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ABSTRACT The Friend spleen focus-forming provirus is 6,296
base pairs (bp) in length. Compared to Moloney murine leukemia
virus, it has undergone five major deletions, three substitutions,
and a number of minor alterations. Otherwise, these viruses are
about 90% homologous. A 16-bp palindrome is found in the region
thought to be involved in packaging and dimerization of the RNA
genome. Premature termination of translation of the gag poly-
protein is attributed to a 13-bp deletion in the p12 region. A sub-
stitution of xenotropic env sequences was identified in the 5' re-
gion of the env gene; 150 nucleotides 3' to this substitution, a deletion
of 585 bp removes the site where the normal enm precursor pro-
tein is cleaved to form gp70 and p15(E), resulting in a fusion pro-
tein of Mr 44,725. Due to these changes, the env product gp55 is
expected to have a substantially different conformation on the cell
surface compared to either a xenotropic or ecotropic gp70 protein,
and may be responsible for the rapid erythroleukemic potential
of spleen focus-forming virus.

Retroviruses that induce neoplasia can be classified with few
exceptions into two groups: those that are slowly transforming
and replication competent and those that have recombined with
one of a number of cellular oncogenes to become rapidly trans-
forming and replication defective (1). The oncogene can sub-
stitute within any of the viral structural genes: gag, which pro-
duces core proteins, poi, which encodes RNA-dependent DNA
polymerase (reverse transcriptase), and env, which produces
envelope glycoproteins. Each region normally produces a poly-
protein that is processed by proteolytic cleavage.

Friend spleen focus-forming virus (SFFV) induces a rapid
erythroleukemia in mice (2, 3). However, it neither contains a
cellular oncogene nor has the ability to transform fibroblasts in
culture (4). It has suffered several substitutions (5, 6) and dele-
tions (7) compared to its helper virus, Friend murine leukemia
virus (F-MuLV), and is thus replication defective. SFFV in-
duces an unusual disease consisting of an early (1-2 weeks) pro-
liferation and differentiation of erythroid cells (2, 8) and a late
stage when transformed cells able to form tumors and per-
manent cell lines appear (9, 10). Which of the SFFV or F-MuLV
viral genomes induces the progression of transformation has
not been determined, but it is known that SFFV is responsible
for the early stage (8) and is under the control of the same host
factors that influence normal hemopoietic development (4, 11-
13). Recombinant DNA experiments have suggested that gp55,
the product of the env gene, may be required for the initial
cellular proliferation (14). This region contains a substitution
that appears to have been derived from a xenotropic retrovirus
(5-7). However, mink cell focus-forming (MCF) viruses, which

are also recombinants of xenotropic env sequences, do not in-
duce Friend disease (15, 16).
To establish the exact nature of the SFFV rearrangements

and their relationship to pathogenicity, and also to aid in the
understanding of retroviral control mechanisms and evolution,
we have determined the complete sequence of the Friend SFFV
provirus. It was found that the 5' region of the ecotropic F-MuLV
env gene has been replaced by xenotropic env sequences, and
that a deletion spanning the junction of gp70 and p15(E) results
in the creation of a gp70-p15(E) fusion protein. Both of these
characteristics may be important in the early phase of Friend
disease.

MATERIALS AND METHODS
The 7,400-base-pair (bp) EcoRI insert of AgtWESASFFVp502
containing the infectious SFFV provirus (17) was digested with
Sau3A, Hpa II, or Taq I. The resulting fragments were ligated
into the BamHI or Acc I site of the replicative form of the phage
vector M13mp9, which was then used to transfect Escherichia
coli strain JM103. JM103 and M13mp9 were generous gifts from
J. Messing (University of Minnesota). The DNA sequences of
single-stranded recombinant phages were determined by the
dideoxy chain-terminating inhibitor method (18), using DNA
polymerase I (Klenow fragment), deoxy- and dideoxynucleoside
triphosphates from Boehringer Mannheim (Montreal), [a_32p]1
dATP from New England Nuclear, and a synthetic pentade-
camer primer from New England Biobabs. The Maxam and
Gilbert procedure (19), used to fill in gaps and verify some areas,
and polyacrylamide gel electrophoresis were carried out as de-
scribed (20). The sequences of all areas were determined at least
once on each strand, and the sequences were determined through
all restriction sites. The sequences were compiled with mod-
ifications of the FORTRAN programs DBCOMP and DBUTIL
(21).

RESULTS AND DISCUSSION
Sequence of SFFV DNA and Comparison to DNA Se-

quences of Ecotropic and Xenotropic Retroviruses. The se-
quence of SFFV DNA is shown in Fig. 1, as well as the protein-
encoding regions and other features of interest. The provirus
is 6,296 bp long and has two 514-bp LTRs. The DNA sequence
of the related (6, 7, 20) Moloney murine leukemia virus (Mo-
MuLV) (22) was compared to that of SFFV by diagonal dot ma-
trix analysis, shown in Fig. 2. The results identify five major

Abbreviations: SFFV, spleen focus-forming virus; F-MuLV, Friend mu-
rine leukemia virus; Mo-MuLV, Moloney murine leukemia virus; MCF
virus, mink cell focus-forming virus; Mo-MuSV, Moloney murine sar-
coma virus; LTR, long terminal repeat; bp, base pair(s).
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r- 5'LTR
TCAAACACCCCACCAAGTTCCTTACCCTCGATACCCG;CACTAACGCCCATTTTGCAACCCATGCAAAAATACCAAACCAACAATAWGGAACTTCACGATCAACGCCGCCTACACCGAAAACACCTAACCTTGGGCCCAAACAACiTATCTGCGGT

AAGCAGTTTGCCCCCGGCCCGCCCGCCAACAACAC;ATGGTCCCCAC;ATATGGCCCAACCCTCAC;CAGTTTCTTAAGACCCATCAGATGTTTCCACCGCTCCCCCAAGGACCTGAAATGACCCTGTGCCTTiTTGAATTeAACCAATCApCC
CGCTTCTCGCTTCTGTTCG6GCGCTTTTGCTTCCCGAGC-iCT6 ~~~~~~CAZAT box
CCCTCTCCTTTCTTCCCGC~CCTTCCCCC _,TA AAtC AGCTCACAAC CCTCACTCGGCCGCCAGTCCTCCGACAGACTGAGTCGCCCGGGTACCCGTGTTCCCAATAAWpCTC"GCTGATTGCATCCGAATCGT
* * G/H bo~~~~~x.S' LTR-- tcop .. pl-A sianol.

GGACTCGCTGATCCTTGGGAGGGTCTCCTCAGATTGATTGACTGCCCACCTCGGGGGTCTTTCATTT0G0GGCTCGTCCGGGATTTGGAGACCCCCGCCCAGGGACCACCGACCCACCGTCGGGAMTAAGC.TGGCCAGCGATC0TTTTG
TlR PBS. . . splice donor

TCTCCGTCTCTGTCTTTGTGTGTGTGTGTGTGTACCGGTATTACTTTTTGCGCCTGCGTCTGGTTCTGTA,CTAGTTAGCTAACTAGTCTGTATCTGGCGGTTCCGTGGAAGAACTGACGAGTTCGTATTCCCGACCGCAGCCCTGCGA

GACGTCTCAGAGGCATCCGGGGCCCGCTGGGTGGCCCAATCAGTAAGTCCGAGTCCTGACCGATTCGGACTATGUGCCCCTCCTTTCGGAGGGGTACGTGGTCCTC'AGGAGAC GGCAGGTCCAAGCCCTCGCCGCCTCCATCT
o pl5909

GAATTTTTGzCTTTCGGiiiTTCGCCGAAACCCGCGCCGCGCGTCTTG,TCTCTCTCAGTATTGTTTTGTTATTGTCTGTTCGTTATTGTTTGGACCGCTTCTAAAAACAT^GG^G*AGACCGT AACC^ACCCC^TCTGAQTCTG AC~C^C0A2AA
splice acceptor ........................ lu

CR*N~fGG~tC-~rGCFQ&CCQC-TCCA^A^C^*T^~fG^A~ATC0CytiQ^&QCACQ~tQ8T~rCCgCTG^^IACTACQACN9 CAiafigCGTTGGGTGrQCTCATQATGTACT= qaACTTC^TCtTtTCAjfjgXrGu§yGn^r1h#Sr1 CGGFaJ ^}¢XLX r^Ar r^;hhCY~r}yrprq eGy§lx~pr^lA§lxhF~ Ae&§Itt\eQn
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y deletion I ( 6b)
IATTI, RA)TC~~~~~~~~~~~~~~~~~~~~~~~~~~~~~Tg~~~~~1350
yTSer TCC~atCG9A8ACFC aA>A981VCCAATAuT80CtfiC9yr- u^rr2aM t . 8alSermQ§ euser Q2T rf5C211e
*r*-,p.29 9 vdelet.iofn (13 bp) h

eccZATCCQGTigCTCgGACTCAACC^T*C^QiCC* eQA^;CT~eCC^xA^-1.CiTJeTPCTT^CiCeC^ TATA AA^A*CCCGGACCT CCG %T^AGGCqQGA£CTgCTg#CTqAOCT^TTQ^^ACCCCZQ^G^CGqQ AAGGGAggGT 1500
a~~QTT~~~TTA~~CITCCTTAAEfTtgCtCA 49

r ~ g~ g 1500~r¢qSe ly qSerThrGlnPro C2 C2 CQ2CAla C26 0 IMC~C2, ICIreIiCjs ro~lyPro er rofleMetAlaAspCeugerLeut rPhegerC l;CysThr euArRArg~hrdluAspArgispArg
ggC^T^CrTC*TG*^C^GQAQA^TQQCGA^CAQAQA4Q6GQ ZCC aACZ CTCCAg^TTCTQ FAQATT^C^CTQCC^CgTg C#TCCA^ATGTCTCGCCTGCGGGGCAAAAG C C CCCCCCGCGGCAGATTCCACcAccTCTCGGG~CmcCCCACiCCGTTTGGGG 1650
ProProLeuThrGluMetAlaThrGluLysArgProProProLeuLeuArgPheLeuProProLeuPro*"'

AGGGTCAGGAGCCCCCCCCTCAACCCAGGATAACCCTCAAAGTCGGGGGGGCAACCCGTCACCTTCCTAGTGGATACTGGGGCCCAACACTCCGTCCTGACCCAAAATCCTCGACCCCTAAGTGACAACTCTGCCTGGGTCCAAGGGGCT
* * ~~~~~~vcele~fion IVZ (719 bp).

ACTGGAAGAAAGCGGTATc~cTG.GACCACGGATCGCCAGGTGCACCTAGCCACCGGGTTCAAAAACAGTcCCAcCCTGTTGATAAAGCCCTGCACAGGGACCTCGCAGACTTCCGGATCCAGCACCCAGACCTGATCCTGCTCCAGTA
TCTAGATGACTTACTGCTGCCCGCCACTTCTGAGCTTGACTGTCAACAACGTACGCGGGCCCTGTTACAiACCCTAGGGGACCTCGGATiTCGGGCCTCCGCCAAGAAAGCCCAAAATTGCCAGAAACAGGTCAAGTATCTGGGGTATC;
TCTAAAAGACGGGTCAGGGATGCCTCACTGAGGCCAGAAAiCACACTCTCATGGCGCAGCCTACTCCAAAGACCCCTCGACAACTAAGGGAGTTCCTAGGGACGCCACCCTTCTCTCCCiC;CTGATCCCCGC=TTTGCAGAAATrGCCAGC

delption v (145 bp)vv
CCCCTTGTACCCTCTCACCAAAACGGGGATCTGTTTAAATGGGGcCCAGACCAGCAAAAGGCCTACCAAGAGATCAAGCAGGCTCTCTTAACTGcCccTGCCCTGGGATTACCAGACTTGACTAAGCCCTTCGAACTTTTGTTGACCA
AACACACTGGCAACCTCACCATGGCACAGCCACTAGTCATTCTGGCCCCCCATCCAGTAGAGGCACTAGTTAGGCAACCdCCCTGATCGCTGGCTCTCCAACGCCCGAATGACCCACTACCAGGCTCTGCTTCTGGACACGGACCGACTCC
AGTTCGGACCAATAGTGACCCTAAACCCAGCTACGCTGCTCCCTCTACCTGAAGACCGGCTGCAACATGiCTGCCTTGACATCTTCGCTGAAGCCCACGGAACTAGACCiGATCTTACGGACCACCCTCTCCCACACCCTGACCACACCT

.delelion = (810 bp)
GCTACACAGATGAGACCACCTTCCTGCAACAGGGACAGCGCAACCCCGCACCACCAGTAGAAGTTTTCGTACACACTTTCTCTGGATCCATAA AAG 1TTTTCCCAACCAAGAAAGAAACTGCCAAAGTTGTAACCAAGAAGCTACTAGAAG

AAATCTTCCCCAGATTCGGCATGCCACAGGTATTGGGAACCGACAATGCGCCTGCCTTCGTCTCCAAGGTAAGTCTGACAGTAGCCGAmiATTCGGGGGTTGATTGGAAACTACATTGTGCATACAGACCCCAGAGTTCAGGTCAGGTAG
AGAAAATAAATAGAACCATCAAGCAGACTTTAACTAAATTAACCCTTCCACCTCCCACTiCACACTGGGTACTCCTACTCCCCCTCCCCCTCTACCGAGCCCGGAATACTCCGGGCCCCC6ATGCACTTACTCCCTATCAiATTCTGTATG
GIGGCACCCCC6GCCCCTTGTCAATTTTCATC6ATCCTGAAATGTCAAAGTTAACTAATAGTCCC,TCTCTCCAAGCTCACTTACAGGCCCTCCAAGCAGTACAACGAGAGGTCTGGAAGCCACTGGCCGCTGCTTATCAGGACCAGCTGGATC

SD~lce accel)TOCAGCCCAGTGATACCACACCCCCTCCGTGTCGGTGACGCCCi'TGGCGTACGCCGGCACCAGACTAIEGAACTTAGAACCCCGCTGGAAAGGACCCTACACCGTCCTGCTGACCACCCCCACCGCTCTCAAAGTAGACGGCATTCTCTGCGGGGA
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r- PR nPv
TACACGCCGCCTCACGTAAAAGCGCGCACAACCCCTCCCGGCCGGAACGCCCTCAGGACCGACATGAAAGGTCCAGCATTCTCAAAACCCCTTAAAGATAAGATTAACCCCGTGGGGCCCCCTGATAGTCCTCGGGATCTTAATAACCCAGG 4500

MetL slyProAlaPheSer ~r~ uLy3AspLZ3I IeAsnProTrpGlyProLeuI leValLeu~lyI leLeuIleAr Alaul~gp70 --------------- W ----

AGTATCAGTACAACATGACAGCCCTCACCAGGTCTTCAATGTTACTTCCGAGAGTTACCAACCTAATGACAGGACAiAACACCTAACGCTACCTCCCTCCTCCG(GACAATGACAGATGCCT~CCTATGCTGCACTTCGACMTGCGATTTm 4650
_w___w____w__________________7__ _ IS_ _IS_____w___Sw_;___ _ ______________7_S_ ____S500__ 7_ _ S

ValSerVal lnHisAspSerProHisGlnValPheAsnValThrTrpArgValThrAsnLeuMetThrGly0lnThrAlaAsnAlaThrSerLeuLeuGlyThrMetThrAspAlaPheProMetLeuHisPheAs3LeuCysAspLeu
1TH0 . -(CH0?)CHO

AATAGGGGACGA1
IleGlyAspAs;CT-GiWf -pAC3-C

CTGTGACACCAC1 'AAGGATCGGGGCCCCTGTTATGATTCCTCGGTCTCCAGTGGCGTCCAGGGTGCCACACCGGGGGGTCGATG
LysAspArg

.lyProCysTyrAspSerSerValSerSerl yVallnGlyAaThrProGlyGlyArg ,
~~~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

4800

4950

CAACCCCCTGGTCTTAAAATTCACTGACGCGGGTAAAAAGGCCAGCTGGGATAGCCCCAAAGTATGGGACTAAGACTGTACCGACCCACAGGGATCGACCCGGTGACCCGGTTCTCTTTGACCCGCC___TCCTCAATATAGGGCCCCG 5100

AsnProLeuValLeuLysPheThrAspAlaGlyLly3~yAlas2r!rp~spSerProLy3Va lTrpGlyLeuArgLeuTyrArgProThr~yI le!spProValThrArgPheSerLeuThrArgGlnValLeuAsnlleGlyProArg
- ------___ _--_------____-_____--_--___--_-___--_-__-__- _-__-__

CATCCCCATTGGGCCTAATCCCGTGATCATTGGCCAAC
wm -_w _www~w - -W _Wl

IleProIleGlyProAsnProVaI1leIleGlyGlnL

GGGAGACAGGTTACTAAATCTAGTACAGGGAGCTTACC
__________-- - ---------___

CTCAGG
ValArit

hACAGGCGCAGCCTCTATGGTCCCTGlG
oThrOlvAlaAlaSerMetValProGlhr

----____________________-_____ - ------------------- -------------- -------_10deletion MI (585 bp) * C1CH;
CTCTGCCCTAAAAGAAAAATGTTGTTCTATGCTGACCATACAGGCCTAGTAAGAGATAGTATGGCCAAATTAAGAAAGAGACTCACTCAGAGACAAAAACTATTCAGTCGAGCCAACGATGGTTCGAAiGGATCGTTTAACAGATCCCC 5550
SerAlaLeuLysalULysCysCyaPheTyrAlaAspHisThrGlyLeuValArgAapSerMetAlaLYsLeuArgLysrCeuThrGlnArgGlnLyseueGluSerSerGlnGlyTrpPheG ufly~ erPheAsnArgSerPro

.6bpduplication. t(CHO?)
CTGGTTACCACGTTGATATCCACCATCATGGGCTTCTCATTATACTCCTA CTCCTACTAATTCTGCTiTTGCTGGACCCTGCATTCTTAATCGGTTAGTTCAATTTGTTAAAGACAGGATCTCAGTACTCCAGGCTTTAGTCCTGACTC 5700
Trp2F FIThrreiuIlleSerThrICMetGlyLeuLeuIleeLeuLeuLCeuLeuLeuIleLeuLeuLeuTrpThrLeuiisSer--

**. 3 LTR
AACAATACCACCAGCTAAAACCACTAGAATACGAGCCcACGATAAATAAAAGATTTTAmAGTTTCCAkGAAAAAeGGWGGA ,eAAGACrCCACCAAGTTGCTTAGCCTGATACGcCecGTAACGCCATTTTGCAAeGcATGGAAAAAT 5850

Purtne rich region TIR*
ACCAAACCAiGAATACCCGAACTTCACATCAAGGGCCGGTACACCAAAACACCTAACCTTCGGGCCAAACAAGATATCTGCGCTAAGCAGTTTCG(;CCCCCGGCCCGGCGGCCiACAACACATGGTCCCCACATATCG(CCCAACCCTCACCACT 6000

G/Hbox 3'LTRi
CGCTGATCCTT0GGAGGGTCTCCTCAGATTGATTGACTGCCCACCTCrlC2GGUTCTTTC#

TIR

6150

6296

FIG. 1. (Legend appears at the bottom of the next page.)

5250

AAT
A;n

TTCTTAAGACCCATCAGATGTrTCCAOGCTCCCCCAAGGACCTGAAATGACCCTGTGCCTTATTTGAATTAACCAATCAGCCCGCTTC
.CAAT box

GGCGCGCCAGTCCTCCGACAGACTGAGTCGCCC0GGTACCCGTGTTCCCiATAAAGCCTCTTGCTGAnGCA ATCGTGGACTC
poly-A signol t

3 terminus

GGTAATGGT6AGTTGCAGTACTGGCCGTTfTCCTCCTCTGATCTATATAiCTGGAAAAATAATAATCCTfCCTTCTCTGAGGATCCAGGfAAACTGACTACATTGATTGiATCTGTCCTCACCACCCAC6AGCCCACCTGGGATGATTG6

AGACTCAAGGAGGCCTATC6CAGATACACTCCTTATGAC6CTGAGGACCCAGGGCAAGAiACCAATGTGTCCATGTCATiCATCTGGCAGTCCGCCCCG6ATATCGGGCGAAAGTTAGA6CGGTTAGAAGATTTAAAGAaCAAGACCTTA
Ydelet ion IU (64 bp)GGAGACTTA6TGAGGGAAGCTGAAGAGAT6TTTAATAAATGAGAAACCCCGGAAGAKAGAGAGAGAAGGAGAGGGACCGCAGAAGACATAGAGAAATGAGTAAGTTGCTGGCTGCTGTCGTTAGCGGGCAGAGACAGGATAGACAGGGAG
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deletions throughout SFFV and two areas of nonhomology, which
are presumably substitutions, in the gag and env regions. Be-
cause SFFV is thought to have some homology to xenotropic
viruses, the env region of a MCF virus (23), which contains xe-
notropic sequences, was also compared to SFFV DNA. The In-
set in Fig. 2 shows that the env region of SFFV that has poor
homology to Mo-MuLV DNA has high homology to MCF virus
DNA. Direct nucleotide comparison (Fig. 1) confirms the xeno-
tropic origin of the SFFV env substitution. Mo-MuLV and F-
MuLV (24) have equally poor homology in this substitution. The
gag substitution shows at least 50% homology to Mo-MuLV,
indicating that it is of retrovirus origin.
The sequence of SFFV DNA was compared directly to the

sequences of Mo-MuLV and to F-MuLV DNAs, and two ad-
ditional small deletions were found in the gag region. Except
for deletion VI, a short repeat of three to six nucleotides can
be identified at the deletion boundaries. These repeats ter-
minate exactly at opposite ends of the deletion so that one is
completely lost and the other is completely retained (Table 1).
A similar situation is found in Moloney murine sarcoma virus
(Mo-MuSV) (25), and in the LTR of spleen necrosis virus (26).

Repeated sequences may be important for the generation of
deletions and insertions by a mechanism of homologous re-
combination that is unique to retroviruses, which allows non-
contiguous regions of the template to be joined in the poly-
merase product during reverse transcription. This mechanism,
known as "jumping" (26), presumably involves the comple-
mentarity between the newly synthesized product and a distant
region of the template and may be mediated by breaks in the
RNA molecule.

Deletion VI, similar in size and position to a deletion in Mo-
MuSV (25), does not have duplication, suggesting that other
factors may have been involved in its generation.

Genetic Areas of SFFV. (i) Terminal structures. As has been
shown previously (20), this provirus is flanked by two 514-bp
LTRs (27) that contain recognizable transcriptional regulatory
sequences and short terminal inverted repeats (Fig. 1). A se-
quence complementary to the tRNAPrO primer for reverse tran-
scription is found 3 bp to the 3' side to the 5' LTR. A purine-
rich region is found just to the 5' side of the 3' LTR, which is
thought to be involved in the initiation of second-strand syn-
thesis during reverse transcription. Overall the SFFV and Mo-
MuLV LTRs are very similar; therefore, by analogy to the Mo-
MuLV transcript (22), the cap site of the SFFV RNA genome
is found at position 372 and the 3' terminus is at position 6,222.

(ii) Intron. After the region that corresponds to the tran-
scribed RNA had been identified, two open reading frames were
found that corresponded to the two known SFFV-encoded pro-
teins (8). The first initiation triplet of the RNA molecule (po-
sition 1,009) corresponds to the Mo-MuLV gag initiation trip-
let.

Direct comparison of SFFV RNA to Mo-MuLV RNA shows
that there is a substitution between this initiation codon and the
5' LTR (position 590-670). Mo-MuSV also has a substitution
in this general area (25). This region has been implicated in
packaging and dimer formation of the retrovirus genomes, and
has been called "E," for encapsidation (28). Despite the dif-
ferences between these three related viruses, one sequence that
is constant is a 16-bp palindrome starting at position 672 in SFFV
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FIG. 2. Diagonal dot matrix comparison of SFFV and Mo-MuLV
DNAs. Each point represents a position where there is at least 90% ho-
mology between the two viruses over 21 contiguous nucleotides. The
vertical discontinuities of the diagonal line represent points of dele-
tions in SFFV. The diagonal line fragments in the lower left and upper
right corners are the result of the presence of both LTRs in the SFFV
genome. int, Intron. (Inset) Comparison of the SFFV env region to the
env region of a MCF virus, which contains xenotropic sequences.

RNA. Such a palindrome could hybridize intramolecularly to
form secondary structure or intermolecularly to bind two ge-
nomes together. Its position is consistent with electron micro-
scopic studies, which have shown that the two genomic RNA
strands are held together about 300 bases from the 5' end (29).

Unlike that in SFFV, the gag initiation triplet in Mo-MuLV
is the fourth methionine codon in the transcript. Because the
scanning model of protein translation dictates that the most 5'
AUG is used for initiation (30), a splicing event has been pos-
tulated to remove the upstream AUG triplets (22). Such an event
would also remove the packaging sequences from the mole-
cules destined to be translated rather than packaged. Consis-
tent with this purpose is the conservation of the postulated splice
sites between Mo-MuLV and SFFV.
An interesting feature within the substitution in this putative

SFFV intron is a stretch of alternating thymidine residues from
597 to 633, the last 16 of which are alternating thymidines and
guanosines. Such sequences have recently been found to be
highly repeated in eukaryotic genomes (31) and, because they
can form left-handed Z-DNA (32), they have had unusual con-
trol and recombinational functions attributed to them. It is un-
likely that such a sequence could persist in a retrovirus, with
such a high frequency of deletions between repeated se-
quences, unless it provides some function.

(iii) gag protein product. Only two viral proteins have been
detected in SFFV nonproducer cells: the NH2-terminal gag
protein p15 and the env-related gene product gp55 (8). Ex-

FIG. 1 (on preceding page). The DNA sequence of the SFFV provirus, including the 3' and 5' long terminal repeats (LTRs). The amino acid
sequences of the proteins produced by the gag and env regions are positioned under the nucleotide sequences. Regions of interest have been marked
next to the sequence, and every 20th nucleotide has a dot over it. TIR, 11-bp terminal inverted repeat that bounds the LTRs; G/H box, Goldberg-
Hogness box; cap, point oftranscription initiation; PBS, primer binding site; PRen,, env precursor protein; ***, translation termination codon; CHO,
point of probable polysaccharide attachment to the protein; CHO?, potential glycosylation site. The proteins and nucleotides are marked where the
sequences best match those of other viruses: In gag, homology to Mo-MuLV is indicated by underscoring with circumflexes (^). In env, homology
to F-MuLV is indicated by straight underlining (-), and wavy underlining (-) shows homology to xenotropic MCF virus sequences.
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Table 1. Deletions and boundary repeats of the SFFV provirus
SFFV deletion Mo-MuLV Deletion Boundary

No. Position* positionst size, bp repeat
I 1,325 938-943 6 G-C-C-T-C-C
II 1,413 1,032-1,044 13 C-T-A
mI 2,307 1,938-2,001 64 A-G-A-G-A-G
IV 2,754 2,448-3,166 719 C-C-A-C
V 3,298 3,711-3,855 145 G-A-C
VI 3,661 4,220-5,029 810
VII 5,408 6,864-7,448 585 C-T-G-C-C-C

*See Fig. 1.
tFrom Shinnick et al. (22).

amination of the nucleotide sequence readily accounts for these
observations.
The open reading frame that starts with the initiation codon

at 1,009 is largely within the gag substitution. Despite the poor
homology between the SFFV and Mo-MuLV genomes, the de-
duced translation products are 78% homologous until position
1,413, where the 13-bp deletion II induces a frameshift six co-
dons past the p15-p12 boundary, and termination occurs at 1,570.
Apparently the short stretch of p12 that is properly translated
is insufficient to enable anti-p12 antiserum to precipitate the
abnormal protein, while still allowing the processing enzyme to
recognize the correct cleavage site, since p15 of a normal size
is produced (33). The translation product has a deduced Mr of
20,780.

(iv) pol region. The presence of three major deletions in poi,
as well as numerous frameshifts and termination codons, makes
it highly unlikely that SFFV produces its own reverse tran-
scriptase. Analysis of SFFV nonproducer cells (33) for reverse
transcriptase activity confirms this supposition (unpublished
results).

(v) env protein product The last open reading frame in SFFV
DNA corresponds to the env gene in Mo-MuLV, F-MuLV, and
MCF virus. The env precursor polyprotein is known to be pro-
duced from a subgenomic mRNA that possesses the viral 5' end
(34). Accordingly, a potential splice acceptor site has been iden-
tified in Mo-MuLV (22) which is identical to the corresponding
region (4,124-4,135) in SFFV. Both viruses have a partially
overlapping sequence 11 bases to the 5' side that matches the
splice acceptor consensus sequence (35) equally well.

The first ATG triplet after this sequence occurs at position
4,412 and corresponds to the presumptive initiation codon of
the signal peptide of Mo-MuLV, F-MuLV, and MCF virus and
is within the xenotropic env substitution of SFFV (Fig. 2). Di-
rect comparison of the DNA sequences of SFFV, MCF virus,
and F-MuLV (Fig. 1) shows that SFFV and MCF are almost
identical in sequence until 5,260, whereas F-MuLV shows gen-
erally very poor homology throughout this region. However,
between position 5,249 and the 3' LTR, the sequence is almost
identical to F-MuLV, except for the 585-bp deletion VII, which
occurs at position 5,408. The reading frame is maintained be-
tween the SFFV env region and that of the two viruses from
which it was derived, so the primary sequence of the protein
produced is very similar to that of the corresponding parent,
until a single base insertion occurs at 5,623, generating a ter-
mination codon at 5,639. ITe termination codon for the F-MuLV
env precursor protein occurs approximately 34 codons later. This
precursor protein (PR85fv) of replication-competent murine
retroviruses is proteolytically cleaved (36) to form mature gp7O,
p15(E), plus the "R-peptide" (37). The site of cleavage between
gp7O and p15(E) has been deleted from SFFV DNA and there
are no other sites similar to the normal gp7O-pl5(E) cleavage
position (Lys-Arg-Glu). The agreement between the deduced
Mr of 44,725 for the primary translation product and the ex-

perimentally observed Mr of 42,000-47,000 (34, 38) for the un-
glycosylated protein indicates that gp55 is a fusion of the NH2-
terminal half of gp70 and the COOH-terminal half of p15(E).

There are five potential sites of N-glycosylation [Asn-X-Ser/
Thr (39)] in the SFFV env protein sequence. Three are com-
mon to glycosylated positions in F-MuLV gp70 (40) and are likely
modified. Another site within the p15(E) region is probably not
glycosylated, because the identical sites in F-MuLV and Mo-
MuLV are not. The status of the remaining site at position 4,883
is unknown.
The COOH-terminus of this protein is extremely hydro-

phobic, partly because of a 6-bp duplication between 5,605 and
5,610 and partly because of premature termination of the pro-
tein. The last 21 amino acids have the sequence Ile-Met-Gly-
Leu-Leu- Ile-Ile-Leu- Leu-Leu-Leu- Leu-Ile-Leu- Leu-Leu-Trp-
Thr-Leu-His-Ser. Presumably this hydrophobic stretch is
embedded in the membrane and serves as an anchor for the
molecule.

Origin of SFFV. The mechanism of generation of novel re-
troviruses is an important consideration because recombination
is important in the generation of transforming viruses (1, 41).
The substitution in the env region can be determined to end
within the 12 nucleotides between 5,249 and 5,260 in SFFV.
The 5' end of this substitution cannot be identified because it
occurs 5' to the reported sequence of the F-MuLV env region,
and it probably occurs prior to position 4,321, which corre-
sponds to the point of recombination between Mo-MuLV and
xenotropic sequences in MCF virus (23). Similarly, the bound-
aries of the gag substitution cannot be identified. It is possible
that all of the virus to the 5' side of 5,249 is xenotropic in origin,
because heteroduplex analysis between SFFV and xenotropic
virus DNAs shows no substitution "bubbles" (7).
The substitutions were probably generated by polymerase

jumping from the Friend viral genome to a xenotropic genome
during reverse transcription. The homology between F-MuLV
and xenotropic sequences at the point of recombination (5,249-
5,260) would enable this to occur.
Taken together, it is likely that SFFV reached its present

form through a series of events (Fig. 3). The first was recom-
bination of F-MuLV with xenotropic sequences, possibly form-
ing a Friend MCF virus. The next stop was probably deletion
of the env sequences to generate a helper-dependent virus that
produced gp55 and was thus able to induce Friend disease. Once
the helper was involved, the gag and poi structural genes could
accumulate major deletions and point modifications. All of these
changes were probably independent and accumulated gradu-
ally.

a F-MuLV
+11

b Xeno
W1AA5vW5A zvV

c Friend MCF
\ , --All
% I~~~~~~

/

d SFFV A _AVAV~~V-.~ '-

FIG. 3. Proposed mechanism of generation of SFFV from F-MuLV.
(a) F-MuLVenv (-, gp7O; -,p15(E); iiI, R)recombinedwith (b) xeno-
tropic gp7O (AA) to produce a Friend MCF virus (c). This underwent a
major deletion and other minor changes to generate SFFV (d). During
this process, the points of proteolytic cleavage (e) were lost.
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Role of gp55 in Friend Leukemia. Comparison of three strains
of SFFV showed that their only feature in common was the pro-
duction of gp55 (34). This, and recombinant DNA experiments
(14), suggested that gp55 might be responsible for the patho-
genic effects. None of these experiments defined the origin or
nature of gp55 or eliminated the possibility that other factors
may be involved.
The sequence analysis of SFFV has identified two major dif-

ferences between ecotropic env proteins and gp55. A substi-
tution of xenotropic sequences in the region corresponding to
the NH2-terminal half of gp7O is fused to the COOH-terminal
portion of p15(E) as a result of a 585-bp deletion. Which of these
changes is responsible for the activity of gp55 is unknown, but
the xenotropic sequences alone are not sufficient because MCF
viruses are unable to induce the unique disease of SFFV (15,
16). It is likely that both events are responsible for the erythro-
leukemic effect, although it is not known what effect a similar
deletion in an ecotropic virus would have. In addition, the SFFV
LTR could affect the efficiency of viral replication in different
cell types and thus play a role in the induction of the disease.

Normally, p15(E) is embedded in the membrane and anchors
most of gp70 through noncovalent bonds (24). gp55 is expected
to have a severely altered structure because of the NH2-ter-
minal substitution of xenotropic sequences, the loss of 30% of
the protein, the loss of up to five glycosylation sites, and a much
closer association of the gp7O portion with the membrane. As
well, the premature termination and the extremely hydropho-
bic COOH-terminus may affect the way it is embedded in the
membrane.

It seems likely that gp55 is responsible for the early prolif-
eration of erythroid progenitor cells by inducing the cells to
follow the normal hemopoietic differentiation pathway (4, 11-
13, 42). This effect must be mediated at the cell surface because
gp55 is a membrane protein. It might induce cellular prolif-
eration by stimulating or interfering with a surface regulatory
protein, possibly by mimicking a normal hemopoietic surface
protein. This is indicated by the observation that antiserum to
a SFFV-encoded antigen crossreacts with uninfected hemo-
poietic cells (12) and the finding that SFFV infection extends
the self-renewal capacity of hemopoietic stem cells in vivo (42).
Furthermore, the major locus that controls the susceptibility of
mice to Friend disease (Fv-2) controls the expression of en-
dogenous SFFV-related sequences in hemopoietic cells (4, 11)
as well as the rate of proliferation of erythroid precursor cells
(13).
The host loci that control normal hemopoiesis also influence

the early SFFV-induced disease, suggesting that the devel-
opmental and genetic regulation of these two processes are
similar. Both gp55 is clearly of viral origin, it would seem un-
likely that it coincidentally resembles and mimicks some hemo-
poietic regulatory protein. It has been proposed that retrovi-
ruses mobilized themselves by exploiting normal cellular func-
tions (43), so possibly the retroviral envelope proteins were
originally derived from a hemopoietic cell-surface glycopro-
tein. Further characterizations of gp55 and its interactions within
the cell membrane should lead to a better understanding of ret-
roviral evolution and of the control mechanisms of both leu-
kemic and normal hemopoietic differentiation.
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