat (308 to
316) defines a 78-bp region which contains the TATA box; this
region also receives many hits to ESTs that are apparently not
viral in origin. These features, and the observed duplication of
the poly(A) addition region and its apparent cooption in the
mouse genome, may indicate some form of transpositional
mobility, past or present. The possibility that these sequences
represent “cassettes” containing strong viral promoters and
enhancers that may be duplicated or coopted into expression
of both host and viral genes warrants further exploration.
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