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ABSTRACT  The complete nucleotide sequence of the gene
for the specific glycoprotein (gp55) of the polycythemic strain of
Friend spleen focus-forming virus (SFFV) was derived from the
cloned SFFV DNA intermediate. The gp55 gene is present within
1.4 kilobases of the 5' side of the 3’ long terminal repeat se-
quence. The open reading frame predicts the primary translation
product has a total of 409 amino acids with a M, of 44,752. Com-
parisons of the deduced amino acid sequence of gp55 with those
of the envelope (env) gene products of murine leukemia viruses
(MuLVs) revealed that gp55 is composed of three distinct regions.
The amino-terminal 80% of the molecule has a high degree of se-
quence homology with the amino-terminal portion of the gp70 of
the Moloney mink cell focus-forming virus (BALB/Mo-MCFV).
This portion of the BALB/Mo-MCFV gp70 is known to be coded
for by the acquired xenotropic env-like sequence. The sequence
of the following 66 amino acids of gp55 is highly homologous to
that of the middle portion of the pl5E of Moloney MuLV (Mo-
MuLV). The sequence of the carboxyl-terminal 12 amino acids is
specific to gp55 and a comparison of the nucleotide sequence showed
that this specific amino acid sequence is due to the presence of
seven extra nucleotides compared with the sequence of the Mo-
MuLV.

The spleen focus-forming virus (SFFV), which is contained in
the Friend leukemia virus preparation (1), is a replication-de-
fective murine retrovirus. When inoculated as a pseudotype,
SFFV causes rapid splenomegaly and erythroleukemia in sus-
ceptible adult mice (2). Depending on the SFFV strain the
erythroleukemia is accompanied by either anemia or polycy-
themia. SFFV is considered a member of a diverse group of the
acute leukemia and sarcoma viruses of mammalian and avian
origin, and it is distinguished in that it has a strict target cell
specificity both in vivo and in vitro and has no unique sequence
of cellular origin (3).

For the elucidation of the mechanism of erythroleukemia
induction by SFFV, the identification of the leukemogenic se-
quence and its protein product is the first step. Two specific
proteins have been shown to be coded for by SFFV. One is a
gag gene-related protein, and the other is an env gene-related
glycoprotein (gp55; also designated gp52) (4-7). The gag gene-
related protein (p45) is coded for only by a certain strain of SFFV
(8). In contrast, gp55 is observed in the cells infected with any
SFFV strain and has been relatively well characterized in the
examination of its role in leukemogenesis (3, 9). Although the
molecular size and details of the peptide map of gp55 are some-
what variable depending on the SFFV strain (10), the gp55s
coded for by different SFFV strains have a common structural
property: they are immunologically crossreactive with gp70, the
major viral envelope glycoprotein, of the ecotropic murine leu-
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kemia virus (MuLV) (4-6). Analysis of the SFFV genome 325
RNA by molecular hybridization (11), oligonucleotide finger-
printing (12, 13), or heteroduplex formation (14) has indicated
that the defective env gene region of SFFV coding for gp55 is
composed of the sequence homologous to the env gene se-
quence of the ecotropic Friend MuLV (F-MuLV) and also of
the specific sequence partially homologous to the ent gene se-
quences of the xenotropic MuLVs. In that gp55 has both the
ecotropic and xenotropic env sequences, it resembles the gp70
of the replication-competent mink cell focus-forming virus
(MCFV) (15), which is the env recombinant, dualtropic MuLV
and is thought to arise from the ecotropic MuLV after acquiring
the xenotropic env-like sequence (16). It has been shown (7)
that gp55 could be immunoprecipitated with the antiserum that
was raised against MCFV gp70 and absorbed with the gp70 of
the ecotropic MuLV. However, there are significant differ-
ences between gp55 of SFFV and gp70 of the MCFV. Although
MCFV gp70 is a viral envelope glycoprotein, most gp55 are not
assembled into the viral particles but remain in the membra-
nous intracellular organelles (17).

Recently, by analyzing the biological activity of the various
subgenomic DNAs made in vitro from the molecularly cloned
SFFV DNA intermediate, Linemeyer et al. (18) showed that the
sequence coding for gp55 is necessary for the induction of
erythroleukemia by SFFV, thus providing genetic evidence for
gp55 as a leukemogenic glycoprotein. We felt it essential to learn
further details of the structure of gp55 to obtain a clue to dis-
secting the mechanism of leukemogenesis by this protein. Us-
ing the molecularly cloned SFFV DNA we determined the
complete nucleotide sequence of the gene for gp55. After com-
paring the deduced amino acid sequence of gp55 with the se-
quences of the env gene products of various MuLVs, several
unique structural features of gp55 emerged.

MATERIALS AND METHODS

Molecularly Cloned SFFV DNA. Molecular cloning of the
polycythemic strain of SFFV and its characterization have been
described (19). Briefly, NIH 3T3 cells were infected with vi-
ruses prepared from the culture supernatant of the Friend
erythroleukemia cell line (T3 K-1), which has been shown to
produce an excess polycythemic strain of SFFV over helper F-
MuLV (20). An unintegrated closed circular form of the SFFV
DNA was isolated from the infected NIH 3T3 cells by extrac-
tion of DNA by the Hirt procedure (21). Preliminary restriction
enzyme analysis revealed that EcoRI cleaved SFFV DNA once.

Abbreviations: SFFV, spleen focus-forming virus; MuLV, murine leu-
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F1G. 1. Restriction enzyme map of the molecularly cloned per-
muted SFFV DNA (pMSF4). Bg, Bgl IT; Bm, BamHI; E, EcoRI; He, Hincll;
Hp,HpeI;K,KpnI; P, Pvull;andS,Smal. bp, basepalrs, kb, kilobases,

The circular SFFV DNA was thus linearized with EcoRI, iso-
lated by agarose gel electrophoresis, and inserted into the plas-
mid vector pBR322 at the site of EcoRI. Several clones con-
taining the SFFV DNA were isolated. One of them, pMSF4,
was used for sequence analysis because it was shown by re-
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striction enzyme analysis to represent the entire SFFV ge-
nome. By transfection and rescue assay (22), pMSF4 was shown
to give rise to the biologically active SFFV.

DNA Sequence Analysis. Restriction enzymes were pur-
chased from Takara Shuzo (Kyoto, Japan) or Bethesda Research
Laboratories. The DNA fragments generated by digestion with
Ava 11, EcoRl, Hpa 11, Hinfl, Hpa 1, Sau3Al, and Sma I were
used for sequence analys1s The restriction fragments were la-
beled at their 5’ end by using [y->*P]JATP (Amersham, 3,000
Ci/mmol; 1 Ci = 3.7 X 10'® Bq) and T4 polynucleotide kinase
(Boehringer Mannheim) as described (23). End-labeled DNA
fragments were digested with the appropriate restriction en-
zymes and separated by polyacrylamide gel electrophoresis. With
some DNA fragments, strands were separated by a published
method (23). The nucleotide sequence was determined by the
procedure of Maxam and Gilbert (23). The sequences were
confirmed by sequence analysis of the complementary strand
or the fragments generated by digestion with different en-
zymes.

RESULTS AND DISCUSSION

Nucleotide Sequence of the SFFV gp55 Gene and the De-
duced Amino Acid Sequence. Fig. 1 illustrates the physical map
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Fic. 2. Nucleotide sequence of the SFFV gp55 gene and its flanking regions. Nucleotide sequence is presented as the sense (+) strand in the
DNA form of the SFFV genome. The sequence is shown from the Hpa I site (5.1 kb in Fig. 1) to the Sau3Al site, which is located 290 bp upstream
from the Kpn I site (1.2 kb in Fig. 1). The EcoRI site (0 and 6.0 kb in Fig. 1) is at nucleotides 862—867. The deduced amino acid sequence of gp55
is also given. Other features are: closed box, consensus 3’ splice sequence; CHO, canonical sequence for glycosylation site.



Biochemistry: Amanuma et al.

of the molecularly cloned polycythemic strain of SFFV (pMSF4)
based on the restriction enzyme analysis. pMSF4 had a 6.0-kb
insert of the permuted SFFV DNA intermediate, which con-
tained two long terminal repeat (LTR) sequences. It has been
shown previously (13, 18) that the gp55 gene was located within
2 kb of the 5 side of the 3' LTR. The.unique EcoRI site of the
SFFV DNA at which the circular SFFV DNA intermediate had
been linearized and inserted into the plasmid vector pBR322
was within this region, so the gp55 gene sequence was expected
to separate to the two ends of the inserted SFFV DNA in pMSF4.
Thus, we first isolated the Hpa I-EcoRI fragment (5.1-6.0 kb)
.and the EcoRI-Kpn I fragment (0-1.2 kb) of pMSF4, indicated
as A and B, respectively, in Fig. 1, and determined their nu-
cleotide sequences. Analysis of the nucleotide sequence pre-
sented in Fig. 2 showed that there is a long open reading frame
(nucleotides 307-1,533) that codes for a protein having 409 amino
acids. We concluded that this coding sequence is the gp55 gene.
When other frames were used, the largest possible peptide coded
for by those frames was <60 amino acids long.

The deduced amino acid sequence of gp55 is also presented
in Fig. 2. The composition of these 409 amino acids indicates
the M, of the translation product is 44,752. About 290 bp up-
stream from the initiator ATG codon at nucleotides 307-309,
there is a consensus 3’ splice sequence (24) (7/7 match) (Fig.
2). The initiator ATG codon at nucleotides 307-309 is the first
ATG codon after this splice sequence. It has been shown (8)
that gp55 is synthesized from the 185 SFFV subgenomic RNA.
Thus, this splice sequence is probably used to generate the 18S
SFFV subgenomic RNA. Because of the extensive sequence
homology with the LTRs of other murine retroviruses (25), nu-
cleotide 1,676 can be assigned the start of the 3' LTR of SFFV
(Fig. 2). This indicates that the gp55 gene is located within a
1.4-kb sequence upstream from the 3' LTR.

Because gp55 is found associated with the membranes in the
SFFV-infected cells (17), it may have an amino-terminal leader

SFFV gp55
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sequence that is proteolytically removed from the nascent pep-
tide (26). Determination of the presence and the cleavage site
of the leader peptide in the deduced amino acid sequence of
the primary translation product of gp55 awaits the direct de-
termination of the amino-terminal amino acid sequence of the
mature gp55 by protein sequence analysis. The presence of the
leader sequence means that the molecular weight of the pep-
tide portion of the mature gp55 is slightly smaller than the value
predicted for the primary translation product. We measured
the molecular weight of the peptide portion of the mature gp55
by using the endoglycosidase-treated gp55 of T3 K-1 cells and
it was 44,000 on polyacrylamide gel electrophoresis in the pres-
ence of NaDodSO, (unpublished data). This is in good agree-
ment with the predicted molecular weight. The deduced amino

. acid sequence of gp55 shows that there are 49 basic amino acids

(arginine, histidine, and lysine) and 30 acidic amino acids (as-
partic acid and glutamic acid). This is consistent with the pre-
vious finding that gp55 had an isoelectric point of 8.5-9.0 (6).
Near the extreme carboxyl terminus of gp55 there is a stretch
of sequence (between amino acid positions 380 and 407) that is
completely uncharged and mostly hydrophobic (Fig. 2). Of 28
amino acids of this sequence, 16 are either leucine or isoleu-
cine. This hydrophobic sequence is typical of the region that
anchors the membrane proteins in the lipid bilayer (26) and it
probably anchors gp55 in the membranes. There are five ca-
nonical sequences, Asn-X-Thr/Ser, which can serve as glyco-
sylation sites (27) (Fig. 2). The number of asparagine-linked oli-
gosaccharide chains in gp55 has not yet been determined.

- Comparison of the Amino Acid Sequence of gp55 with Those
of the MuLV env Products. Because gp55 of SFFV has been
previously shown to contain both ecotropic and xenotropic env
sequences (3), it was of interest to determine how these se-
quences are represented in the sequence of gp55. For this pur-
pose we compared the deduced amino acid sequence of gp55
with the amino acid sequences of the F-MuLV gp71A (28) and
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Fic. 3. Comparison of the amino acid sequence of the gp55 of SFFV with those of the env products of various MuLVs. The standard one-letter
amino acid code is used. The entire amino acid sequence is shown for the SFFV gp55, whereas only applicable portions are shown for the sequences
of the F-MuLV gp71A (28), Mo-MuLV env product (29), and Mo-MCFV env product (31). For the SFFV gp55 and the env products of Mo-MuLV and
Mo-MCFY, the amino acid number 1 is the amino-terminal amino acid of the primary translation product. For F-MuLV gp71A, the amino acid
number 1 is the amino-terminal amino acid of the mature protein. Dots indicate positions where the amino acids are different from those of gp55.
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FiG. 4. Schematic representation of the results shown in Fig. 3. The
closed box is the region of a high degree of sequence homology. The ver-
tical arrow indicates the end of the substituting xenotropic env-like se-
quence in the Mo-MCFV env sequence. For details, see the legend to
Fig. 3.

of the env gene products (namely, gp70 and Pr15E) of the Mo-
loney MuLV (Mo-MuLV) (29) as ecotropic env sequences. F-
MuLV is considered a parent virus for SFFV, and Mo-MuLV
is known to be closely related to F-MuLV in the antigenic prop-
erties of its env products (30). We also compared the amino acid
sequence of gp55 with that coded for by the substituted se-
quence in the BALB/Moloney MCFV (Mo-MCFV) env gene
(31) as a xenotropic env-like sequence. The results of these
comparisons are shown in Fig. 3 and also schematically in Fig.

(i) Sequence homologous with that of the ecotropic MuLV
gp70. Of the sequence of 409 amino acids of gp55, the se-
quence of 53 amino acids between glycine at position 279 and
alanine at position 331 is highly homologous to that of the F-
MuLV gp71A between positions 285 and 337. There are only
four amino acid changes and no deletions (i.e., 92% homology).
The sequence of these 53 amino acids of gp55 is also highly
homologous (91% homology) to that of the Mo-MuLV gp70 be-
tween positions 309 and 361. In other portions of gp55 we could
not find such a high degree of sequence homology with the F-
MuLV gp71A or Mo-MuLV gp70. However, along the se-
quence of gp35 between positions 1 and 278 are scattered sev-
eral stretches of sequences, each of which is significantly ho-
mologous with a portion of the F-MuLV gp71A. For example,
the sequence of gp55 between positions 118 and 148 (31 amino
acids) has a 77% sequence homology with that of the F-MuLV
gp71A between positions 133 and 163 (data not shown).

(ii) Sequence homologous with the xenotropic env-like se-

(385)
Leu Ile Ser Thr
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358
Asn His Thr Ser Ala Pro Ala

---AAC CAT ACC TCT CA 6CC---
(6848) deletion—

559
Gly Leu Cys Ala Ala Leu Lys

---GGG CTG TGT G TA AAA---
—deletion (7453)
328 334
Asn His Thr Ser Ala Leu Lys

---AAT CAT ACC TCT GCC CTA AAA---
(1288) (1308)

Mo-MuLV env

SFFV gp55

Fic. 5. Existence of the 6-bp direct repeat sequences in the Mo-MuLV
env gene in the regions that correspond to the gp70-p15E junction re-
gion of the SFFV gp55 gene. The Mo-MuLV env gene sequence is from
ref. 29. The 6-bp repeat sequences are indicated by underlining.

quence. For the sequence of gp55 from positions 1 to 331, we
found a very high degree of homology with the xenotropic env-
like sequence, which is present as the substituted sequence in
the Mo-MCFV gp70. Between the sequence of 331 amino acids
of gp55 (positions 1-331) and the sequence of 332 amino acids
of Mo-MCFV gp70 (positions 1-332), there are only 20 amino
acid changes (94% homology) and 1 amino acid deletion: alanine
at position 167 of the Mo-MCFV gp70 is missing in the se-
quence of gp55. The amino acid changes are scattered along the
sequences. The sequence of Mo-MCFV gp70 between posi-
tions 1 and 332 is within the region that is coded for by the sub-
stituted sequence of the recombinant env gene (see Fig. 4).
(iii) Sequence homologous with that of the ecotropic MuLV
plSE. For the region-of gp55 between positions 332 and 409
(carboxyl-terminal amino acid) we could not find significant se-
quence homology with the gp70 of F-MuLV, Mo-MuLV, or Mo-
MCEFYV. Instead, this region has a high degree of sequence ho-
mology with a portion of the p15E of Mo-MuLV. Except for the
carboxyl-terminal 12 amino acids of this 78-amino acid se-
quence, the sequence of the preceding 66 amino acids (i.e.,
between positions 332 and 397) is highly homologous to the se-
quence of the Mo-MuLV env product between positions 557
and 622. There are seven amino acid changes (89% homology)
and no deletions. The sequence between positions 557 and 622
of the Mo-MuLV env product corresponds to the sequence be-
tween residues 88 and 153 of the Pr15E, which is a cellular pre-
cursor of p15E and is 196 amino acids long (32). It was reported

(390)
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Phe Leu Ile Ile Leu

SFFV gp55 TTGA T AT C CoA C CoA T CoA T GoG G GoT T TeC T CoA T TeA T AeC T C
Mo-MuLV env. T T GeA T AeT C TeA C CoA T ToA T GoG G AeC C CoC T CoA T TeG T AeC T C
Leu Ile Ser Thr Ile Met Gly Pro Leu Ile Val Leu
(610) (620)
(400)
Leu Lew_ _Leu _Leu__Ile_ . Leu__ Thr  Leu His
SFFV gp55 CTACTCoC T ASCT AA T ToC T GeC T TOT T AOT 1GGACCoCTGCAT
Mo-MuLV env C T Ad- - - - - - AT GeA T ToT T GeC T CeT T Co-; !G G ASC C CoT G CoA T
Leu Met I Leu Leu Phe Gly Pro Cys Ile
(630)
(409)
Ser  END
SFFV gp55 TCTTAATCGATTAG CAATTTGTTAAAGACAGGAT
Mo-MulV env. TeC T TeA A TeC G AeT T AeG T CeC A AeT T ToG T TeA A AeG A CoA G GeA T
Leu Asn Arg Leu Gln Phe Val Lys Asp Arg Ile

(640)

FiG. 6. Compamson of the nucleotide sequence coding for the carboxyl-terminal specific sequence of the SFFV gp55 with that of the corre-
sponding region of the Mo-MuLV env gene (29). In the region indicated by the dashed line the sequence of the SFFV gp55 gene is a total of 7 bp
longer than that of the Mo-MuLV env gene. Positions where the nucleotide differs between SFFV gp55 and Mo-MuLV env are indicated by un-

derlining.
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(29, 32) that the carboxyl-terminal 16 amino acids (R peptide)
of the Mo-MuLV Prl5E is cleaved off during virus maturation
and the remaining portion is assembled into the viral envelope
as p15E.

Only the sequence of the carboxyl-terminal 12 amino acids
of gp55 (between positions 398 and 409) is specific to gp55. Other
portions of gp53 are structurally closely related to the env prod-
ucts of the MuLVs. These sequence comparisons of gp55 with
the env products of MuLVs clearly demonstrated that gp55 has
a quite unique structure. First of all, it is a fusion protein com-
posed of the gp70 portion and the p15E portion. The gp70 por-
tion (between positions 1 and 331) is related to the xenotropic
env-like sequence. Part of the gp70 portion (between positions
279 and 331) is also related to the gp70 of F-MuLV and Mo-
MuLV. Compared with the general structure of the primary
translation product of the MuLV env gene (i.e., NHy-gp70-
Pr15E-COOH), gp55 has a deletion of the carboxyl-terminal
25% of gp70 and the amino-terminal 45% of Pr15E. The car-
boxyl-terminal 20% of Pr15E is also missing in gp55 and, in-
stead, gp55 has a sequence of 12 amino acids, which is not ho-
mologous to Mo-MuLV Prl5E.

Analysis of the Nucleotide Sequence Related to the Unique
Structure of gp55. The unique structural features of gp55—
namely, the large deletion resulting in the fusion protein and
the specific sequence at the carboxyl terminus—were further
analyzed at the level of nucleotide sequence. With regard to
the deletion, it was of interest to learn whether there are any
particular nucleotide sequences in the regions of the MuLV env
gene that border the deleted sequence. As shown in Fig. 5, the
sequence of the Mo-MuLV env gene (29) has a 6-bp direct re-
peat in these regions. If the sequence between the first nu-
cleotide of the 5’ repeat sequence and the 5’ adjacent nucleo-
tide of the 3' repeat sequence is deleted, the resulting sequence
codes for the structure of the gp70-pl5E junction region of
gp55. These repeat sequences may have an important role in
the process that results in the deletion. It would be interesting
to analyze the nucleotide sequence of the env gene of F-MuLV
or Friend MCFYV, asking if there is a similar repeat sequence.

For the carboxyl-terminal specific sequence of gp55 we com-
pared the nucleotide sequence of the region that codes for this
sequence with that of the corresponding region of Mo-MuLV
(29) (Fig. 6). In the region indicated in Fig. 6 the sequence of
SFFV is a total of 7 bp longer than that of the Mo-MuLV env
gene. The nucleotide sequences of SFFV preceding and fol-
lowing the indicated area are highly homologous to those of Mo-
MuLV. Except for the sequence between positions 1,634 and
1,637, where two nucleotides are missing compared to that of
Mo-MuLV (not shown in Fig. 6), the sequence of SFFV be-
tween positions 1,520 (3’ adjacent nucleotide of the 3' end of
the indicated area) and 1,675 (5’ adjacent nucleotide of the start
of 3' LTR) is co-linear and has 91% homology with that of Mo-
MuLV. Despite this homology, reading frames are different be-
tween SFFV and Mo-MuLV after the indicated area in Fig. 6.
With the frame of SFFV there is a termination codon (TAA) at
nucleotides 1,534-1,536, whereas with the frame of Mo-MuLV
a termination codon (TAG) exists 98 nucleotides downstream
from that of SFFV.

How these unique structural features of gp55 are related to
its cellular function in leukemogenesis is yet to be analyzed.
The presence of the xenotropie env-like sequence at the amino-
terminal portion resembles the structure of the MCFV gp70,
which is suspected to be responsible for the induction of leu-
kemia by this class of virus (16). A fusion protein between gp70
and pl15E could result in the creation of the specific confor-
mation in the gp55 molecule, which can make the cellular me-
tabolism of gp55 different from that of gp70 or p15E. Finally,
the absence in gp55 of the carboxyl-terminal 31 amino acids of
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Prl15E may be at least partly responsible for the absence of gp35
in the viral envelope and also for its perinuclear location (17),
because the presence of and the proteolytic cleavage within this
sequence of the Mo-MuLV Pr15E have been suggested to be
critical for the assembly of Pr15E into the viral envelope as p15E
(32). To experimentally resolve the significance of these struc-
tural features of gp55 in leukemogenesis, the generation in vi-
tro of the variant gp55 gene sequences, in which each struc-
tural feature is altered, and the test of their biological activity
would be helpful.
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