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ABSTRACT A nucleotide sequence was determined for the
envelope (env) gene of the polycythemia-inducing strain of the acute
leukemia-inducing Friend spleen focus-forming virus (SFFV) and
from this the amino acid sequence of its gene product, gp52, was
deduced. All major elements of the gene were found to be related
to genes of other retroviruses that code for functional glycopro-
teins. Although the carboxyl terminus of gp52 is encoded by se-
quences highly related to sequences in its putative parent, eco-
tropic Friend murine leukemia virus, the majority of the protein
(69%), including the amino terminus, is encoded by dualtropic vi-
rus-like sequences. Nucleotide sequence comparisons suggest that
the nonecotropic region may be more closely related to the 5’ sub-
- stitution in dualtropic mink cell focus-inducing viruses than it is
to the 5’ end of xenotropic virus env genes. A large deletion and
two unique insertions have been located in the env gene of polycy-
themia-inducing SFFV and may account for some of the unusual
structural characteristics, aberrant processing, and pathogenic
properties of gp52. As a consequence of the deletion, amino-ter-
minal gp70 and carboxyl-terminal p15E-encoding sequences are
juxtaposed and it appears that translation from the p15E region,
3' to the deletion, continues in the standard reading frame used
by other retroviruses. Insertions of six base pairs and one base
pair at the very 3’ end of the gp52-encoding region result in a SFFV-
unique amino acid sequence and a premature termination codon.

The Friend spleen focus-forming virus (SFFV) is a replication-
defective retrovirus that when intreduced into susceptible strains
of mice leads to the development of an acute erythroleukemia
(1, 2). SFFV disease has an extremely short latency period; foci
appear in 10 days and a grossly enlarged spleen in 14-21 days
after intravenous injection of the virus (2, 3).

Despite the fact that the virus causes a rapid induction of
erythroblastic proliferation, it does not contain a typical v-on-
cogene. Pathological properties of SFFV have been linked to
the env gene, which codes for a 52,000-dalton glycoprotein, gp52
(4, 5). Our studies and those of others have shown that the env
gene product differs from those of other retroviruses not only
in its lower molecular weight but also in its failure to be re-
leased from cells and incorporated into virions (6, 7). gp52 con-
tains exclusively high-mannose carbohydrates, and only a small
proportion of the protein gets further processed to a 65,000-dalton
cell surface form (6, 8, 9), suggesting that gp52 cannot be trans-
ported and processed like other retroviral envelope glycopro-
teins. In addition, our immunological studies of the protein have
shown that gp52 contains a domain related to both xenotropic
and dualtropic mink cell focus-inducing (MCF) viruses (6, 10).
This is consistent with genetic studies which suggest that SFFV
was derived from an infecting ecotropic virus that recombined
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with endogenous sequences like those of xenotropic and MCF
viruses (11, 12). Our more recent experiments using mono-
clonal antibody and peptide mapping indicate that the domain
of gp52 encoded by the endogenously acquired genetic region
begins at the amino terminus of the protein (13).

We have determined the nucleotide sequence of the env gene
of the molecularly cloned (14) polycythemia-inducing form of
SFFV (designated SFFVp) in order to obtain a better under-
standing of the genetic basis for some of the unusual properties
and pathogenic effects of gp52.

MATERIALS AND METHODS

SFFVp Viral DNA. For DNA sequence analysis, subclones
derived from molecularly cloned full-length genomic SFFVp,
designated 4-1a3 (14), were used. This virus is the Lilly-Steeves
strain of SFFVp, SFFV(LS), derived by passing the N-tropic
Friend virus complex (1) together with a B-tropic helper virus
(BALB-Tennant leukemia virus) in BALB/c mice (15).

Plasmid recombinants were extracted by using an alkaline
extraction procedure (16) and purified in cesium chloride gra-
dients. Fragments of DNA were prepared by using restriction
endonucleases (New England BioLabs and Bethesda Research
Laboratories) and purified by electrophoresis on 1-1.5% agar-
ose gels or 4-8% polyacrylamide gels.

Nucleotide Sequencing. The sequencing analysis was per-
formed according to the procedures of Maxam and Gilbert (17,
18). Restriction fragments were labeled at the 5’ end by using
[y-32PJATP (New England Nuclear) and polynucleotide kinase
P-L Biochemicals) or at the 3’ end by using cordycepin 5'-[a-

Pltriphosphate (New England Nuclear) and terminal deoxy-
nucleotidyltransferase (New England Nuclear) (19). Sequence
reactions used were the G, G+A, C+T, C, and A>C reactions.
Sequences were visualized after electrophoresis on 20% poly-
acrylamide gels (0.4 mm X 40 cm), 12% polyacrylamide gels
(0.4 mm X 80 cm), and 8% polyacrylamide gels (0.4 mm X 80
cm).

RESULTS AND DISCUSSION

Overall Structural Features of SFFVp env Gene and gp52.
The nucleotide sequence of the SEFVp env gene, as well as the
deduced amino acid sequence of the env gene product, gp52,
are presented in Fig. 1. The 5’ end of the sequenced region

- contains two sequences, C-T-C-T-C-C-A-A-G (positions 6-14)
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and C-A-T-T-T-A-C-A-G (positions 17-25), that resemble the
consensus sequence for splice acceptor sites (22) and are either

Abbreviations: SFFV, spleen focus-ferming virus; SFFVp, polycy-
themia-inducing form of SFFV; MuLV, murine leukemia virus; MCF
virus, mink cell focus-inducing virus; F, Friend; Mo, Moloney; bp, base
pair; LTR, long terminal repeat.
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Bam HI (138)
CGCAGACACCAGCGGCATCGCTGCGTGGATCCACGCCGCTCACGTAAAAGCGGCGACAACCCCTCCGGCCGGAACAGCATCAGGGCCGAC
(228)

—Leader peptide —»

ATGGAAGGTCCAGCGTCCTCAAAACCCCTTAAAGATAAGACTAACCCGTGGGGCCCCCTAATAATC TTGGGGATCTTAATAAGGGCAGGA

MetGluGlyProAlaSerSerLysProLeuLysAspLysThrAsnProTrpGlyProLeulleIleLeuGlyIleLeulleArgAlaGly

(1) (318)
—gp52 =

GTATCAGTACAACTTGACAGCCCTCATCAGGTCTCCAATGTTACTTGGAGAGTTACCAACTTAATGACAGGACAAACAGCTAATGCTACC

ValSerValGlnLeuAspSerProHi sGanalSerpArgValThrAsnLeuMetThr(;lyGInThrAl

(31) (408)

TCCCTCCTGGGGACGATGACAGAGGCCTTTCCTAAACTGTACTTTGACTTGTGCGATTTAATGGGGGACGACTGGGATGAGACTGGACTC
SerLeuLeuGlyThrMet ThrGluAlaPheProLysLeuTyrPheAspLeuCysAspLeuMet GlyAspAspTrpAspGluThrGlyLeu
(61) {498)

GGGTGTCGCACTCCCGGGGGAAGAAAAAGGGCAAGAACATTTGACTTCTATGTTTGCCCCGGGCATACTGTACCAACAGGGTGTGGAGGG
GlyCysArgThrProGlyGlyArgLysArgAlaArgThrPheAspPheTyrValCysProGlyHisThrValProThrGlyCysGlyGly
91) (588)

CCGAGAGAGGGCTACTGTGGCAAATGGGGCTGTGAGACCACTGGACAGGCATACTGGAAGCCATCATCATCATGGGACCTAATTTCCCTT
ProArgGluGlyTyrCysGlyLys TrpGlyCysGluThrThrGlyGlnAlaTyrTrpLysProSerSerSer TrpAspLeulleSerLeu
(121) (678)

AAGCGAGGAAACACTCCTAAGGATCAGGGCCCCTGTTATGATTCCTCGGTCTCCAGCGGCGTCCTGCGTGCCACACCGGGGGGTCGATGC
LysArgGlyAsnThrProLysAspGlnGlyProCysTyrAspSerSerValSerSerGlyValLeuGlyAlaThrProGlyGlyArgCys

(1581) (768)
Eco.RI

AACCCCCTGGTTTTAGAATTCACTGACGCGGGTAGAAAGGCCAGCTGGGATGCCCCCAAAGTATGGGGACTGAGACTGTACCGATCCACA
AsnProLeuValLeuGluPheThrAspAlaGlyArgLysAlaSerTrpAspAlaProLysValTrpGlyLeuArgLeuTyrArgSerThr

(181) (858)

GGGACCGACCCGGTGACCCGGTTCTCTTTGACCCGCCAGGTCCTCGATATAGGGCCCCGCGTTCCCATTGGGTCTAATCCCGTGACTACC
GlyThrAspProValThrArgPheSerLeuThrArgGlnValLeuAsplleGlyProArgValProIleGlySerAsnProValThrThr
211) (948)

GACCAGTTACCCCTCTCCCGACCCGTGCAGACCATGCCCCCCAGGCCTCTTCAGCCTCCTCCTCCAGGCGCAGCCTCTATAGTCCCCGAG
AspGlnLeuProLeuSerArgProValGlnThrMet ProProArgProLeuGlnProProProProGlyAlaAlaSerIleValProGlu
(241) ‘ 2 (1038)

ACTGCCCCACCTCCTCAACAACCTGGGGCGGGAGACAGGCTGCTAAACCTGGTAGATGGGGCCTACCAAGCTCTCAACCTCACCAACCCT
ThrAlaProProProGlnGlnProGlyAlaGlyAspArgLeuLeuAsnLeuValAspGlyAlaTyrGlnAlaLeyAsnLeuThAsnPro
27 (1128)

GATAAAATTCAAGAGTGCTGGTTATGCCTAGTGTCTGGACCCCCCTATTACGAGGGGGTTGTGGTCCTAGGCACTTATTTTAATCATACC
AspLys11eGlnGluCysTrpLeuCysLeuValSerGlyProProTyrTyrGluGlyValValValLeuGlyThr TryPhefisnHisThr]
(301) (1218)
3 (p15se) —
ATTGCCCTAAAAGAAAAATGTTGTTTCTATGCTGACCATACAGGCCTAGTAAGAGATAGCATGGCCAAATTAAGAAAGAGACTCACTCAG
IleAlaLeuLysGluLysCysCysPheTyrAlaAspHisThrGlyLeuValArgAspSerMetAlaLysLeuArgLysArgLeuThrGln
(331) (1308)

AGACAAAAATTATTTGAGTCGAGCCGAGGATGGTTCGAAGGATCGTCTAACAGATCCCCTTGGTTTACCACGTTGATATCCGCCATCATG
ArgGlnLysLeuPheGluSerSerArgGlyTrpPheGluGly SerSerfAsnArgSerdProTrpPheThrThrLeulleSerAlalleMet

(361) Y L (1398)

GGGTCTCTCATTATACTCCTACTCCTACTAATTCTGCTTATTTGGACCCTGTATTCTTAATCAATTAGTTCAATTTGTTAAAGACAGGAC
GlySerLeullelleLeuLeuLeuLeuLeulleLeuLeuIleTrpThrLeuTyrSer (1488)

(291) 6

V7
CTCAGTAGCCCAGGCTTTAGTCCTGACTCAACAATACCACCAGCTAAAACCACTAGAATACGAGCCACAATAAATAAAAGATTTTATTTA
A LTR— (1578)
GTTTCCAGAAAAAGGGGGGAAT GAAAGACCCCACCAAATTGCTTAGCCTGATGCCGCTGTAACGCCATTTTGCAAGGCATGGAARAATAC
(1668)
CAAACCAAGAATAGAGAAGTTCAGATCAAGGGCGGGTACATGAAAATAGCTAACGT TGGGCCAAACAGGA
1737)

identical or nearly identical to sequences proposed by others to
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Fic. 1. (A) Restriction endonuclease
map of the molecularly cloned SFFVp ge-
nome. The bold line represents the area of
viral genome whose sequence was deter-
mined. B, BamHI; EI, EcoRI; H, HindIII;
K,KpnI; P, Pstl. (B) Nucleotide sequence
of the env gene of SFFVp and deduced
amino acid sequence of gp52. Underlined
areas designate uncharged regions of the
amino acid sequence and boxes show po-
tential glycosylation sites. Numbered ar-
rows indicate: 1, location of a 74-base-pair
(bp) deletion in the SFFV sequence as
compared to the Moloney MCF (Mo-MCF)
nucleotide sequence (20); 2, beginning of
homology with Friend murine leukemia
virus (F-MuLV) sequences (21); 3, begin-
ning of a sequence encoding a pl5E-re-
lated protein demain; 4, location of a 6-bp
repeat insertion relative to other retro-
viral pl5E-encoding sequences; 5, single
base pair insertion in the SFFV genome
relative to other retroviral p15E-encoding
sequences; 6, location in other viruses, but
not SFFVp, of sequences encoding the
cleavage site for the R peptide; 7, where
termination of gp52 would occur if the
SFFVp sequence did not have the single
base pair insertion at nucleotide 1,426.
Numbers in parentheses on the left are
amino acids and numbers in parentheses
on the right are base pairs. LTR, long ter-
minal repeat.

be the potential splice acceptor site for the env mRNA of Mo-
loney murine leukemia virus (Mo-MuLV) (20, 23).

An open reading frame, which undoubtedly encodes gp52
and encompasses 409 amino acids, begins at an ATG codon at
position 229 and extends to nucleotide 1,455. Although the amino
terminus of gp52 has not been defined by amino acid sequence
analysis, the sequence starting Val-Gln-Leu-Asp-Ser and ex-

tending for 25 residues aligns, in 22 out of 25 positions, with
the primary amino-terminal sequence determined for Rauscher
MCF gp69 (24). The 32-amino-acid sequence that precedes this
valine has characteristics in common with other amino-terminal
peptides of membrane and secreted proteins (23, 25, 26) and
probably represents a leader peptide. The nucleotide sequence
encoding the gp52 leader peptide more closely resembles the
sequence encoding the Mo-MCF enu leader peptide (20) than
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the corresponding F-MuLV sequence (21), suggesting that the
nucleotide sequence encoding the leader peptide is a part of
the major region of substitution acquired in the generation SFFV
(see below). However, the SFFV sequence has a 74-bp deletion
relative to the Mo-MCF sequence in the region preceding the
ATG initiator codon (Fig. 1).

The gp52-encoding sequence consists of several distinct re-
gions. The 5' region contains sequences analogous to those that
encode the amino terminus of MCF and xenotropic viral gp70s
(20, 27). Downstream is a short sequence that is homologous
with a small segment of F-MuLV gp70-encoding sequences (21)
followed by a region corresponding to the 3’ portion of p15E-
encoding sequences. It appears that the p15E-like region in SFFV
is translated in the same reading frame as p15E sequences of
other retroviruses and the translated product becomes part of
the carboxyl terminus of gp52. The overall structure of the SFFV
envelope glycoprotein, as deduced from the nucleotide se-
quence, is depicted in Fig. 4. gp52 resembles a retroviral en-
velope precursor protein with a large deletion in the middle
and contains essentially the amino terminus of gp70 and the
carboxyl terminus of p15E.

Downstream from the 3’ end of the open reading frame in
the SFFV genome is the 3’ LTR, beginning at nucleotide 1,506.
For the part of the SFFV LTR whose sequence we have de-
termined, there is 95% homology with the LTR sequence of
another cloned isolate of SFFV (28). The 41-bp sequence that
precedes the LTR in SFFV is identical to the sequence pre-
ceding the LTR in F-MuLV (21) and is within the region pro-
posed to contain the origin of plus strand DNA synthesis (29,
30).

MCF- and Xenotropic-Virus-Related Sequences in the SFFVp
env Gene. Because previously obtained oligonucleotide map-
ping data and the heteroduplex analyses have shown SFFVp to
have a major substitution in the env gene relative to F-MuLV
(12, 31, 32), a comparison of their env sequences was made.
The nucleotide sequence encoding the first 262 amino acids of
gp52 (greater than two-thirds of the protein) and the leader

peptide shares little homology with sequences in F-MuLV gp70.

(21), but there is 95% homology of SFFVp sequences in this
region with sequences encoding the amino terminus of Mo-MCF
gp70 (20). In addition, there is extensive homology with se-
quences recently published by Repaske et al. (27) of the 5’ end
of the env gene of NFS-th-1 xenotropic virus. In the latter case,
91% of the SFFVp sequence, from the ATG initiator codon to
the EcoRI site, is present in the xenotropic virus env gene se-
quence. This extensive homology between SFFV and both xe-
notropic and MCF viral sequences confirms earlier hybridiza-
tion experiments (11). However, our data indicate that the 5’
env gene sequences of SFFV and MCF viruses are more re-
lated to each other than to xenotrepic sequences: Perhaps this
region in SFFV, like that in MCF viruses, is derived from en-
dogenous sequences that are not a part of xenotropic viruses
(33). This analysis unambiguously clarifies that the region of
substitution in the SFFV env gene includes sequences encod-
ing the amino terminus of gp52 and confirms our earlier studies
using monoclonal antibody to gp52 and peptide mapping (13).

An amino acid comparison of the substituted region of gp52
(which makes up 69% of the primary sequence) with analogous
regions of Mo-MCF and NFS-th-1 xenotropic virus gp70s is
presented in Fig. 2 and shows that a remarkable conservation
of sequences exists among these proteins. However, SFFV gp52
is more closely related to Mo-MCF gp70 than to the xenotropic
gp70, because 240 (92%) of the 262 amino acids present in this
region of gp52 are also present in the Mo-MCF protein; whereas
only 139 of the first 156 amino acids (89%) are shared with the
xenotropic protein. In addition, gp52, like MCF gp70, does not
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contain an additional xenotropic insertion of four amino acids
after residue 55 (Fig. 2).

We observed that proteins in the SFFVp/MCF /xenotropic
group, when aligned with ecotropic proteins, have regions that
are insertions relative to ecotropic proteins. These are desig-
nated by hatched areas in Fig. 2 and include a three amino acid
residue insertion starting at residue 36 in all three proteins and
a 15-residue insertion starting at residue 128 in MCF gp70 and
SFFV gp52 (residue 132 in the xenotropic gp70). Because the
only property unique to murine dualtropic and xenotropic vi-
ruses is their ability to infect heterologous cells, one might
speculate that these regions are involved directly or indirectly
in the interaction of the gp70 molecules with cell surface re-
ceptors on heterologous cells.

Effect of a Large env Gene Deletion. The SFFV genome has
undergone extensive deletion, as indicated by its size and de-
fectiveness in virus replication. The sequence analysis has made
it possible to localize one large deletion within the env gene;
it is at the site in the sequence indicated by arrow number 3 in
Fig. 1. The deletion corresponds to a region of the F-MuLV
envelope precursor protein (Pr85°™) that includes both the car-
boxyl-terminal domain of gp70 and the amino-terminal domain
of pl15E (see Fig. 4). Apparently, the cleavage site used in pro-
cessing the precursor to gp70 and p15E is missing as a result
of the deletion so that the amino-terminal gp70 domain and the
carboxyl-terminal p15E domain remain covalently linked in a
single protein.

Within the deleted region other retroviruses encode two hy-
drophobic segments and three glycosylation sites (20, 21, 23).
The gp52 sequence retains four potential glycosylation sites [with
the sequence Asn-X-Ser(Thr)] in the gp70-related domain and
one in the pl5E-related domain (Figs. 1 and 4). Earlier studies
have shown that the apparent molecular weight of gp52 is de-
creased by 7,000 when the protein is labeled in the presence
of tunicamycin, an inhibitor of glycosylation (34). Such a dif-
ference would account for four mannose-rich carbohydrate
moieties on gp52. This is consistent with the sequence analysis
if one excludes the Asn-Arg-Ser sequence in the p15E region,
a site that does not appear to be glycosylated in ecotropic virus
pl5E (35). The deletion in the env gene of SFFV, if it included
signals for glycoprotein processing, may offer an explanation as
to why the gp52 is inefficiently processed to the plasma mem-
brane form (6, 9).

pl5E-Related Sequences. Following the deletion in the SFFV
env gene are sequences that are highly related to those encod-
ing the 3' half of F-MuLV p15E. The deletion has occurred in
such a way that the reading frame of these sequences in SFFVp
is the same as that of sequences encoding p15E in F-MuLV and
other viruses. The pl5E-related domain of SFFVp was prob-
ably not identified in the past because immunological reagents
were not available that would react with this portion of p15E
(34).
Fig. 3 shows a comparison of the SFFV pl5E amino acid
sequence with the amino acid sequences in the same region of
other retroviral pl5Es, including those of ecotropic F-MuLV
(21), Mo-MuLV (23), and Akv (36, 38). Mo-MCF pl5E (20) is
identical to Mo-MuLV pl5E in this region and Akr MCF 247
(37) is the same as Akv except where indicated in the bottom
line in Fig. 3. We have included this information in an attempt
to show comparisons in general between ecotropic pl5E se-
quences and p15E sequences of recombinant viruses.

The p15E sequence comparison in Fig. 3 shows that gp52
has 15 amino acids that are unique to this protein. Interestingly,
at each of these locations the amino acids in the p15Es of all
the other viruses, including the MCF viruses mentioned above,
are identical with each other. Many of these amino acid changes
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FiG. 4. Diagram comparing SFFV gp52 to F-MuLV Pr85°"". Hatched
region is a domain of gp52 that is distantly related to F-MuLV. Open
area in gp52 is encoded by sequences that are 93% homologous with F-
MuLV sequences. Dotted area shows where gp52 has a unique p15E
carboxyl terminus. LP, leader peptide; R, R peptide; v, potential gly-
cosylation sites; heavy bars, uncharged regions.

base pair insertion also changes the reading frame in SFFV; so
that the p15E sequence terminates early (Fig. 3), before the
cleavage site (arrow in Fig. 3) that would normally generate the
R peptide (39). Preliminary data from our laboratory show that
an antiserum to the R peptide (39), which reacts with Pr15Es
of F-MuLV and F-MCF virus, fails to precipitate gp52. Despite
the change in amino acids at the end of gp52, the protein still
retains a hydrophobic region which is as long as that found at
the carboxyl terminus of other retroviral p15Es. The fact that
gp52 has a carboxyl terminus like p15E may explain why it is
so tightly bound to membranes and not secreted, as is gp70. We
cannot determine, at present, the significance of the unique set
of amino acids at the carboxyl terminus of gp52 and the lack of
greater than 30 terminal amino acids found in other viral p15Es.
However, we are considering their possible roles in determin-
ing the polycythemic feature of the SFFVp-induced disease,
target cell specificity, or disease latency.

Conclusions. SFFV; induces a unique murine erythroleu-
kemia associated with an exceptionally short latency and a poly-
cythemia. We performed a structural analysis of the env gene
with the intent of revealing properties of the envelope gly-
coprotein, gp52, that could account for the unique disease char-
acteristics. Some of the structural features of gp52, deduced
from the analysis, are depicted in Fig. 4. It was found that ma-
jor differences occur in two regions in this gene compared to
other nondefective env genes. One difference is in the gp70/
pl5E junction region, where a large deletion has occurred,
eliminating sequences encoding a natural cleavage site of the
precursor protein, three glycosylation sites, and two hydro-
phobic domains. This deletion alone would affect the structure
of gp52 in a major way. Other differences were observed in the
p15E region, where the nucleotide sequence was shown to have
two insertions; these changes should result in both a unique
amino acid sequence and premature termination.
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