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The sequence of 363 nucleotides near the 3' end of the pol gene and 564 nucleotides from the 5' terminus
of the env gene in an endogenous murine leukemia viral (MuLV) DNA segment, cloned from AKR/J mouse
DNA and designated as A-12, was obtained. For comparison, the nucleotide sequence in an analogous
portion of AKR mink cell focus-forming (MCF) 247 MuLV provirus was also determined. Sequence
features unique to MCF247 MuLV DNA in the 3' pol and 5' env regions were identified by comparison with
nucleotide sequences in analogous regions of NFS-Th-1 xenotropic and AKR ecotropic MuLV proviruses.
These included (i) an insertion of 12 base pairs encoding four amino acids located 60 base pairs from the 3'
terminus of the pol gene and immediately preceding the env gene, (ii) the deletion of 12 base pairs (encoding
four amino acids) and the insertion of 3 base pairs (encoding one amino acid) in the 5' portion of the env
gene, and (iii) single base substitutions resulting in 2 MCF247-specific amino acids in the 3' pol and 23 in the
5' env regions. Nucleotide sequence comparison involving the 3' pol and 5' env regions of AKR MCF247,
NFS xenotropic, and AKR ecotropic MuLV proviruses with the cloned endogenous MuLV DNA indicated
that MCF247 proviral DNA sequences were conserved in the cloned endogenous MuLV proviral segment.
In fact, total nucleotide sequence identity existed between the endogenous MuLV DNA and the MCF247
MuLV provirus in the 3' portion of the pol gene. In the 5' env region, only 4 of 564 nucleotides were
different, resulting in three amino acid changes between AKR MCF247 MuLV DNA and the endogenous
MuLV DNA present in clone A-12. In addition, nucleotide sequence comparison indicated that Moloney-
and Friend-MCF MuLVs were also highly related in the 3' pol and 5' env regions to the cloned endogenous
MuLV DNA. These results establish the role of endogenous MuLV DNA segments in generation of
recombinant MCF viruses.

Mink cell focus-forming (MCF) murine leukemia viruses
(MuLVs) have been isolated from preleukemic and leukemic
mouse tissues (9, 10). Heteroduplex mapping (5, 7) oligonu-
cleotide fingerprinting (23, 28), as well as restriction enzyme
mapping and Southern blot analyses (4, 17) indicate that
MCF viruses are recombinants between ecotropic MuLVs
and nonecotropic sequences. Since ecotropic viruses lack
characteristics of MCF MuLVs such as dualtropism, mink
cell focus-forming activity, and ability to accelerate leuke-
mias in newborn mice (6), it is most likely that the noneco-
tropic sequences acquired during recombination contribute
to expression of some of these properties unique to MCF
viruses. I have previously reported the characterization by
restriction enzyme mapping and Southern blot analyses of
several endogenous MuLV proviruses isolated from AKR/J
and BALB/c mouse DNAs (17). The cloned endogenous
MuLV DNA segments were distinct from known infectious
MuLV proviruses due to the insertion of a 190-base-pair (bp)
transposon-like segment in the long terminal repeats (LTR)
(15) and by the presence of unique restriction sites in the gag
and pol regions (17). However, the env segment associated
with the endogenous MuLV DNAs was related to the env
region in MCF MuLV proviruses based on similar-sized
restriction fragments and dual-reactive hybridization proper-
ties. Furthermore, restriction enzyme and Southern blot
analyses suggested that the env region in one cloned endoge-
nous MuLV DNA segment, designated as A-12, might
represent the nonecotropic progenitor of AKR MCF247
MuLV DNA. To establish this relationship between endoge-
nous MuLV DNAs and MCF proviruses, the nucleotide

sequence in the 3' end of the pol gene and in the 5' portion of
the env gene in clone A-12 and AKR MCF247 MuLV DNAs
was determined. Nucleotide sequence comparison of AKR
MCF247, NFS xenotropic, and AKR ecotropic MuLV
DNAs permitted the identification of sequences unique to
MCF247 in the 3' pol and 5' env regions. The MCF247-
specific sequence features were conserved in the endoge-
nous MuLV DNA present in clone A-12, which distin-
guished the latter DNA from both xenotropic and ecotropic
MuLV proviruses. In fact, almost total nucleotide sequence
identity was seen in the 3' pol and 5' env regions between
MCF247 MuLV provirus and the cloned endogenous MuLV
DNA. In addition, the nonecotropic sequences present in
recombinant Moloney- (M) (2) and Friend- (F) (A. Adachi,
K. Sakai, N. Kitamura, S. Nakanishi, 0. Niwa, and A.
Ishimoto, submitted for publication) MCF MuLVs were also
virtually identical in the 3' pol and 5' env regions to the
endogenous MuLV provirus present in clone A-12.

MATERIALS AND METHODS
MuLV DNA clones used for nucleotide sequencing. A

recombinant plasmid DNA clone containing a 6.8-kilobase-
pair (kb) DNA segment from AKR MCF247 MuLV provirus
which extended from an EcoRI site in the 5' LTR to an
EcoRI site in the env region (at 6.9 kb) was used for
nucleotide sequencing. The construction and characteriza-
tion of this DNA clone (previously designated as pMCF-1)
has been described previously (16). The nucleotide sequence
of an endogenous MuLV DNA segment was determined
with a recombinant lambda Charon 4A DNA clone designat-
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FIG. 1. Strategy used for determining nucleotide sequences in
the 3' poland 5' env regions ofAKR MCF247 DNA and endogenous
MuLV DNA in clone A-12. Arrows indicate regions sequenced from
minus strand (v--) or plus strand ( >) DNA. Restriction enzyme
designations are as follows: Pv, PvuII; B, BamHI; S, SmaI; E,
EcoRI.

ed as A-12. The A-12 DNA clone, which was isolated from
AKR/J mouse DNA as described previously (17), consisted
of a 15-kb DNA segment and contained endogenous MuLV
proviral sequences extending from the 5' LTR to the end of
the clone, which was an EcoRI site at 6.9 kb in the env

region.
DNA sequence determination. Due to the presence of

identical restriction sites in the 3' pol and 5' env regions of
AKR MCF247 provirus and the endogenous MuLV (clone
A-12) DNA, a similar nucleotide sequencing strategy could
be used for both DNAs (shown in Fig. 1). Recombinant
lambda and plasmid DNAs or fragments isolated from pre-
parative agarose gels were restricted with enzymes and
labeled at their 5' termini with [_y-32P]ATP and polynucleo-
tide kinase. Labeled segments were recleaved and isolated
on agarose gels and their nucleotides sequenced by the
partial degradation method of Maxam and Gilbert (19).

RESULTS

Identification of sequences unique to AKR MCF247 MuLV
DNA. The sequence of 363 nucleotides near the 3' end of the
pol gene and 564 nucleotides from the 5' terminus of the env

gene in a cloned AKR MCF247 MuLV DNA segment
designated previously as pMCF-1 (16) was determined by
the strategy shown in Fig. 1. A comparison of the nucleotide
sequence in MCF247 MuLV DNA with that previously
reported for NFS-Th-1 xenotropic (22) and AKR ecotropic
(12) MuLV proviruses permitted the identification of
MCF247-specific sequences.
pol region. Nucleotide sequence comparison in the 3' end

of the pol gene of MCF247, NFS xenotropic, and AKR
ecotropic MuLV DNAs is shown in Fig. 2. A splice acceptor
site for env mRNA (27), located from nucleotides 16 to 24, is
conserved in the three MuLV proviruses. The MCF247
MuLV DNA could be distinguished from xenotropic and
ecotropic MuLV proviral sequences due to the insertion of
12 bp (designated as X in Fig. 2) extending from nucleotides
292 to 303 and located 60 bp from the 3' end of the pol gene.

It is interesting to note that the adenine residue, which is the
last nucleotide in the MCF247-specific 12-bp insert, becomes
the first nucleotide of an ATG codon (indicated by an

asterisk in Fig. 2), which is a potential amino terminus of an
env gene product. The location of the 12-bp sequence in the
pol reading frame predicts that the 3' pol gene-coded protein
product of MCF247 DNA would be four amino acids larger
than the protein encoded from the corresponding regions in

xenotropic or ecotropic MuLVs. The nucleotide sequence
on either side of this 12-bp insert in MCF247 DNA is more
homologous to the NFS xenotropic provirus (96%) than to
AKR ecotropic MuLV DNA (85%). In addition, single base
substitutions in the 3' region of pol result in only two
heterologous amino acids (positions 43 and 78) between
xenotropic and MCF247 MuLV DNAs (resulting in 95%
homology), whereas 12 amino acids differ between ecotropic
and MCF247 MuLV DNAs (resulting in 87% homology). It
should be noted that in the 3' end of the pol gene, the region
of greatest sequence heterology in MCF247, NFS xenotro-
pic, and AKR ecotropic MuLV DNAs extends from nucleo-
tides 280 to 312 and includes the 12-bp insert.

env region. The nucleotide sequence of the 5' portion of
the env genes of AKR MCF247, NFS xenotropic, and AKR
ecotropic MuLV proviruses is compared in Fig. 3. MCF247
MuLV DNA could be distinguished from xenotropic and
ecotropic MuLV proviruses in the 5' env region based on the
following unique features: (i) 12 bp encoding four amino
acids were deleted in MCF MuLV DNA (designated as Y in
Fig. 3), (ii) 3 bp (from 499 to 501) were inserted which
resulted in the insertion of an MCF247-specific alanine at
position 167 (indicated as Z in Fig. 3), and (iii) other single
base substitutions resulted in 23 MCF247-specific amino
acids, 3 in the leader peptide (8) and 20 in the gp70-coding
region. Comparison of nucleotide sequences in the 5' env
regions of MCF247, NFS xenotropic, and AKR ecotropic
MuLV DNAs indicated 89% nucleotide sequence homology
between MCF247 and NFS xenotropic MuLV DNAs and
only 48% polynucleotide sequence homology between
MCF247 and AKR ecotropic MuLV proviruses. The
MCF247 MuLV DNA is further related to NFS xenotropic
proviral DNA on the basis of conservation of a series of
nucleotide deletions (such as the region between nucleotides
315 and 316 in Fig. 3) and insertions (such as the sequence
between nucleotides 477 and 523 in Fig. 3) relative to the
AKR ecotropic MuLV provirus in the 5' env region (22). A
glycosylation site (20, 24) at nucleotide positions 127 to 135
(Fig. 3) is conserved between the three classes of MuLV
DNAs; in addition, a second potential glycosylation site
located at positions 172 to 180 is shared between MCF247
and NFS xenotropic MuLV DNAs. It is interesting to note
that the greatest nucleotide sequence divergence in the 5'
env regions of MCF247, NFS xenotropic, and AKR ecotro-
pic MuLV proviruses occurs in the region of the 12-bp
deletion (Y in Fig. 3) and the 3-bp insertion (Z in Fig. 3)
present in MCF247 DNA.

Nucleotide sequence analysis of the 3' pol and 5' env regions
of endogenous MuLV DNA. The env region present in a
cloned endogenous MuLV DNA, A-12, was previously
shown by restriction enzyme mapping and Southern blot
analysis to be a potential progenitor ofAKR MCF247 MuLV
DNA (17). To establish this relationship, the nucleotide
sequence in the 3' pol and 5' env regions of the cloned
endogenous MuLV DNA was determined by the strategy
shown in Fig. 1 and compared with sequences in an analo-
gous region in AKR MCF247 DNA. In the 3' pol region, total
nucleotide sequence identity existed between the endoge-
nous MuLV DNA segment in clone A-12 and MCF247
MuLV DNA (Fig. 4). This included conservation of the
splice acceptor site located from nucleotides 16 to 24 and the
12-bp MCF247-specific insert designated as X (nucleotides
291 to 303) and located 60 bp from the 3' end of the pol gene.
In addition, the two amino acids specific to the MCF247
MuLV provirus (positions 43 and 78) were also conserved in
the cloned endogenous MuLV DNA.
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Nucleotide sequence comparison of the 5' env regions of
the cloned endogenous and AKR MCF247 MuLV DNAs is
shown in Fig. 5. All the MCF247-specific sequence hall-
marks (Fig. 3) could be identified in the endogenous MuLV
DNA. These included the 12-bp deletion with respect to
xenotropic and ecotropic proviruses between nucleotides
261 and 262 (indicated as Y in Fig. 5) and the 3-bp insertion
(nucleotides 499 to 501) encoding alanine at position 167
(designated as Z in Fig. 5). In fact, nucleotide sequences in
the 5' env region of the endogenous MuLV provirus in clone
A-12 and AKR MCF247 MuLV DNA were virtually identi-
cal; only 4 of 564 bases were different, resulting in three
amino substitutions, two of which (positions 34 and 157)
were present in the gp7O-coding region and one of which
(position 22) was present in the leader region. Moreover, 21
of the 23 MCF247-specific amino acids in the 5' env region
were also present in the cloned endogenous MuLV DNA.

Nucleotide sequences in the 3' pol and 5' env regions of

the endogenous MuLV DNA in clone A-12 were also com-
pared with those present in the analogous regions in M-MCF
(2) and F-MCF (Adachi et al., submitted for publication)
MuLV proviruses (Fig. 4 and 5). The MCF247-unique se-
quences found in the cloned endogenous MuLV DNA,
which included the 12-bp insertion in the 3' region of the pol
gene, the 12-bp deletion, and the 3-bp insertion in the 5'
portion of the env gene, could also be identified in the same
nucleotide positions in the M-MCF and F-MCF MuLV
proviruses. Furthermore, a high degree of polynucleotide
sequence homology was observed in the pol and env regions
of M-MCF and F-MCF proviral DNAs and comparable
segments of the cloned endogenous A-12 DNA. In the 3' pol
region, M-MCF and the endogenous MuLV DNAs were
different in only 8 of the 249 bp present in the nonecotropic
portion of M-MCF DNA (Fig. 4). These nucleotide changes
did not lead to amino acid alterations. Ten base substitutions
were noted between F-MCF and the cloned endogenous

Pvu ii
10 2'0 30 40 50 60 70 80

A-MCF247 CCC TCT CTC CAA GCT CAC TTA CAG GCC CTC CAA GCA GTA CAA CGA GAG GTC TGG AAG CCA CTG GCC GCT GCC TAT CAG GAC CAG
PRO SER LEU GLN ALA HIS LEU GIN ALA LEU GLN ALA VAL GLN ARG GLU VAL TRP LYS PRO LEU ALA ALA ALA TYR GLN ASP GLN

NFS XENO CCC TCT CTC CAA GCT CAC TTA CAG GCC CTC CAA GCA GTA CAA CGA GAG GTC TGG AAG CCA CTG GCC GCT GC TAT CAG GAC
PRO SER LEU GLN ALA HIS LEU GIN ALA LEU GLN ALA VAL GLN ARG GLU VAL TRP LYS PRO LEU ALA ALA ALA TYR GLN ASP GLN

AKR ECO CCA TCT CTC CAA GCT CAC TTA CAG GCC CTC CAA ACO GT GAG CGA GAA ATT TGG AAA CCA CTG GCC GA.' GCC TAC CGG GAC CAA_
_ _ _ _ _ _ _ _ .................~~~~~~~~~~~~.

PRO SER 1EV GIN ALA HIS LEV GLN ALA 1EU GIN *?M# VAL GLN ARG GLU I-: TRP LYS PRO LEU ALA GLIJ ALA TYR AtG ASP GLN

90 100 110 120 130 140 150 160
A-MCF247 GTG GAC CAG CCA GTG ATA CCA CAC CCC TTC CGT GTC GGQJ GACG C GTG TGG GTA CGC CGG CAC CAG ACT AAG AAC TTl GAA CCT

LEU ASP GLN PRO VAL ILE PRO HIS PRO PHE ARG VAL GLY ASPIT VAL TRP VAL ARG ARG HIS GLN THR LYS ASN LEU GLU PRO

NFS XENO GAT GA GCCA GTG ATA CCA CAC CCC TTC CGT GTC GGT. GAC -CC GTG TGG GTA CGC CGG CAC CAG ACT AAG AAC TTA GAA CCC
LEU ASP GLN PRO VAL ILE PRO HIS PRO PHE ARG VAL GLY ASP ALA VAL TRP VAL ARG ARG HIS GLN THR LYS ASN LEU GLU PRO

AKR ECO CT-A GAC CGA CCA GTG ATA CCA CAC CCC TTC CG- TTT GGA GAC TCC GTG TGG GTC4 CGC CGG CAC CAG ACC AA' AAC TTA GAA CCT
LEU ASP GLN PRO VAL ILE PRO HIS PRO PHE ARG ThE GLY ASP SEA VAL TRP VAL ARG ARG HIS GLN THR LYS ASN LEU GLU PRO

Bam HI
170 180 190 200 210 220 230 240 250

A-MCF247 CGC TGG AAA GGA CCC TAC ACC GTC CTG CTG ACC ACC CCC ACC GCT CTC AAA GTA GAC GGC ATCG T GCG TGG Q&f AC GCC GCT
ARG TRP LYS GLY PRO TYR THR VAL LEU LEU THR THR PRO THR ALA LEU LYS VAL ASP GLY ILE ALA ALA TRP ILE HIS ALA ALA

NFS XENO CGC TGG AAA GGA CCC TAC ACC GTC CTG CTG ACC ACC CCC ACC GCT CTC AAA GTA GAC GGC ATC TCU GCG TGG ATA CAC GCC GCT
ARG TRP LYS GLY PRO TYR THR VAL LEU LEU THR THR PRO THR ALA LEU LYS VAL ASP GLY ILE Et.tE ALA TRP ILE HIS ALA ALA

AKR ECO CGC TGG AAS GGA CCC TAC ACC GTC CTA CTG ACC ACC CCC ACC GCT CTC AAS GTA GAC GGC ATC TCT GCA TGG ATl CAC GCC GCC
ARG TRP LYS GLY PRO TYR THR VAL LEU LEU THR THR PRO THR ALA LEU LYS VAL ASP GLY ILE st.t ALA TRP ILE HIS ALA ALA

x
260 270 280 290 300 * 310 320 330

A-MCF247 CAC GTA AAE GCG GCG ACA ACG CCT CCG GCC GGA ACA GCA'TCA GGA CCG ACAITGG AAG GTn CAG CGT TOT CAA AAC CCC TTA AAG
HIS VAL LYS ALA ALA THR THR PRO PRO ALA GLY THR ALA SER GLY PRO THR ITRP LYS VAL GLN ARG SER GLN ASN PRO LEU LYS

NFS XENO CAGC GTA AA GCG GCG ACA ACT: CCI CCA GCC GGA ACA GCA TGG AAG GTT CAG CGT TCT CAA AAC CCC TTA AAG
HIS VAL LYS ALA ALA THR THR PRO PRO ALA GLY THR ALA TRP LYS VAL GLN ARG SER GLN ASN PRO LEU LYS

AKR ECO CAC GTI AAB GCA GCG ACO: ACS- CCC CCG ATA AAA CCA TCA
HlS VAL LYS ALA ALA THR THR PRO PRO TE LY PRO SRE

TGG AGA GTA CAA CGC TCT CAA AAC CCT TTA AAA
TRP ARs VAL GLN ARG SER GLN ASN PRO LEU LYS

340 350 360
A-MCF247 ATA AGA TTA ACC CGT GGG GCC CCC TAA

ILE ARG LEU THR ARG GLY ALA PRO END 120

NFS XEND ATA AGA TTA ACC CGT GGG GCC CCC TAA
ILE ARG LEU THR ARG GLY ALA PRO END

AKR ECO ATIC AG TTA ACC CGT GGG GCC CCC TAA
ILE ARG LEU THR ARG GLY ALA PRO END

FIG. 2. Identification of MCF247-specific sequences in the 3' pol region. Comparison of the nucleotide and deduced amino acid sequences
of AKR MCF247 (A-MCF247) MuLV DNA with those previously published for NFS-Th-1 xenotropic (NFS XENO) (22) and AKR ecotropic
(AKR ECO) (12) MuLV proviruses is presented. Sequences unique to MCF247 DNA are enclosed within solid lines; the MCF247-specific 12-
bp insert is enclosed within heavy solid lines and indicated as X; differences in nucleotides and deduced amino acids in the xenotropic and eco-

tropic MuLV DNAs with respect to MCF247 DNA are shaded; the gaps in sequences indicate absent bases; the splice acceptor site is
indicated with a broken line; the restriction sites are indicated with wavy lines; the asterisk indicates the position of initiation codon for the
translation of the envelope precursor polypeptide in the env gene reading frame (see Fig. 3).
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I10 20 30 40 50 60 70 80
A-MCF247 ATG GAA GGT fCA GCG TIC TCA AAA CCC CTT AAA GAl AAG All AAC CCG TGG GGC CCC CIA AlA GTC CTG GG~ ATC TIOFA A AGG GCA

MET GLU GLY P-Rg ALA PHE SER LYS PRO LEU LYS ASP LYS ILE ASH PRO IRP GLY PRO LEU OLE VAL LEU GLY ILE LEU [JILJ ARG ALA 29

NFS XLNO ATG GAA GGT 'TCA GCG TIC TCA AAA CCC CIT AAA GAl AAG All AAC CCG TGG GGC CCC CIA AlA GTIT ATGG GSO. ATC 11$ 014 AGG GCA
METGLU GLY SIRL ALA PHE SER LYS PRO 1EV LYS ASP LYS OLE ASN PRO TRP GLY PRO LEU ILE VAL JO T. GLY ILE LEU ifAL ARG ALA

AKR ECO AIG ,GAAT ACA ACG GTC TCA AAA CCC tTIT AAA AAT CAG CITT AAC CCG TGG GGC CCC CIA AlT GTC CIT CGTC AlTTT CTC ro A GG GTG

MET GLU SIE 1#1 T-ilR I10 SER LYS PRO PI E LYS ASK CNvA ASH PRO TRP GLY PRO LEU OLE VAL LEU IEOLE LEU StV L A

-pgp7O
90 I100 110 120 130 140 150 160 170

MCF247 GGA GA Td[I GTA 9 ' GAC AGC CCI CAfiJ C AG GTC TIC AAT GIl ACT TGG AGA GIl ACC AAC ~TA ATG ACA GGA CAA ACA GCT
GLY FVAL SERj VAL FA'R FHOI ASP SER PRO HIS GIN VAL PHE ASH VAL THR TRP ARG VAL THR ASt4 LEV MET THR GLY GIN THR ALA 57

XENO GGA GGV ICC GTA CAA CSI GAC AGC CCI CAC CAG ATIC TIC AAT GIl ACT TGG AGA GIl ACC AAC ICIA ATG ACA GGA CAA ACA GCT
GLY A"'AX SER IVAL ILKt AEB ASP SER PRO HIS GIN itE PHE ASH VAL THR TRP ARG VAL THR ASH LEU MET THR GLY GLN THR ALA

ECO AAG COG OTT A~~~~~~~B TT ACt.. AAC AGC CCC CAIl CAG GTT ITTT AAC CTIG ACG TGG GAA GTC ACT AAT GOCA OAC O A C T O C ATA
ASlA.ToE IS CMR SER PRO HIS GIN VAL PHE ASH tt# THR TRP CV VAL THR ASH t1*1 ASP ARtO CLV THR VATUAL L

gp7O
180 190 200 210 220 230 240 250

MCF247 AAM G1(D ACC ICC CTC CTG GGG AC~ ATG AC~ GA( jIkCC TTO CCI AAA CTO TAg ITT GAC DIG TGOJ GAl TTA [jT GGG GACfC
ASH ALA THR SER 1EV LEV GLY THR MET THR ASP I.AI-- PHE PRO LYS LEV TYR PHE ASP 1EV CYS ASP LEU IIT-lGLY ASP IA-S-P 84

XENO AAtG CC ACC ICC CTC CTG GGG AC$ ATG ACA GAG A-CC TCCIAAIAATTTGCIGGTAlTASTA GGA GAC 'TAC

ASH ALA THR SER LEV LEV GLY THR MET THR ASP TH PHE PRO LYS 1EV TYR PHE ASP 1EV CYS ASP 1EV VAL. GLY ASP 'TYRt

ECO ACV GOftAATt OAC CClT CTG TGG ACT. TGG T06 CCI r4AC CITV ACt. IG GAT GIG TGT ATS ITT 9C T A 00GG1C TAT

ThECLVASKKAIPEGLEV TIP IHR TIP tE? PRO ASP 1EV TOE PEG ASP 1EV CYSRETASPLEU1ESVALALEU LEOIMH1S LS PROROSSE lYE

Sma Sma
260 270 280 290

MCF247 IG A pjGAfI~G~I~JCCAI~GGA AGA
IRP ASP ~~~~~~ ~ ~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~j~jVrTH RI GLY L U GLY CYS ARG THR PRO GLY GLY ARG 98

XEND TGG GAT GAG GC OAA CCC OAT A T GGO GAT GGT TGC CGC ACT CCC GGG GGA AGA
TRP ASP ASP PRO 01,0 PRO ASP ILE GLY ASP GLY CYS ARG THR PRO GLY GLY ARG

ECO TGG S.CO T A A CCC.T DC:T lIT TVIT CGT Ott ij CVGCTG O C GGA AOC AGC SAC TCC ACO CCA GGC TGT TCC
IRPCL LEO# TLYR AlC ALA PUG PO sitE Pl.O. pitsRI$LPotPRO VYS SEE GLY SER SER ASP SEE THR PRO GLY CYS SER

300 31 0
MCF247 ARA AGG A AGA A-F A!iT GAC

ARG[qARGRGAASP 05

XENO AGaA AGG ACA AGA 010 TAT GAC
ARC ARG THE ARG LEM 1*T11. ASP

ECO AGA OAT TOT OAR GAO CC-C GCT ACT TGA TAT ACT CCVC COO TOG AAT AGO 0OCC TOIO AAC AGA CTT AAG TTA TCT AtA OTS ACt CAT OCA CAC
At$ ASP CYS CLII SLIIPO LtEO Tit* SEE TYR TRA PRO ARC CYS ASH ThE ALA TIP ASK ARO LEV LYS LIUD SER LVS VAL TIR* HIS ALA "IS

Sma
320 330 340 350 360 370 380

MCF247 TTC TAT SIT TGC C_C G_ CAT ACT GTA CCA 555GG TGT GSA GGG CCG WAS GAG GGC TAC TGT GGC AAA TGG
PHE TYR VAL CYS PRO GLY HIS THR VAL PRO E~RGLY CYS GLY GLY PRO[LR ]GLV SLY TYR CYS GLY LYS IRP 129

XENO TIC TAT GIl TGC CCC GGT CAT ACT GTA CCA ATA GGG 151 GSA GGG CCG GGA GAG GGC TAC TGT GGC AAA IGG
PHE TYR VAL CYS PRO GLY HIS THR VAL PRO tLE GLY CYS GLY SLY PRO CLY GLU GLY TYR CYS GLY LYS TRP

ECO A-AT GSA OSA TIC TAT GIG TGC CCC GGG CCA ICAT COG CC O G -CC. COO TCA TG1 GGT GGT CCA GAA TCC TTrC lAT IGT GCC TCT TGG
A-S* GLY: CLV PHE TYR VAL CYS PRO GLY P--O- HIS ARC PRO ARS TEtP ALA ARCg SEt CYS GLY SLY PRO 010 SEE PHE TYR CYS ALA SEEt TRP

390 400 410 420 430 440 45U 460 470
MCF247 GGC TG1 GAG ACC ACT GGA CAG GCA TAC TGG AAG CCA TCA TCA TCA TGG GAC CIA ATT ICC CTT AAG CGA GSA AAC ACC CCI fAG RAT CAG

GLY CYS GLV THR THR GLY GIN ALA TYR TRP LYS PRO SER SER SER TRP ASP L EVU OLE SER LEOU LYS ARG GLY ASH THR PRO
-- AS GLN 1 59

XENO GSA TST GAG ACC ACT GGA CAG SCA TAC TGG AAG CCA TCA TCA TCA TGG GAC CTA AlT TCC CTT AAS CGA GGA AAC ACT CCT AAG OAT CAG
GLY CYS GLV THR THR GLY GLN ALA TYR TRP LYS PRO SER SER SER TRP ASP LEO OLE SER LELI LYS ARG GLY ASH THR PRO LYS ASP GLH

ECO GGC TGG GAA ACC ACA GGC COtA GCA 1C.C TGG AAA CCA TCC ICC TCC 155 GAC TAG ATC ACA GTA AGC AAC AAT CTA ACC TCA SAC CAG
GLY CYS GLO THR THR GLY ARC ALA SOt TRP LYS PRO SER SER SER TRP ASP TYR OLE THE VAL SEE ASK ASH LIU THR SEE ASP GLH

480 490 500 510 520 530 540 550
MCF247 GGC CCC 151 TAT SAT ICC TIOq M GTC TCC AGT GCP: C S G GG GCC ACA CCG GGG GGT CGA TGC AA(D CCC CTA GTC

GLY PRO CYS TYR ASP SER SER " VAL SER SER FA'S-Pl OLEJ LV--- GLY ALA THR PRO GLY GLY ARG CYS ASH PRO LEVU VAL 185

XENO GGC CCC TGT TAT GAl ICC ICC - GTSC ICC AGT SOPC QTC GCAG GGT GCC ACA CCG SGG 55T CSA TGC AAC CCC CTG GTC
GLY PRO CYS TYR ASP SER SER Z VALLSER S ER CLVY VAL IOLK SLY ALA THR PRO SLY SLY ARG CYS ASH PRO LEO VAL

ECO SCA ACG CCA OpTA TOG6- AAA GGT AAT GAOP TGG TGC AAC 1CC TTA ACT
ALA THR PRO VAt. GYS AtS. SLY ASH OLO TIP CYS ASH SEE LEU THE

Eco RI

MCF247 OTEJ GAA TIC
LEU 51U PHE 188

XENO ITT SAA TIC
LEU GLU PHE

ECO ATFO ICCC TIC
LIARC PHE

FIG. 3. Comparison of the nucleotide and deduced amino acid sequences in the 5' env regions ofAKR MCF247 (A-MCF247 and MCF247),
NFS-Th-1 xenotropic (NFS XENO and XENO) and AKR ecotropic (AKR ECO and ECO) MuLV proviruses. Nucleotide and predicted
amino acid sequences which are unique to AKR MCF247 DNA are enclosed within solid lines; the MCF247-specific 12-bp deletion and 3-bp
insertion (enclosed within heavy solid lines) are indicated as Y and Z, respectively; the nucleotide and deduced amino acid sequences in the
shaded regions in NFS-Th-1 xenotropic and AKR ecotropic proviruses represent substitutions with respect to the sequence ofAKR MCF247
DNA; the gaps represent absent nucleotides; the asterisk indicates the initiation codon for translation of the env gene-coded precursor
polypeptide; the amino terminus of gp7O is indicated in AKR MCF247 DNA based on amino acid sequence homology to Rauscher MCF
MuLV DNA (26); the potential glycosylation sites are underlined; and the restriction sites are indicated with wavy lines.
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MuLV DNAs in the 3' pol region which resulted in only a
single substituted amino acid at position 29. In the 5' portion
of the env gene, M-MCF and the endogenous MuLV DNAs
were different in three nucleotides which resulted in two

10 20 30 40
ENDOG A-12 CCC TCT CTC CAA GCT CAC TTA CAG GCC CTC CAA GCA GTA C

PRO SER LEU GLN ALA HIS IEU GIN ALA LEU GLN ALA VAL G

A-MCF247

M-MCF

F-MCF

altered amino acids: one (position 59) was located in the
second potential glycosylation site and the second was
located at position 171. In the same region, F-MCF DNA
contained 18 different nucleotides with respect to the cloned

50 60 70
GTC TGG AAG CCA CTG GCC GCT GCC TAT CAG
VAL TRP LYS PRO LEU ALA ALA ALA TYR GLN

Pvu 11
80
GAC CAG
ASP GLN 28

.-....

... ... ... ... ..Tc... I'' ''I ''I .. ... ...

90
ENDOG A-12 CTG GAC CAG CCA

LEU ASP GLN PRO

100 110 120
GTG ATA CCA CAC CCC TTC CGT GTC
VAL ILE PRO HIS PRO PHE ARG VAL

GGC
GLY

A-MCF247 ... ... ... ... ... ...

M-MCF

F-MCF

1 30
GAC ACC GTG
ASP THR VAL

... ... ...

... ..A ...

... ... .....A ...
.S-. .,..

140 150
TGG GTA CGC CGG CAC CAG
TRP VAL ARG ARG HIS GLN

160
ACT AAG AAC TTG GAA CCT
THR LYS ASN LEU GLU PRO

.......... ... C.A.

Bam HI
170 180 190 200 210 220 230 240 250

ENDOG A-12 CGC TGG AAA GGA CCC TAC ACC GTC CTG CTG ACC ACC CCC ACC GCT CTC AAA GTA GAC GGC ATC TCT1 GCG TGG ATC CAC GCC GCT
ARG TRP LYS GLY PRO TYR THR VAL LEU LEU THR THR PRO THR ALA LEU LYS VAL ASP GLY ILE ALA ALA TRP ILE HIS ALA ALA

A-MCF247 ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... .:, Z .. ... ...

M-MCF ... ... ... .....T .. A ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...... ......... .

F-MCF T ......T... ....T.. ... ... ... ... ... ... ... ... ... ... ... ..... .. ... ...

260 270 280
ENDOG A-12 CAC GTA AAA GCG GCG ACA ACC CCT CCG GCC GGA

HIS VAL LYS ALA ALA THR THR PRO PRO ALA GLY

A-MCF247 ... ... ... ... ... ... ... ... ... ... ...

M-MCF ... ... ... ... ... ... ... ... ... ... ...

F-MCF ... ... ..G ... ... ... ... ... ... ... ...

x
290 300 * 310

ACA GCA TCA GGA CCG ACA TGG AAG G.C
THR ALA SER GLY PRO THR TRP LYS VAL

. .. . ...

. . . . .. . ......

. . . . . ....

320 330
CAG CGT TCT CAA AAC CCC TTA AAG
GLN ARG SER GLN ASN PRO LEU LYS

340 350 360
ENDOG A-12 ATA AGA TTA ACC CGT GGG GCC CCC TAA

ILE ARG LEU THR ARG GLY ALA PRO END 120

A-MCF247 ... ... ... ... ... ...

M-MCF ... ... ...

F-MCF ... ... ... ... ... ... ... ... .G.

FIG. 4. Comparison of sequences in the 3' pol regions of cloned endogenous and MCF MuLV DNAs. Nucleotide and deduced amino acid
sequences of an endogenous MuLV DNA segment in clone A-12 (17) (ENDOG A-12) are compared with sequences in an analogous region in
AKR MCF247 (A-MCF247), M-MCF (2), and F-MCF (Adachi et al., submitted for publication) MuLV DNAs. Nucleotides which are identical
in the endogenous A-12 and the MCF DNAs are represented by dots; the nucleotide differences are indicated; the 12-bp MCF247-specific
insert is enclosed within heavy solid lines and designated as X; the sequences conserved in the cloned endogenous and MCF MuLV DNAs
which are different from those present in ecotropic or xenotropic proviruses are enclosed within solid lines; the light-shaded region represents
the nucleotides and amino acid unique to F-MCF; the dark-shaded region indicates M-MuLV ecotropic sequences (29), which are present in
the M-MCF recombinant MuLV DNA; the splice acceptor site is indicated with a broken line; restriction sites are indicated with a wavy line;
the asterisk marks the position of the initiation codon for translation of env gene precursor polypeptide.
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10 20 30 40 50 60 70

ENDOG A-I? ATG GAA GOT CCGCG TTC TCA AAA CCC CTT AAA OAT AAG ATT AAC CCG TOO G3C CCC CTA ATAi:CT#00AC
RET 01U GLY PRO ALA PHE SEE LYS PRO LEG LYS ASP LYS ILE ASN PRO TRP GLY PERU LEG OLE LEU GLY ILE LEG ILE ARG 28

A-M4CF247.0............ ............ .. A ........

VAL

90

ENDOG A-i? OCA OGGAA TCA

ALA GLY VAL1 SEE

A-TICPF247 .. .. ....

MI-MCFP.

F-MCFP. I.I..

-.* gp7O
100 1 10 1 20 1 30

GTA CAA CAT GAC AGC CCT CAT CAG GTC TTC AAT GTT ACT TOG
VAL GIN HIS ASP SER PRO HIS GIN VAL PHE ASN VAL THE TRI

... .._...._...._..._.

... .CA..

1 40 1 50 160
G AGA GTT ACC AAC TTA ATG ACA GGA CAA ACA
PARG VAL THR ASN LEU MET THE GLY GIN THR 56

170 180 190 200 210 220
ENDOG A-i2 GCT AAT OCT ACC TCC CTC CTG 000 ACA ATG ACC OAT 0CC TTT CCT AAA CTG TAC

ALA ASH ALA THR SEE LEU LEO GLY TIIR RET THR ASP ALA PHE PRO LYS LEU TYR

A-MPCFP2477

M-MCP T .t . .. . ..I

F-MCF C .. .A .

2670m270 280 290 300
ENDOG A-1? TOG GAOAT ACTOGA CTC 000 TOT CGC ACT CCC 003 GGA AGA-KTAGO AGA

TRP ASP GIU THR GLY LEU GLY CYS ARG THR OOLLY ARG LYS ARG ALA ARG

A-MCF247 .. .. .. ..
.

..

M-MCF L....... .. .. .. .. .. .. .G

340 350o 360 370

ENDOG A-I? ACT GTA CCA ACA TOT GGA CCG AGAT GAO GGC
THE VAL PRO TIIR GLY CYS GLY GLY PRO ARG1 GIG GLY

A-MCPF247 .. .. .. ..

M-C ...... ...........

430 440
ENDOG A-I? CCA TCA TCA TCA TOG GAC CTA ATT

PRO SER SER SER TRP ASP LEU ILE

A-MCF247 .. .. ..

M-MTCFP

F-MCFP

230 240 250

TTT GAC TTG TGC OAT TTA A~TA GACGA
PHE ASP LEG CYS ASP LEU IL] GLY ASP ASP 84

Sma
320 330

TTC TAT OTT TGC CCC 000 CAT
PHE TYR VAL CYS M~ GL-Y HIS

380 390 400 4l0
TAC TOT GGC AAA TOO GGC TOT GAO ACC ACT GGA CAG GCA
TYR CYS GLY LYS TRP GLY CYS GLU THR THR GLY GIN ALA

450 460 470 4800
TCC CTT AAG CGA GGA AAC ACC CCT CGG AAT CAG GGC CCC TOT
SEE LEG LYS ARG GLY ASH THR PRO AGASN GIN GLY PRO CYS

... 1.. ...

.. .. .. .. ..ii ..

490
TAT OAT
TYR ASP

420
TAC TOO AAG
TYR TRP LYS

z
500

TCC TCA GC GTC

SEE SEE ~ALA~VAL

I112

1 40

1 68

51 0 520 530

ENDOG A-I? TCC AGT GAC ATC AAO GGC 0CC ACA CCG
SEE SEE ASP I18 LYS GLY ALA THE PRO

A-MICF247 .. ....

MI- RCFP.

F-MICFP. = T..

540
000 GOT CGA TGC AAT
GLY GLY ARG CYS ASN

Eco RI
550 560

CCC CTA GTC CTG GAA TTC
PRO LEG VAL LEG 010 PHE 196

...A .

FIG. 5. Comparison of sequences in the 5' env regions of cloned endogenous and MCF MuLV DNAs. Nucleotide and deduced amino acid
sequences of AKR MCF247 (A-MCF247), M-MCF, and F-MCF MuLVs are compared with the sequences present in the cloned endogenous
A-12 DNA (ENDOG A-12). The designations used in this figure are the same as described in the legend to Fig. 4. The MCF247-specific 12-bp
deletion (V) and 3-bp insertion (enclosed within heavy solid lines) are designated as Y and Z, respectively. The shaded areas indicate
nucleotides and amino acids which are unique to each MCF isolate and different from sequences in corresponding positions in ecotropic and
xenotropic proviruses; the amino terminus of the gp7O in the cloned endogenous and MCF DNAs is indicated based on amino acid homology
to Rauscher MCF gp7O (26); potential glycosylation sites are underlined.
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endogenous MuLV DNA sequences, which resulted in five
substituted amino acids in the env region: one in the leader
segment (position 22) and four in the gp7O-coding region
(positions 72, 167, 171, and 173). The substitution of alanine
by a valine at position 167 in F-MCF DNA resulted from a
single base change at nucleotide 500 in the 3-bp MCF247-
specific insertion (designated as Z in Fig. 5).

It is interesting to note that no single alteration was shared
between the three MCF DNAs with respect to the endoge-
nous MuLV DNA in clone A-12. The high degree of nucleo-
tide sequence conservation between the retroviral DNA in
clone A-12 and the three MCF proviruses establishes the
role of endogenous MuLV DNA segments in formation of
recombinant MuLVs.

DISCUSSION
Oligonucleotide fingerprinting and restriction enzyme

mapping analyses of MCF MuLV isolates indicate that they
differ from one another in the amount of nonecotropic
sequences incorporated into their pol and env regions (4, 23).
These nucleotide substitutions invariably involve the 5'
portion of the env gene. It has previously been demonstrated
that the novel sequences which are ultimately incorporated
into MCF viruses preexist in mouse chromosomal DNA (3,
17). Some of these segments, which contain MCF-related
env regions on the basis of restriction mapping and Southern
blot analyses, have recently been cloned from AKR/J and
BALB/c mouse DNAs (17). One of the cloned endogenous
MuLV DNA segments, which was isolated from AKR/J
mouse DNA and designated A-12, was identified as a
potential env gene progenitor of AKR MCF247 MuLV. To
confirm this relationship between the endogenous and infec-
tious MuLV DNAs, the nucleotide sequence of 363 bases
near the 3' end of the pol gene and 564 bases in the 5' region
of the env gene in the cloned endogenous and AKR MCF247
MuLV DNA was determined.

Recently, Holland et al. have reported the nucleotide
sequence of the env gene in cloned AKR MCF247 MuLV
DNA (14); that sequence differs by one nucleotide from the
one reported here (position 249; Fig. 3). This single base
change does not result in an amino acid alteration. The
nucleotide sequence comparison of the cloned endogenous
MuLV DNA segment and MCF247 MuLV DNA reported
here indicates that all of the hallmarks of MCF proviruses,
identified after the sequencing of MCF247, xenotropic, and
ecotropic MuLV proviral DNAs (Fig. 2 and 3), were present
in the cloned AKR mouse cellular DNA segment. These
unique structural features, which were lacking in both xeno-
tropic and AKR ecotropic MuLV proviruses, included (i) a
12-bp insertion (designated as X in Fig. 2) located 60 bp from
the 3' end of the pol gene (and immediately preceding the 5'
terminus of the env gene) and (ii) a 12-bp deletion and a 3-bp
insertion in the 5' env region (indicated with a Y and Z,
respectively, in Fig. 3). The comparison of the cloned
endogenous and MCF247 MuLV DNAs revealed total nucle-
otide sequence identity in the 3' pol region (Fig. 4) and only 4
of 564 mismatched bases in the 5' env region, resulting in the
substitution of three amino acids (Fig. 5). In addition, the
unique structural features present in the cloned endogenous
and MCF247 MuLV DNAs could also be identified in
analogous regions of M- and F-MCF MuLV proviruses. The
high degree of nucleotide sequence conservation between
the cloned endogenous MuLV DNA and MCF proviruses
corroborates the role of mouse cellular DNA sequences in
the generation of env gene recombinant MuLVs.

Southern blot analyses of restricted mouse DNAs have

indicated the presence of 18 to 28 xenotropic MuLV-related
DNA segments (13). Of the six env-containing cloned endog-
enous MuLV proviral segments isolated from BALB/c and
AKR/J mouse DNAs, only one contained purely xenotropic
env specificity (17). The remaining five cloned endogenous
MuLV DNAs had env regions possessing restriction maps
and hybridization properties typical of MCF proviruses.
Such results suggest that the majority of MuLV-related
DNAs in the mouse genome contain an MCF-type env
region. It is interesting to note that each of the MCF-related
env segments associated with cloned endogenous MuLV
DNAs could be distinguished from one another after AluI or
HpaII digestion (17). It is unclear at this time whether these
endogenous MCF-type env DNA segments constitute a
family of highly related MuLV DNAs or whether each
isolate represents a different class of endogenous MuLV
DNA. The relationship of the endogenous MCF-type env
DNA segments to each other and to known MCF MuLV
proviral env regions remains to be elucidated by nucleotide
sequence analysis. In view of the existence of a large number
of endogenous MuLV DNAs containing distinctive env
regions, it was quite unexpected to learn that the env regions
of three different MCF MuLV (AKR MCF247, M-MCF, and
F-MCF) were nearly identical to the env region present in a
single endogenous MuLV DNA (namely, in clone A-12).
Several possibilities can be entertained to explain the incor-
poration of pol and env sequences similar to those present in
clone A-12 into three different MCF proviruses. (i) The
proviral DNA in clone A-12 is located in a region of the
chromosome in which a high frequency of recombination
occurs; such a "hot spot" for recombination could even be
located within the retroviral sequences in clone A-12. (ii)
The endogenous MuLV provirus associated with clone A-12
may represent a member of a highly related multimembered
MuLV family which contains env genes capable of donating
a functional gp7O to an ecotropic MuLV to generate MCF
viruses.

It has been demonstrated in viral interference studies that
the host range of MuLVs is defined by the recognition of
distinct cell surface receptors by the viral env gene-coded
protein products, such as gp7O, of the three classes of
MuLVs, namely, ecotropic, xenotropic, and dualtropic
MCFs (1, 21). The results presented here indicate that the
amino acid sequence of the 5' portion of the env gene in
MCF247 MuLV is significantly different from that in the
analogous region of AKR ecotropic MuLV. Furthermore,
MCF247 MuLV can also be distinguished from xenotropic
MuLV in its 5' env region based on 23 amino acid substitu-
tions, deletion of 4 amino acids, and insertion of 1 amino acid
(Fig. 3). Thus, the amino-terminal portions of the gp70s
associated with the three classes ofMuLVs may very well be
involved in determining host range by recognizing different
receptors on the cell surface. Recombinant MCF MuLVs
have been shown to infect mouse cells via receptors distinct
from those used by ecotropic MuLVs (21). The MCF-
encoded gp7O might, thereby, allow the entry of MCF
viruses into tissues that are inaccessible to prototype ecotro-
pic MuLVs. After entry into such cells, other regions of the
viral genome may then function to initiate the leukemogenic
process. For example, in the case of MuLV-induced thymic
lymphomas (25), the LTR associated with MCF proviruses
may facilitate enhanced expression of viral genes in thymus
cells. The resulting increase in the number of progeny
virions could then lead to multiple integration events, one of
which might activate a "leuk" gene in a manner analogous to
the promoter-insertion model (11). Alternatively, enhanced
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expression of a viral gene product (e.g., gp7O) mediated by
an LTR now associated with a recombinant MuLV env
region and located in a cell type previously inaccessible to it
could be pathogenic.

It is worth noting that the rate of viral integration can be
affected by mutations in the 3' region of the pol gene (S.
Goff, personal communication). Thus, the insertion of 12 bp
in the 3' end of the pol gene in MCF MuLV DNAs might
affect its integration into cellular DNA and activation of a
potential leuk gene. A role for this 12-bp pol insert in
leukemogenesis is supported by the fact that both M-MuLV
(29) and F-MuLV (18), which are leukemogenic ecotropic
viruses, also have sequences (9 bp) inserted into this portion
of their pol genes, whereas the nonleukemogenic ecotropic
MuLVs, such as AKv, lack sequences in this region.
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