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The process by which leukemogenic viruses are generated during the lifetime of certain strains of mice is
poorly understood. We have therefore set out to define all the murine leukemia virus-related endogenous
proviruses of HRS/J mice. We have cloned 34 different proviral fragments and their flanking cellular
sequences. These have been characterized by restriction enzyme analysis, by fingerprinting in vitro-synthesized
RNA, and by DNA sequencing. We conclude that all the proviruses can be assigned into one of four different
classes: the previously characterized ecotropic, xenotropic, and polytropic viruses, as well as a new class we

have termed modified polytropic viruses. The xenotropic, polytropic, and modified polytropic classes are

closely related to one another, but as a group they differ considerably from the ecotropic class. Sequence
analyses show that both polytropic and modified polytropic sequences can contribute env sequences to
recombinant viruses.

All inbred strains of mice contain numerous endogenous
type C retroviruses related to murine leukemia virus (MLV)
whose expression is both strain and tissue specific (reviewed
in references 10, 51, 56). These elements are likely to be of
considerable importance to the biology and genetics of these
mice; however, much confusion remains about the nature
and number of these endogenous proviruses. They are

conveniently classified by the host range conferred by their
em'v, genes. The best-characterized sequences are those en-

coding infectious ecotropic viruses which can replicate on

murine cells only and xenotropic viruses which can replicate
on nonmurine but not on murine cells (12, 13, 18, 20. 25, 43).
Most mice contain only one or no ecotropic viruses (26).
whereas the number of xenotropic viruses is usually some-

what higher (44). The remaining endogenous viruses, present
at between 12 and 30 copies (44), have not yet been system-
atically studied, although a number of isolated proviruses
have been examined in varying detail (28, 30, 52). These
viruses differ from the inducible ecotropic and xenotropic
viruses in a number of respects, including long terminal
repeat (LTR) size (29, 45), tRNA primer-binding site (42),
and the sequences of their eait' genes (28, 32). Studies of
cloned proviruses have not revealed major differences
among the nonecotropic proviruses; however, analyses of
genomic DNA have provided suggestive evidence for the
presence of two classes of nonecotropic, nonxenotropic
viruses differing slightly in the distribution of restriction
endonuclease cleavage sites (15, 55).
Endogenous proviruses have also been implicated in spon-

taneous leukemogenesis. High leukemia strains of mice such
as AKR, C58, and HRS/J express high levels of ecotropic
virus from birth (for a review, see reference 51). Xenotropic
as well as polytropic viruses, which replicate on murine and
nonmurine cells, can be isolated from lymphoid tissues of
older animals (19, 21, 58). Injection of some polytropic
viruses into newborn leukemia-prone animals accelerates
the leukemogenic process, and thus the polytropic viruses
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appear to be the proximal viral inducers of disease. They are

generated by recombination between ecotropic and one or
more endogenous nonecotropic viruses, resulting in substi-
tutions both within the gp7O-coding region of ears and within
the pl5E/U3 region (7, 19, 24, 27, 30, 35). Structural analyses
of a number of recombinant viruses imply a recombination
with the same parental sequence but at different positions
(35). The plE/U3 substitution occurs at a different time and
thus seems to result from recombination with yet another
unique endogenous sequence (47, 58).
Spontaneous leukemogenesis thus appears to be an ex-

tremely complex virological process involving the inheri-
tance of the appropriate proviral parents, their expression,
and a series of recombination events to generate the
leukemogenic virus followed by infection of the target tissue
and induction of the disease. To study this process, we

wished to identify and characterize the participating endog-
enous sequences. In addition, we wanted to clarify the
relationships between the endogenous proviruses them-
selves as well as their relationship with the host genome.
With these aims in mind, we set out to obtain a panel of
endogenous viral clones which is as complete and repre-
sentative as possible and to develop methods for their rapid
analysis. We report here the isolation and characterization of
two different classes of endogenous virus which appear to
contribute different eizv' genes to the recombinant viruses

derived from distinct parental viruses.

NIATERIALS AND NIETHODS

Molecular cloning of endogenous proviruses. High-molecu-
lar-weight DNA extracted from the brains of newborn HRS/J
mice, progeny of a cross between HRS/J hrlhr and HRS/J
lir/+, was digested with Hinldlll ligated to lambda bacteri-
ophages Charon 27 (50) or Charon 35 (33), and plated,
without amplification, on EsCherichia coli LE392 and DHI,
respectively. Plaque lifts (2) were screened by using nick-
translated, gel-purified p247-lb DNA (27). p247-lb contains
an 8.2-kilobase (kb) HiaidllI fragment corresponding to an
intact, permuted copy of mink cell focus-forming virus 247
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TABLE 1. Characteristics of nonecotropic proviruses

Restriction
enzyme sitea 27-bp 150- to

Nonecotropic deletion 190-bp No. In
provirus HindIII BamHI in gp7O insertion S b

at 5.6 at 6.2 at 7.1 kb in LTR genome
kb kb

Xenotropic _d _ _ - 5 1
Modified + + + + 11 0.002

polytropic
Polytropic - + - + 18 0.1

a Relative to the predicted 5' end of the genome.
b Estimated by using class-specific oligonucleotide probes (Stoye and

Coffin, in preparation).
c Ratio of the endpoint titers of the respective virus class in mink cells

relative to the titers in Mus dunii cells (Stoye and Coffin, in preparation).
d -, Absent; +, present.

(MCF-247). Positive clones were purified by two further
rounds of plaque purification. Plate lysate preparations of
DNA (37) were analyzed by digestion with HindlIl and
BamHI. Unique isolates were subcloned into pBR322,
pGEM1, or pGEM2 (Promega Biotec) or one of the
Bluescribe vectors (Stratagene, Inc.) for further restriction
mapping and hybridization analysis using viral fragments of
pMCF-2471b or p623 (34), that were subcloned into M13 and
labeled by DNA polymerase-Klenow fragment extension of
the hybridization probe primer (New England BioLabs, Inc.,
Beverly, Mass.). The subgenomic clones were (i) a 380-base-
pair (bp) PstI-SmaI LTR fragment of p247-lb (0.1 to 0.4 kb),
(ii) a 1.9-kb BamHI gag-pol fragment of p623 (1.8 to 3.7 kb),
(iii) a 0.8-kb ClaI-BamHI pol fragment of p247-lb (5.6 to 6.2
kb), and (iv) a 0.6 kb BamHI-EcoRI env fragment of p247-lb
(6.2 to 6.9 kb). All restriction enzymes came from New
England BioLabs, and digestions were performed as recom-
mended by the manufacturer.
DNA sequencing. The env genes and LTRs of pMX27 and

pMX33 were sequenced by the dideoxy-chain terminator
method (54), using buffer gradient gels (3) and [ot-32P]dATP
(New England Nuclear Corp., Boston, Mass.). Appropriate
restriction fragments were cloned into M13 vectors mp8,
mp9, and mpl9 (40). Nested sets of deletions were prepared
as described by Dale et al. (14) with reagents purchased from
International Biotechnologies, Inc. The sequences of MX11,
-12, -13, and -17 were obtained by sequencing mpl9 clones
containing EcoRI-KpnI fragments from the middle of the env
gene.

In vitro RNA synthesis. Labeled RNA was prepared by
slight modifications of a published procedure (39). pGEM1
or Bluescribe M13 plus DNA (1 [Lg) containing the subcloned
proviral fragments was incubated for 45 min at 37°C in 25 pl
of 40 mM Tris hydrochloride (pH 7.5)-6mM MgCl2-2 mM
spermidine-10 mM dithiothreitol-0.5 mM ATP-0.5 mM
GTP-0.5 mM CTP-0.05 mM UTP containing 5 U of SP6
RNA polymerase or 5 U of T7 RNA polymerase, chosen so
as to synthesize positive-strand RNA-25 U of RNasin-100
,uCi of [o-32P]UTP (800 Ci/mMol). Then, 1 ,ug of DNase I and
MgCl2 to 20 mM was added, and the incubation was contin-
ued for 30 min at room temperature before adding 50 ,ug of
carrier yeast RNA. Newly synthesized RNA was separated
from unincorporated nucleotides on a 1-ml Sephadex G100
column in 100 mM NaCI-10 mM Tris hydrochloride (pH
7.5)-l mM EDTA, ethanol precipitated, and suspended in
100 R1 of 0.5 M NaCI-10 mM Tris hydrochloride (pH 7.5).
Single-stranded M13 DNA clones (10 ,ug) containing the
negative strand of MCF-247 from the ClaI (5.6 kb) to the

SmaI (6.5 kb) and the SmaI fragment (6.6 to 8.7 kb) were
added, and the samples were boiled for 5 min, chilled on ice,
and incubated at 65°C overnight. Samples were then treated
with 10 U of RNase T1, and hybridized, protected RNA was
purified by chromatography on Sephadex G100 as previously
described (11). Samples were then denatured and digested to
completion with RNase T1 and separated on two-dimen-
sional polyacrylamide gels (11, 59). Selected oligonucleo-
tides were further analyzed by digestion with RNase A and
high-voltage ionophoresis on DEAE-chromatography paper,
as described previously (5, 11).

RESULTS

Identification and classification of cloned proviruses. To
isolate proviruses containing intact env genes for structural
and functional characterization, we chose to clone proviral
fragments from mouse DNA digested with HindIII, an
endonuclease which does not cut within the substituted
sequence in most polytropic viruses (8). We have cloned 34
unique Hindlll fragments, designated MX1 to MX34, from
HRS/J DNA containing retroviral and associated cellular
sequences by using the cloned polytropic virus MCF-247 as
a probe (24, 27). A full description of these clones will be
published elsewhere (J. P. Stoye and J. M. Coffin, manu-
script in preparation). In brief, the cloned fragments include
the 5' and 3' halves of two ecotropic viruses endogenous to
HRS/J, Emv-1 and Emv-3 (26); three solo LTRs; six proviral
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FIG. 1. Cloned proviruses and their flanking sequences. Clones
were mapped by digestion with a number of restriction enzymes
(including some not shown on the figure) and by hybridization with
a variety of subgenomic viral probes (see Materials and Methods).
The LTRs of the polytropic and modified polytropic sequences are
150 to 190 bp longer than the xenotropic proviral clones. Symbols:
O, LTRs; _, flanking sequences; -, viral sequences; t/, a
deletion. Restriction enzyme sites shown: E, EcoRI; B, BamHI; H,
HindIll. Numbers at the left are the MX designations of each clone.
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FIG. 2. RNA fingerprints of representative clones. Fingerprints of the enii genes and LTRs of representative clones MCF-247 (A), MX22
(B), MX27 (C), and MX33 (D). Oligonucleotides were numbered according to previously published conventions (19, 35, 53, 59). Only the
oligonucleotides previously characterized in polytropic viruses have been numbered. (E) A schematic representation of the env and LTR
regions of the four viruses, showing the boundaries of gp7O, pl5E. U3. and R and marking the positions of the different oligonucleotides. The
presence of a given oligonucleotide within a virus is indicated by a small filled black box, the absence of a given oligonucleotide and the areas

of divergent sequence are shown in the shaded regions. 114 and 119 are allelic forms of the same oligonucleotide.
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70 80 90 100 110 120 130 140
10 20 30 40 50 60 IleGluGlyProAlapheSerLysProLeuLysAspLysIleAsnProTrpGlyProLeuIleValLeuGlyIle

GGATCCACGCCGCTCACGTAAAAGCGGCGACAACCCCTCCGGCCGGAACAGCATCAGGACCGACATAGAA GGTCCAGCGTTCTCAAAACCCCTTAAAGATAAGATTAACCCGTGGGGCCCCCTAATAGTCCTGGGGATCT
_ -_

10 20 30 40 S0 60 MetGluGlyProAlaPheSerLysProLeuLysAspLyalIleAsnProTrpAlaProLeuIleValLeuGlyIle
70 80 90 100 110 120 130 140

150 * gp7O 170 180 190 200 210 220 230 240 250

150 * gp7O 170 180 190 200 210 220

290 300 310 320 330 340 350 360

230 240 250 260

370 380 390 400

260 270 280

270 280

410 420

MX3 3ENV CTGTACTTTGACTTGTGCGATTTAATAGGGGACGACTGGGATGAGACTGGACTCGGGTGTCGCACTCCCGGGGGAAGAAAAAGGGCAAGAACATTTGACTTCTATGTTTGCCCCGGGCATACTGTACCAACAGGGTGTGG
LeuTyrPhe3ApLeuCysAspLeuIleGlyAspAspTrpA3pGluThrGlyLeuGlyCysArgThrProVGlyGlyArgLyArgAlaArgThrPheApPheTyrValCyaProGlyHi ThrValProThrGlyCys

290 300 310 320 330 340 350 360 370 360 390 400 410 420

430 440 450 460 470 480 490 500 510 520 530 540 550 560
GlyGlyP roArgGluGlyTyrCysGlyLyaTrpGlyCysGluThrThrGlyGlnAl aTyrTrpLyBP roSerSerSerTrpAapLeuI leSerLeuLyaArgGlyAonThrP roArgAanGlnGlyP roCynTyrAspSer

MX2 7ENV AGGGCCGAGAGAGGGCTACTGTGGCAAATGGGGCTGTGAGACCACTGGACAGGCATACTGGAAGCCATCATCATCATGGGACCTAATTTCCCTTAAGCGAGGAAACACCCCTCGGAATCAGGGCCCCTGTTATGATTCC T

HX 3 3ENV AGGCGGGGGTCTTGAAGGCGGAGACCGAAGAATGACACTACTGACAATTCCTAGGAGGAAACACCCCTCGGAATCAGGGCCCCTGTTATGATTCCT
GlyGlyP roArgGluGlyTyrCyaGlyLysTrpGlyCyaGluThrThrGlyGlnAlaTyrTrpLysProSerSerSerTrpAspLeuI leSerLeuLysArgGlyAsnThrProArgAsnGInGlyProCysTyrAspSer

430 440 450 460 470 480 490 500 510 520 530 540 550 560

570 580 590 600 610 620 630 640 650 660 670 680 690 700
SerAlaVa lSerS-rAmp IleLysGlyAlaThrP roGlyGlyArqCysAsnProLeuVal LeuGluPhe-ThrAspAlaGlyLy&LysAlaSerTrpAmpGlyP roLyoValTrpGlyLeuArgLeuTyrArgSe rThrGly

IV CAGCGGTCTCCAGTGACATCAAGGGCGCCACAC CGGGGGGTCGATGCAATCCCCTAGTCCTGGAATTCACTGACGCGGGCAAAAAGGCCAGCTGGGATGGCCCCAAAGTATGGGGACTAAGACTGTACCGATCCACAGGG
.............* ... .... ........********************. ***********..***...****...**********....************

MX2 7EN5

MX33EN .. -- - -----I - -----1- - ---- -- ----- - -------- - - - ----- -- ---------------

SerAlaVa 1lSerSerGly I leGlnGlyAlaThrP roGlyGlyArgCysAsnP roLeuVa lLeuGluPheThrAspAlaGlyLy&LynAl aSerTrpAspGlyP roLyeValTrpGlyLeuArgLeuTyrArgSerThrGly
570 580 590 600 610 620 630 640 650 660 670 680 690 700

710 720 730 740 750 760 770 780 790 800 810 820 830 840

X 3 ENV ACCGACCCGGTGACCCGGTTCTCTTTGACCCGC CAGGTCCTCAATATAGGGCCCCGCATCCCCATTGGGCTAATCCCGTGATCACTGACCAGTTACCCCCCTCCCGACCCGTGCAGATCATGCTCCCCAGGCCTCCTCA
ThrAspP roValThrArgPheSerLeuThrArgGlnValLeuAsnI leGlyProArgI leProIleGlyProAsnP roV lIleThrAspGlnLeuP roP roSerArgProVa lGlnI leMet LeuP roArgProP ro

710 720 730 740 750 760 770 780 790 Boo 810 820 030 840

850 860 870 880 890 900 910 920 930 940 950 960 970 980
GlnProP roP roP roGlyAl aA,laSer Il1eValP roGluThrAl aProP roSerGlnGl1nProGlyThrGlyA&pArgLeuLeuA&nLeuVa lAapGlyAlaTyrGlnAlaLeuAsnLeuThrSerP roAspLy*ThrGln

M4X2 7ENV GCCTCCTCCTCCAGGCGCAGCCTCTATAGTCCCTGAGACTGCCCCACCTTCTCAACAACCTGGGACGGGAGACAGGCTGCTAAACCTGGTAGATGGAGCCTACCAAGCTCTCAACC TCACCAGTCCTGACAAAACCCAAG

MX33ENV GCCTTCCCCTACAGGCGCAGCCTCTATA CAACCTGGGACGGGAGACAGACTGCTGAACCTGGTAGATGGAGCCTACCAAGCACTCAACCTCACCAGTCCTGACAAAACCCAAG
GlnProSerProThrGlyAlaAlaSerIle GlnProGlyThrGlyAspArgLeuLeuAsnLeuValAspGlyAlaTyrGlnAlaLeuAanLeuThrSerProAspLysThrGln

850 660 870 880 890 900 910 920 930 940 950

990 1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100 1110 1120
GluCysTrpLeuCysBLeuValAlaGlyP roP roTyrTyrGluGlyVa lAklaVa lLuGlyThrTyrSerAonHisThrSerAlaProAlaAanCyaSe rVa lAlaSerGlnHisaLyaLeuThrLeuSerGluValThrGly

MX2 7ENV AGTGCTGGTTGTGTCTGGTAGCGGGAC CCCCCTACTACGAAGGGGTTGCCGTCCTAGGTACTTATTCCAACCATACCTCTGCCCCAGCTAACTGCTCCGTGGCCTCCCAACACAAGCTGACCCTGTCCGAAGTGACCGGA

X33E9NVA CCCCTATTACGAAGGGGTTGCCGTCCTAGGTACCTACTCCAACCATACCTCTGCCCCAGCTAACTGCTCCGTGGCCTCCCAACAC0AGCTGACCCTGTCCGAGT
GluCysTrpLeuCysLeuValSerGlyP roProTyrTyrGluGlyValAlaValLeuGlyThrTyrSerAanHis*ThrSerAlaProAlaAanCyaSerVa lAlaSerGlnHli*LysLeuThrLeuSerGluValThrGly

960 970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080 1090

1130 1140 1150 1160 1170 1180 1190 1200 1210 1220 1230 1240 1250 1260
GlnGlyLeuCysVal1GlyAlaValP roLysThrHi1aGln,AlaLeuCysAanThrThrGlnLysThrSerAsnGlySe rTyrTyrLeuAlaAlaP roAlaGlyThr Il1eTrpAlaCysAsnThrGlyLeuThrP roCys
CAGGGACTCTGCGTAGGAGCAGTTCCCAAAACCCATCAGGCCCTGTGTAATACCACCCAGAAGACGAGCAACGGGTCCTACTATCTGGCTGCTCCCGCCGGGACCATTTGGGCTTGCAACACC GGGCTCACTCCCTGCCTMX02

MX3 3ENV

1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200 1210 1220 1230

1270 1280 1290 1300 1310 1320 1330 1340 1350 1360 1370 gp70 * pl5E 1400
LeuSerThrThrValLeuAspLeuThrThrAspTyrCysVa lLeuValGluLeuTrpP roLyeValThrTyrHi sSerProGlyTyrVa lTyrGlyGlnPheGluArgLyaThrArgTyr LysArgGluProVa lSerLeu

MX2 7ENV ATCTACCACTGTACTCGACCTCACCACCGATTACTGTGTCCTGGTTGAGCTCTGGCCAAAGGTGACCTACCACTCCCCTGGTTATGTTTATGGCCAGTTTGAGAGAAAAzACCAGATATAAAAGAGAGCCGGTGTCATTAA

MX33ENV ATCTACTACTGTACTCAACCTCACCACCGATTACTGTGTCCTGGTTGAGCTCTGGCCAAAGGTGACCTAC CACTCCCCTGGTTATGTTTATGGCCAGTTTGAGAGAAAAACCAAATATAAAAGAGAGCCGGTGTCATTAA
LeuSerThrThrVal LeuAsnLeuThrThrAspTyrCyaVa lLeuVa lGluLeuTrpP roLyaValThrTyrHisaSerProGlyTyrVa lTyrGlyGlnPheGluArgLysThrLy sTyrLyaArgGl uP roVa lSerLeu

1240 1250 1260 1270 1280 1290 1300 1310 1320 1330 1340 gp7O * pl5E

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500 1510 1520 1530 1540
ThrLeuAl aLeuLeuLeuGlyGlyLeuThrMetGlyGlylIleAlaAlaGlyVa lGlyThrGlyThrThrAla LeuValAlaThrLysGlnPheGluGInLeuGInAlaAla IleHi aThrAspLeuGlyAla LeuLys Lys

M4X2 7ENV CTCTGGCCCTGCTGTTGGGAGGACTTACTATGGGCGGCATAGCTGCAGGAGTAGGAACCGGGACTACAGCCCTAGTGGCCACCAAACAATTCGAGCAGCTCCAGGCAGCCATACATACAGACCTTGGGGCTTTAAAAAAG

MX3 3ENV CTCTGGCCCTGCTGTTGGGAGGACTTACTATGGGCGGCATAGCTGCAGGAGTAGGAACAGGGACTACAGCCCTAGTGGCCACCAAGCAATTCGAGCAGCTCCAGGCAGCCATACATACAGACCTTGGGGCCTTAGAAAAA
ThrLeuAl aLeuLeuLeuGlyGl1yLeuThrMetGlyGly IleAlaAlaGlyVa lGlyThrGlyThrThrAls LeuVa lAlaThrLyaGlnPheGluGlnLeuG lnAlaAla Il1eHi sThrAspLeuGlyAl aLeuGluLys

1380 1390 1400 1410 1420 1430 1440 1450 1460 1470 1480 1490 1500 1510

FIG. 3. The ens' and LTR sequences of prototype polytropic and deleted polytropic clones. The eis' and LTR (as far as the Smal site in
R) nucleic acid sequences and the predicted translation products of proviral clones MX27 and MX33 are shown. Cleavage sites of the ensli gene
product (*) and the boundaries of U3 (> and #) are indicated. Bases 2252 through 2442 (MX27) and 2269 through 2459 (MX33) correspond
to the 190-bp insert not present in ecotropic and xenotropic viruses (29, 45).

structures with two LTRs; as well as 11 5' and 10 3' halves
of proviruses which contain HinidllI sites near the end of the
pol gene (data not shown). As expected, on the basis of
experience with other endogenous proviruses, many of the
clones contained deletions compared with replication-
competent MLV; in particular, several appeared to have lost
all or almost all of their ens' genes. Others contained dele-
tions in gag or pol or both. In the course of the analyses
described in this report, it became clear that the
nonecotropic clones could be classified into three groups
with the properties shown in Table 1.
The structures of the nonecotropic clones containing

apparently intact es"i' genes are shown in Fig. 1. They were

initially classified into three groups based on several linked

characteristics. First is the presence of a HintdIlI site near
the 3' end of pol. Second is the variation in size of the LTR
as judged by digestion with two restriction enzymes (PstI
and KpnzI) that cut at conserved sites in U3 and R (data not
shown). Three of the complete proviruses have short LTRs
(300- to 380-bp PstI-KpnI fragments) comparable in size to
replication-competent ecotropic and xenotropic viruses (60),
whereas the remaining clones contain LTRs which are some
150 to 190 bp longer and are similar in size to those reported
for a number of other endogenous clones (29, 45). Third, the
three proviruses with short LTRs also lack the BamHI site at
the start of the ensl gene which is present in the other clones
but absent in a number of xenotropic viruses (7). We thus
divide the nonecotropic clones into three classes, one of

MX27ENV

MX3 3ENV

LeuIleArgAlaGlyValSerValGlnHisAspSerProHisGlnValPheAsnValThrTrpArgValThrA&nLeuMetThrGlyGlnThrAlaAsnAlaThrSerLeuLeuGlyThrMetThrAspAlaPheProLys
MX27ENV TAATAAGGGCAGGAGTATCAGTACAACATGACAGCCCTCATCAGGTCTTCAATGTTACTTGGAGAGTTACCAACTTAATGACAGGACAAACAGCTAATGCTACCTCCCTCCTGGGGACAATGACCGATGCCTTTCCTAAA

MX3 3ENV TAAT;A'AGGGCAGGAGTAC**TACCACA'GA*;AGCCCTCATCGTTTCAATGTACTGGGAGTA CCAACTTAATGACAGGACAAACAGCTAATGCTACCTCCCTCCTGGGGACAATGACCGATGCCTTTC CCAAA
Leu I 1leArgAl aGl1yValSerVa1ProHi sAspSerP roHisGlnVa lPheAsnVa lThrTrpArgVa lThrAonLeuMetTh rGlyGl1nThrAlaAsnAlaTh rSerLeuLeuGlyThrMet ThrABpAl aPheP roLys

J. VIROL.

MX27ENV
LeuTyrPheAspLeuCysABpLeuIleGlyAspAspTrpAspGluThrGlyLeuGlyCysArgThrProGlyGlyArgLysArgAlaArgThrPheAapPheTyrValCyaProGlyHieThrValProThrGlyCys
CTGTACTTTGACTTGTGCGATTTAATAGGGGACGACTGGGATGAGACTGGACTCGGGTGTCGCACTCCCGGGGGAAGAAAAAGGGCAAGAACATTTGACTTCTATGTTTWCCCGGGCATACTGTACCAACAGGGTGTGG
........ .... .... *.* .... **.*.* ... ****** ..........

CAGCGGTCTCCAGTGGCATCCAGGGTGCCACA,CCGGGGGGTCGATGCAATCCCCTAGTCCTAGAATTCACTGACGCGGGTAAAAAGGCCAGCTGGGATGGCCCCAAAGTATGGGGACTAAGACTGTACCGATCCACAGGA

. . . . . . . . . . . . . . . . . . . .* . . . . . . . . . . . . . . . . .* * . * * * *. . . . . . . * * . * * * . . * . * * * * . . . . * * * * . * . * . . * . * * * . . * * * . . * . . * * . . * * . . * * * * . * * . . . . . * * * * . *. . . . . . . . .* * * * . * .

CAGGGACTCTGCGTAGGAGCAGTTCCCAAAACCCATCAGGCCCTGTGTAATACCACCCAGAATACAAGCGACGGGTCCTACTATCTGGCTGCTCCCGCCGGGACCATTTGGGCTTGCAACACCGGGCTCACTCCCTGCCT

IV

II
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lS50 1560 1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
SerValSerAlaLouLy&LyeSerLouThr3orLou3-rGluValValL-uGInAsnArgArgGlyLeu AspLouL-uPheL-uLyaGluGlyGlyL*uCysAlaAlaLouLyaGluGluCy&Cy&PheTyrAl aAsp
TCAGTCAGTGCCCTAAAAAAGTCTCTGACCTCGTTGTCTGAr.GGSGGTCCTACAGAACCGGAGGGGATTAG ATCTACTGTTCCTAAAAGAAGGAGGATTATGTGCTGCCCTAAAAGAAGAATGCTGTTTCTACGCGGACCA

* *** *** *** *********************************************....................................................................................-.*-......--.----..****-... . . .............

TCAGTCAGTGCCCTAAAAAAGTCTCTGACCTCGTTGTCTGAGGTGGSTCCTACAGAkACCGGAGAkGGATTAG ATCTACTGTTCCTAAAAGAAGGAGGATTATGTGCTGCCCTAAAAGAAGAATGCTGTTTCTACGCGGACCA

MX27ENV

M6X33ENV

ttX27EN

1520 1530 1540 1550 1560 1570 1530 1590 1600 1610 1620 1630 1640 1650

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800 1310 1820

HisThrGlyVal7ValArgApSerStAlaLyaLeuArgGluArgLauAnGlnArgGlnLyaL uPheLy SerGlyGlnGlyTrpPheGluGlyLeuPheAnArgS rProTrpPheThrThrLeuIleSerThrI1e
IV CACTGGCGTAGTAAGAGATAGCATGGCAAAGCTAAGAGAAGGTTGAACCAGAGACAAAAATSGTTCAAATCAGGACAAGGGTGGTTTGAGGGACTGTTTAACAGGTCCCCATGGTTCACGACCTTAATATCCACCATTA

MX33ENV CACTGGCGTAGTG

1660 1670 1680 1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790

1830 1840 1850 1860 1370 1880 1390 1900 1910 1920 1930 1940 1950 1960
MetGlyProLouIl1eIleLouLouL-uTleLeuL-uPh GlyProCy Il-L-uA nArgLeuValGlnPh-ValLysAspArgIleSerValValGlnAlaL-uVal1LeuThrGlnGlnTyrHisGInLeuLysSer Il1e
V TGGGCCCCTTGATAATACTTTTATTAATCCTACTCTTCGGACCCTGTATtCTCAACCGCTTGGTCCAGTSSGTAAAAGACAGAATTTCGGTAGTGCAGGCCCTAGTTTTGACCCAACAGTATCACCAACTCAAATCAATA86X27EN%

34X33EN%

1800 1810 1320 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920 1930
1970 1980 1990 2000 2010 2020 2030

AspProGluGluValGluS*rArqGlu**'3 2040 2050 2060 2070 2080 2090 2100
MX27ENV GATCCAGAAGAAGTGGAATCACGTGAATAAAAGATTTTATTCAGTTTCCAGAAAGAGGGGGGAATGAAAGkCCCCACCATCAGGCTTAGCAAGCTAGCTGCAGTAACGCCATTTTSGCAAGGCATGAAAAAGTACCAGAGC

MX33ENV G *A*G*AAG*A*A*G*TGGAA*T*C*A*CG*T*G*AAT*A*A*AA*GATTTTATTCAGTTTCCAGAAAGAGGGGGGAATGAAAGIkCCCCACCATAAGGCTTAGCAAGCTAGCTG,CAGTAACGCCATTTTGCAAGGCATGAAAAAGTACCAGAGC
GlyProGluGluValGluS.rArqGlu*** =U3 2010 2020 2030 2040 2050 2060 2070

1940 1950 1960 1970 1980 1990 2000

2110 2120 2130 2140 2150 2160 2170 2180 2190 2200 2210 2220 2230
MX27ENV TGAGTTCTCAAAAGTTACAAGAAAGTTCAGTTAAAGATTAACAGTTAAAGATTAAGGCTGAATAATACTGGC&CAGGGGCCAAATA TCGGTGGTCAAGCACCTGGGCCCCGGCTCAGGGCCAAGAACAGATGGCT

MX33ENV SCGGGTTCTCAAAAGTTACAAGGAAGTTCAGTTATAGATTAACAGTTAAAGATCAAGGCTGAATAGCACTGGGAkCAGwGCCGAACAGGATATCGGTGGTCAAGCALCCTGGGCCCCGGCTCAGGGCCAAGAACAGATGGTT
2080 2090 2100 2110 2120 2130 2140 2150 2160 2170 2160 2190 2200 2210

2240 2250 2260 2270 2280 2290 2300 2310 2320 2330
MX27ENV CTC AGACG?CAGTGTTAGCAGAACTAGCTTCACTGATTTAAAAAAATAGAGGTGCACAGTGCTCTGG7CACTCCTTGAACCTGTGTGTCTGCCAATGTTCT
MX33ENV CTCAGAT-AAAGCGGALACCAGCAACAGACACAGAAGCCCCGATAGACG CAGTGTTAGCAGAACTAGCTTCACTGATTTAGAAAAATAGAGGTGCACAGTGCTCTGGTCACTCCTTGAACCTGTGTGTCTGCCAATGTTCT

2220 2230 2240 2250 2260 2270 2280 2290 2300 2310 2320 2330 2340 2350

2340 2350 2360 2370 2380 2390 2400 2410 2420 2430 2440 2450 2460 2470
M27ENV GACCAGGTG 2G8GCCCATTGTTGAACCT4CA24AGACCC244CC2CG4ACCCCTCCCATACCCASS2C70AAAAA4AGACATTGTT2AGAACTAAAAAGTCCCACCTCAGTTTCCCCAAATGACCGAGAAATACCCCAAG

NX33ENV GACCAGATATGTGCCCATTGCTGAACCTTCATTAGACTCTTTCCTTGTACCCCTCCCCTACCATCASTGAAATSAGSCTGTTAGATCTAAAAAGTCCCACC TCAGTTTCCCCAAATGACCGGGAAGTACCCCAAA
2360 2370 2380 2390 2400 2410 2420 2430 2440 2450 2460 2470 2480 2490

2480 2490 2500 2510 2520 2530 2540 2550 2560 2570 U3 KR
MX27ENV CCTTATTCGAACTAACCAACCAGCTCGCTTCTCGCTTCTGSTAACCGCGCTTTTTSCCSCCCCAGCCCCAG CCTATAA AGGGTAA ACTCCACACTCGGCGCGCCAGTCCTCCGATAGACTGCGTCGCCCGG

tUt33ENV cc;AT*TrC*G*AACTAACCAACCAGCTCGCTTCTCGCTTCTGTAACCcGCGTTsTTTcccGCTCCCAGaCCTAGCCATAAAAGGGTAAAAACTCCACACTCGGCGCGCCAGTCCTCCGATAGACTGAGTCGCCCGG
2500 2510 2520 2530 2540 2550 2560 2570 2580 2590 U3 *R 2610 2620

FIG. 3-Continied.

which resembles xenotropic viruses in env and in the LTR
(MX22, -29, and -30) and two which differ only by the
presence (MX11, -12, -13, -17, and -33) or absence (MX21
and -27) of a Hindlll site in the pol gene.
We wished to examine more closely the relationship

among these proviruses and to compare them with known
viruses without having to resort to sequencing each clone.
We therefore devised an in vitro scheme for obtaining RNA
fingerprints from the proviral clones. This approach takes
advantage of plasmids which contain promoters for the RNA
polymerases of phages T7 and SP6. Viral DNA was sub-
cloned into one of these plasmids, and RNA corresponding
to the viral plus strand was synthesized by using the appro-
priate RNA polymerase. RNA homologous to env and LTR
sequences from the prototype polytropic virus MCF-247 was
selected and fingerprinted as described in Materials and
Methods. A fingerprint of MCF-247 obtained in this way is
illustrated in Fig. 2A. It showed all the oligonucleotides
predicted from its sequence (24, 27).
The fingerprints obtained from representative members of

the three different classes of nonecotropic virus are also
shown in Fig. 2. Although some oligonucleotides are shared
by all, e.g., 101 and 104, clear-cut differences among the
three classes are visible. MX11, -12, -13, and -17 gave
fingerprints virtually indistinguishable from that of MX33,
while MX21 was very similar to MX27, but the lack of six
oligonucleotides suggested a small deletion within the env
gene. MX29 and -30 yielded fingerprints similar to that of
MX22 (data not shown). These findings lend further weight
to the assignment of the different clones to three different
classes of nonecotropic sequences.
Some of the oligonucleotides shown in Fig. 2 are identified

by number; these have previously been identified in

xenotropic and polytropic viruses. The class of provirus
represented by MX27 (Fig. 2C) most closely resembles
polytropic virus, as is indicated by the presence of oligonu-
cleotides 102, 104, 111, 113, and 114, all of which have been
identified within the env genes of various AKR ecotropic
virus (AKV)-derived recombinant viruses (35). Thus, one or
more members of this class of endogenous sequence con-
tributes gp7O coding sequences to the leukemogenic viruses
isolated from AKR and HRS/J mice.
The class of viruses typified by MX33 (Fig. 2D), although

clearly related to that of MX27, does not encode oligonucle-
otide 102, a marker for all AKV-derived recombinant vi-
ruses, and consequently these proviruses cannot be enm
donors for these viruses. However, at least some recombi-
nant viruses lack oligonucleotide 102; thus, the MX33 class
might represent the env parent for these viruses (see Discus-
sion). MX22 shares a number of oligonucleotides uniquely
found previously in xenotropic viruses or predicted from
their sequences (19, 43, 59), confirming that this class of
sequences encodes xenotropiclike viruses. A provirus of this
class most likely contributed LTR sequences to the poly-
tropic recombinant virus (22, 47, 58; see Discussion). Al-
though MX22 contains three oligonucleotides (101, 108, and
119) characteristic of the LTR region of HRS-derived
polytropic virus genomes (59), neither its sequence nor those
of MX29 and -30 are consistent with a role as donor for these
sequences (data not shown).
DNA sequences of MX27 and -33. The fingerprint analyses

showed that MX27 and -33 resembled the enm parents
predicted for recombinant viruses. To test this further, we
determined the nucleotide sequences of a region including all
of env and most of the LTR (Fig. 3). Although MX27 and -33
represent distinct classes of endogenous proviruses, they are
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GGGACTAAGACTGTACCGATCCACAGGGACCGACCCGGTGACCCGGTTCT
A
A
A
A
A

A

A
A

A
A

AATCCCGTGATCACTGACCAGTTACCCCCCTCCCGACCCGTGCAGATCAT

MX 27 GCTCCCCAGGCCTCCTCAGCCTCCTCCTCCAGGCGCAGCCTCTATAGTCC
33 T C A ----

11 T C A ----

12 T C A ----

13 T C A ----

17 T C A ----

oligonucleotide 102
MX 27

33
11
12
13
17

A G
A G
A G
A G

A G

FIG. 4. env sequences of five mPT clones. The sequence differ-
ertices between the PT clone, MX27, and five mPT clones (MX33,
-11, -12, -13, and -17) are shown. The sequence shown corresponds
to bases 623 through 900 of MX33 (Fig. 3).

closely related, differing by only 44 scattered base changes
within env as well as by a 27-bp deletion in MX33 compared
with.MX27. These differences result in 18 amino acid differ-
ences out of 641 in the predicted env products as well as a
nine-amino-acid deletion. These seemed no reason why
MX33 should not encode a functional env gene; MX27,
however, differs by a single base in the presumed initiator
tRNAMet codon and presumably is translationally inactive. It
was otherwise identical in sequence to the env gene parent
predicted from the sequence of AKV-derived recombinant
viruses.
That MX33 was representative of a class of proviruses was

confirmed by sequencing the central region of env from four
other similar clones (MX11, -12, -13, and -17). All clones
containing the HindIII site near the 3' end of pol had
identical sequences in this region (bases 623 through 900 of
MX33; Fig. 4). The 27-bp deletion overlaps the sequence of
oligonucleotide 102 and thus accounts for its loss. Neither
this deletion nor any of the 18 amino acid changes adversely
affects the function of the env gene, since we have recently
reconstructed infectious polytropic virus by substituting the
gp7O gene of MCF-247 with that of MX11, -17, and -33
(unpublished observations), indicating that the env genes are
functional.
The env genes of MX27 and -33 closely resemble those

found in recombinant viruses, indicating that proviruses of
the classes represented by these clones are the env gene
donors (see Discussion). However, the LTR sequences of
both MX27 and MX33 themselves differ somewhat from
those found in recombinant viruses (27), indicating that these
proviruses do not contribute this region to the leukemogenic

recombinants. The LTRs are similar to one another and
closely related to those reported for a variety of other
endogenous sequences in that they contain an inserted
sequence of 190 bp (29, 45).

DISCUSSION
Endogenous type C proviruses are associated with a

number of important biological phenomena in mice. Despite
this, they are poorly understood in terms of number, type,
and distribution. To address these issues we have set out to
obtain DNA clones representing all the proviruses present in
a mouse genome. Although our collection of clones to date
includes only about a third of the HRS/J proviruses as
estimated by using class-specific oligonucleotide probes (see
below), we have used it to identify all three classes of
nonecotropic endogenous virus present in the mouse
genome. These classes are most easily identified by the
nature of their env genes, although they differ in other linked
characteristics as well. These differences are summarized in
Table 1. They include one class of provirus with an appar-
ently xenotropic host range and two classes with a poly-
tropic host range.
We believe that these viruses represent the whole spec-

trum of intact endogenous nonecotropic viruses of HRS/J
mice for the following reasons. First, we have not isolated
any viral clones which do not fall into one of these classes
nor are we aware of any endogenous or recombinant type C
MLVs whose env genes would represent a distinct class.
Although we estimate that our collection of clones is missing
most of the complete repertoire there is no reason to believe
that we have systematically failed to clone any particular
virus class. Second, we have recently prepared oligotiucle-
otide probes which differentiate the classes (Stoye and
Coffin, in preparation). With these probes we can show that
HRS/J mice contain 5 xenotropic, 11 modified polytropic,
and 18 polytropic endogenous proviruses, indicating that the
modified polytropic sequences constitute a significant frac-
tion of the endogenous MLV-related proviruses. Taken
together, these probes react with all or almost all of the
endogenous proviruses detectable with a broadly reactive
env probe (data not shown). If there are any additional
classes they must be present in very low numbers. We have
however cloned four-proviral fragments containing the inter-
nal HindlIl site characteristic of the modified polytropic
class which have lost their entire env genes (data not shown)
and which presumably correspond to the deleted proviruses
present in 129/J mice which were detected by cDNA cloning
of in vivo-expressed viral RNA (32).

Distinguishing the two classes of endogenous polytropic
sequences was greatly facilitated by the development of a
technique for RNA fingerprinting of DNA clones. This
technique should be useful for examining other closely
related families of genes, since it is both rapid and much
more sensitive than restriction enzyme analysis. For in-
stance, the env-LTR region of MCF-247 yields approxi-
mately 40 identifiable oligonucleotides (Fig. 2A). Assuming
an average size of 12 nucleotides, this corresponds to 480
nucleotides or some 25% of the genome. A similarly detailed
analysis using restriction enzymes would require the use of
80 restriction enzymes with a 6-bp recognition sequence. A
minor modification of this approach allows ready correlation
between specific members of a gene family and expressed
RNAs, for example in virions or suitably selected from
virus-producing cells.

Recombinational origins of polytropic viruses. The genera-
tion of recombinant polytropic viruses remains a fascinating
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FIG. 5. gp7O of MX27, xenotropic virus, and six recombinant viruses. The predicted gp7O amino acid sequences of MCF-247 (24), MCF35
(48), Moloney MCF (Mo-MCF) (4), Friend MCF (F-MCFA) (1), (R-MCF) (61), (F-SFFV) (9), and NZB-xenotropic (NZB-X) (43) are compared
with that of MX27. At the top is a schematic representation of the topography of the molecules, showing ( ), proline residues; (-), cysteine
residues; (0), glycosylation sites; (V), leader sequence cleavage site; (x), 3' recombination point; (----), presence of the corresponding
ecotropic sequences. Amino acid differences from MX27 ( ) and deletions (V) are shown. For the sake of simplicity the actual amino acids
are not shown. The complete comparisons are available by request.

puzzle replete with basic issues of virus expression and
interaction. We have cloned and sequenced representative
members of two families of endogenous proviral genes. Do
they play a role in the generation of recombinant viruses? To
answer this question, we have compared the deduced amino
acid sequences of the env genes of MX27 and MX33 with
those of a number of sequenced recombinant viruses (Fig. 5
and 6). Unfortunately, no sequence data is available for
HRS/J-derived polytropic viruses. However, RNA finger-
prints of polytropic viruses derived from HRS/J and AKR
nlice are virtually identical (19, 58, 59), suggesting that the
env donors in the two strains are likely to be very similar.
The nonecotropic env sequences of recombinants derived
from either AKV or Moloney MLV (Mo-MLV) are virtually
identical to that of MX27 (Fig. 5). Furthermore, MX27
encodes almost all the T1 oligonucleotides present in a

variety of AKV-derived polytropic viruses (35), including
102 which is not encoded by MX33. Thus we can conclude

that a provirus of the MX27 type contributed env sequences
to the AKV- and Mo-MLV-derived polytropic viruses, with
the scattered amino acid differences being caused by muta-
tions in the course of viral replication. However, MX27
appears not to be a candidate env gene donor since it is
presumably translationally inactive due to the G--A transi-
tion in the initiator codon. It is of interest to note that an

endogenous provirus cloned from RFM/Un mice, which is
distinguishable from MX27 by flanking restriction enzyme
sites, contains the same mutation (41), suggesting that these
two clones may represent a subfamily of polytropic se-

quences.
The modified polytropic proviruses can serve as env

donors in some recombinants. Two viruses derived by
recombination with the Friend strain of MLV have been
sequenced and appear to have acquired env genes from
different proviral classes. One isolate (1) shows virtual
identity of MX27 (Fig. 5), whereas a second (31) differs by

COOH
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FIG. 6. Comparison of MX33 gp7O predicted sequence with xenotropic, MX27, and Friend MCF sequences. The differences between
MX33 and the other viruses are shown ( ). Other symbols are defined in the legend to Fig. 5. The Friend MCF (F-MCFB) sequence shown
here is from Koch et al. (31).

only one amino acid from MX33 (Fig. 6). It thus appears that
different ecotropic viruses can recombine with different
endogenous sequences. It is possible that viral sequences
themselves directly determine whether recombination can
take place, Alternatively, recombination may depend on the
tissue tropism of the specific ecotropic viruses since the
different LTRs of Friend and Mo-MLV apparently confer
distinct specificity for replication in spleen and thymus (6).
Endogenous sequences expressed in a differentiation-
specific fashion would thus provide distinct opportunities for
recombination to occur. This would have important conse-
quences for the generation of AKV-derived polytropic vi-
ruses since the recombinational event altering the U3 region
of the LTR also alters the tissue tropism of the virus (23).
Two other viruses, Friend spleen focus-forming virus

(F-SFFV) and Rauscher MCF (R-MCF), seemed to have
been formed in more complex fashion. Inspection of Fig. 5
shows that the first 150 amino acids of R-MCF are derived
from a xenotropic virus, while the remaining 160 noneco-
tropic armino acids are from an endogenous polytropic virus.
Thus, at least two recombinational events were necessary to
generate this recombinant gp70. Similarly, amino acids 150
through 200 of F-SFFV may be of xenotropic origin,
whereas the remaining nonecotropic sequences come from a
polytropic virus. Both these viruses were originally isolated
after multiple virus passages through mice (57), a procedure
which presumably allowed multiple recombinational events
to take place.
Host range determination in murine retroviruses. The viral

surface glycoprotein specifically recognizes and binds cell
surface receptors. Analysis of superinfection resistance has
shown that ecotropic, xenotropic, and polytropic viruses
recognize different receptors (49). This interaction is a key
event in the replication cycle of any virus since the ability of
the env gene product to recognize specific receptors deter-
mines the host range of a particular virus. It was originally
suggested that the polytropic host range of the MCF viruses
is created de novo after the recombination event between an
ecotropic and a xenotropic virus (21). This is clearly not the

case; rather, the host range is an intrinsic property of the env
gene of the nonecotropic donor. We have not been able to
demonstrate this directly since we lack an infectious clone of
a polytropic provirus of the MX27 class. However, the
demonstration that some polytropic recombinant viruses
have an entire gp7O coding region which is nonecotropic in
origin (38, 48) strongly implies that the MX27-type provirus
has a polytropic host range.
The sequence comparisons in Fig. 5 and 6 show that the

env genes of polytropic and xenotropic viruses are closely
related but carry a number of characteristic differences
localized within small regions of the coding sequence. At
least some of these differences must be responsible for the
differences in host range. The most obvious are the 4-amino-
acid deletion (amino acids 49 to 53 of the mature gp7O) in the
polytropic viruses relative to xenotropic viruses and a vari-
able region at amino acids 263 to 281 (in the region encom-
passing the MX33 deletion). Host range studies of two
different MCF viruses lend support to the notion that these
regions are important in determining host range. A role for
the former difference is suggested by the finding that R-
MCF, which has xenotropic sequences through the first 150
amino acids of gp7O (see above) appears to be xenotropic in
host range (61, 62). Our preliminary studies of modified
polytropic virus, constructed by replacing the gp7O coding
sequences of MCF-247 with those of MX33 indicate that
while it is polytropic in host range it replicates poorly on
mink cells compared with MCF-247 (Stoye and Coffin, in
preparation). This observation provides indirect evidence
that the variable region centered around amino acid 270 may
also be important for gp70-receptor interactions. An analo-
gous situation exists for the gp85 molecules of the different
subgroups of avian leukosis viruses in which we have
recently shown that two variable regions determine the avian
leukosis virus host range (16, 17).

Evolutionary relationships of murine endogenous viruses.
To examine the relationships between the different provi-
ruses present in the mouse germ line we compared the
predicted gp7O amino acid sequences of a polytropic, a
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TABLE 2. Quantitative ens' gene comparisons"

No. of No. of
amino acid insertions % Homology
differences or deletions

Entir-e gp7O
Polytropic 0 0 100
Modified polytropic 13 1 96
Xenotropic 39 2 90
Ecotropic 148 13 58
Endogenous feline 186 5 54
N terminius
Polytropic 0 0 100
Modified polytropic 8 1 96
Xenotropic 33 2 86
Ecotropic 134 13 40
Endogenous feline 134 5 48
C terminus
Polytropic 0 0 100
Modified polytropic 5 0 97
Xenotropic 6 0 96
Ecotropic 14 0 91
Endogenous feline 52 0 66

The predicted amino acid sequences of a modified polytropic virus
(MX33; Fig. 3), a xenotropic virus (NZB-xenotropic virus: 43). an ecotropic
virus (AKV; 20). and an endogenous feline virus (enFeLV; J. Mullins.
personal communication) were aligned for maximum homology with a

polytropic provirus (MX27; Fig. 3). The number of amino acid differences, the
number of insertions and deletions necessary to generate optimum alignment,
and the percent homology, calculated with an arbitrary gap penalty of 3 are

shown for the entire gp7O molecule including the leader sequence (440 amino

acids in MX27), the N-terminal two-thirds of gp7O (286 amino acids), and the
C-terminal third of gp7O (154 amino acids).

modified polytropic, a xenotropic, and an ecotropic virus
(Table 2, Fig. 7). Not suprisingly, in light of their similar host
range, the polytropic and modified polytropic proviruses
were most closely related to one another, showing a 96%
overall amino acid similarity. Hybridization analysis with
class-specific oligonucleotide probes showed that both
polytropic and modified polytropic proviruses are present in
a wide variety of inbred mouse strains (Stoye and Coffin, in
preparation), indicating divergence of these two classes of
provirus before the generation of inbred strains. The
xenotropic virus was also closely related (90% homology to
the polytropic sequences) but showed slightly greater diver-
gence that did the modified polytropic from the polytropic
class. By contrast, the ecotropic virus was not closely
related, with only 58% overall homology, a figure very
similar to that of the endogenous feline leukemia provirus.

FeLV ECO X mPT PT Generation of

inbred strains
Insertion of mobile
element into 1_13

FIG. 7. Evolutionary tree of viral gp70s. The evolutionary rela-
tionship between the envelope glycoproteins of various MLVs and
feline leukemia viruses (FeLV) is illustrated by plotting the amino

acid sequence divergence by using the differences listed in Table 2.

Surprisingly, the relationship between ecotropic and poly-
tropic viruses is very different if we compare separately the
N-terminal and C-terminal regions. The N-terminal two-
thirds of ecotropic env appears more distantly related to
polytropic sequences than does feline leukemia virus,
whereas the C-terminal third is almost as closely related as
are the modified polytropic and xenotropic viruses. In light
of this relationship it seems reasonable to speculate that
evolution of the ecotropic virus endogenous to inbred strains
of mice might have involved a recombination between a
nonecotropic virus of the type present in the mouse genome
with another virus which has not been fixed in laboratory
strains of mice. Thus, the recombinations which occur in
highly leukemic strains of mice might in fact be reciprocal to
an event that occurred many years ago. In this context it is
of interest to note that the minimum polytropic env gene
substitution in MCF viruses encompasses the whole of the
N-terminal region of gp7O (35; see also Fig. 5) and that this
region is thought to comprise one functional domain of the
gp7O molecule (36, 46).
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