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The env gene products of nine AKR dual-tropic murine leukemia viruses were
compared by peptide mapping and were assayed for expression on the cell surface
of infected fibroblasts. Seven virus isolates expressed the env gene polyprotein on
the cell surface. The env gene products of six of these seven viruses had identical
peptide maps. The analysis of structure and expression of env gene products
carried out in this study characterizes a subset of dual-tropic murine leukemia
viruses shown by others to be thymotropic.

Recent experiments have shown that injection
of dual-tropic murine leukemia virus (MuLV) of
AKR origin into young AKR mice can initiate
the process of leukemogenesis in these animals
(3, 13, 16). Neither the endogenous ecotropic or
xenotropic MuLV of the AKR strain has been
shown to have this capacity (3, 8, 15). These
findings have been interpreted to suggest that
the appearance of dual-tropic MuLV in AKR
mice initiates the spontaneous development of
leukemia in this strain. However, the specific
mechanisms by which dual-tropic MuLV is in-
volved in leukemogenesis in the AKR strain are
unknown at present. An approach to dissecting
the involvement of dual-tropic MuLV in leuke-
mogenesis is to examine gene products of this
class of MuLV to determine whether structural
or functional characteristics ofviral proteins cor-
relate with the biological activity of an individ-
ual isolate. Of particular interest in this regard
are the env gene products of dual-tropic MuLV
since the env gene appears to be the site of the
recombinational event which gives rise to these
viruses (2, 4, 7, 12, 15, 17). We have examined
the env gene products of a series of nine dual-
tropic viruses isolated from the AKR strain of
mice by the physical parameters of sizing with
sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and peptide mapping
and by examination of cell surface expression of
env gene products in infected fibroblasts. The
isolates studied fall into three categories in terms
of in vivo activity (16; see Table 1). The first
(A+L+ viruses) includes isolates which induce
the amplification (A) of MuLV-related antigens
on thymocytes (a late preleukemic event in the
development of spontaneous AKR leukemias
[9]), followed by onset of leukemia (L) within
100 days. Viruses in the second category (A+L-
viruses) induce MuLV antigen amplification but

do not accelerate leukemia development. Both
A+L+ viruses and A+L- viruses have been shown
to be thymotropic (3, 16). Viruses in the third
category (A-L- viruses) neither induce antigen
amplification nor accelerate leukemogenesis and
appear to lack the phenotype of thymotropism
(16). An analysis of the structure of the protein
products of the recombinant env gene of this
series of viruses affords a means of determining
whether a particular type of gene product is
found in conjunction with a particular in vivo
phenotype.
The primary env gene products (PrENV pro-

teins) of these three classes of recombinants
were compared with one another and with those
ofanAKR ecotropic virus (69E5) and xenotropic
virus (69X9) by migration in SDS-PAGE. Virus-
infected cells (mink lung cells in the case of the
dual-tropic viruses and the xenotropic virus, and
SC-1 cells in the case of the ecotropic virus)
were pulse-labeled for 15 min with '4C-amino
acid mixture, and PrENV protein was isolated
from cell extracts by immunoprecipitation with
goat antiserum to Rauscher MuLV (R-MuLV)
gp70 and SDS-PAGE analysis as previously de-
scribed (5) (Fig. 1). With the exception of MCF
13 virus, all the recombinants, regardless of in
vivo activity, encoded a PrENV protein with an
apparent molecular weight in SDS-PAGE of
approximately 76,000. The PrENV protein of
MCF 13 virus migrated with a molecular weight
of approximately 71,000. We had previously re-
ported that the PrENV protein of the recombi-
nant virus, MCF 247, could be distinguished
from that of the AKR ecotropic MuLV by mi-
gration in SDS-PAGE; the ecotropic virus
PrENV protein migrates with a molecular
weight of approximately 80,000 (5). This finding
is extended here to indicate that a common
feature of AKR dual-tropic viruses is a small
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FIG. 1. SDS-PAGE analysis ofthe PrENVprotein
of AKR dual-tropic viruses. Cytoplasmic extracts
were prepared from virus-infected cells radiolabeled
with "C-amino acids in a 15-minpulse. Extracts were
reacted with goat anti-R-MuLVgp7O serum, and the
resulting precipitates were subjected to electropho-
resis in 7.5% acrylamide slab gels as previously de-
scribed (5). (A) Mink lung cells infected with: Track
1, MCF 247 virus; track 2, MCF 69L1 virus; track 3,
MCF 13 virus. (B) Track 1, 69E5 virus-infected SC-I
cells; tracks 2 through 5, mink lung cells infected with
(track 2) SC30, (track 3) SC37, (track 4) MCF 28-7,
(track 5) MCF 30-2, and (track 6) MCF 247 virus. (C)
Mink lung cells infected with: Track 1, 69X9 virus;
track 2, 69-4 virus, track 3, 26-4 virus; track 4, MCF
247 virus.

PrENV protein relative to that of ecotropic vi-
rus. This size difference is of potential use for
detecting the expression of both ecotropic and
dual-tropic MuLV in the same cell. In contrast,
the xenotropic virus PrENV protein has a mi-
gration very similar to that of the recombinant
viruses (5; Fig. 1C, track 1). A minor protein
species migrating slightly faster than the dual-
tropic virus PrENV protein is present variably
in immunoprecipitates of extracts of cells in-
fected by cloned dual-tropic viruses (Fig. 1A,
tracks 1 and 2; Fig. 1B, tracks 4 to 6; Fig. 1C,
track 2). This protein species appears to be a
form of the PrENV protein, due to its recogni-
tion by anti-p15(E) serum (data not shown). Its
relationship to the major PrENV species is un-
der investigation.

Pulse-labeled PrENV proteins isolated by
SDS-PAGE were analyzed further by mapping
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partial digest fragments produced by cleavage
with Staphylococcus aureus V8 protease (1).
This method has been used previously to iden-
tify the expression of recombinant env gene
products in AKR leukemia cells and readily
distinguishes MCF 247 virus env gene products
from those of ecotropic and xenotropic MuLV
(6). The PrENV maps oftwo of the A+L+ recom-
binants, MCF 247 and MCF 69L1, are indistin-
guishable; the map of MCF 13 virus PrENV is
distinct (Fig. 2A), as expected from the size
difference observed between the PrENV pro-
teins ofMCF 13 and ofMCF 247 and MCF 69L1
viruses. In addition, partial digest maps of gp7O
of MCF 247 and MCF 69L1 were identical to
one another and distinguishable from that of
MCF 13 virus (data not shown). This result is
consistent with the fact that the gp7O of MCF
13 is also smaller than those of MCF 247 and
MCF 69L1 viruses (see Fig. 3A) and confirms
the report of Elder et al. (4) that tryptic peptide
maps of gp7O of MCF 13 and MCF 247 viruses
are distinguishable. The PrENV maps of A+L-
recombinants SC30, SC37, 28-7, and 30-2 were
compared with those of the A+L+ recombinant
MCF 247 and the ecotropic virus 69E5. By this
method of analysis the PrENV proteins of the
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FIG. 2. Comparison ofthe PrENVproteins ofAKR

dual-tropic viruses bypartialprotease digestion map-
ping. PrENVproteins, isolated by electrophoresis of
immunoprecipitates, were subjected to partial diges-
tion with S. aureus V8 protease according to Cleve-
land et al. (1), and protein fragments were analyzed
in 15% acrylamide slab gels. Details of conditions
used have been previously reported (5). Shown are the
PrENVproteins of the following viruses: (A) track 1,
MCF 247; track 2, MCF 69L1; track 3, MCF 13. (B)
track 1, 69E5; track 2, SC30; track 3, SC37; track 4,
MCF 28-7; track 5, MCF 30-2; track 6, MCF 247. (C)
track 1, 69X9; track 2, 69-4; track 3, 26-4; track 4,
MCF 247.
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four A+L- viruses were indistinguishable from
one another and from that of MCF 247 virus.
Two of the A+L- recombinants, SC37 and SC30,
exhibit a preferential tropism for mouse cells
relative to mink cells (16). The PrENV proteins
of these two isolates were compared with that of
69E5 virus by migration in SDS-PAGE (Fig. 1B,
tracks 1 to 3) and by peptide mapping (Fig. 2B,
tracks 1 to 3). However, these recombinants bear
no resemblance to the ecotropic virus by these
criteria.
The third class of recombinants (A-L- vi-

ruses) appear to bear closer resemblance to xen-
otropic virus than do the dual-tropic recombi-
nants of the A+L+ or A+L- classes. Although the
env gene products of these isolates carry both
ecotropic and xenotropic virus type-specific an-
tigenic markers, a finding which indicates that
they are recombinants, a number of ecotropic
virus type-specific markers commonly carried by
dual-tropic virus are not expressed by the env
gene products of these viruses (14, 15). Further-
more, these recombinants have a 2-log higher
titer on mink lung cells than on mouse SC-I cells
(11, 16). No preleukemic antigen amplification,
progeny virus replication, or leukemia accelera-
tion occurs after intrathymic injection of AKR
mice with this class of recombinant virus, a
finding which indicates that this class of recom-
binant is unable to infect thymocytes (16). Par-
tial protease digest maps of PrENV proteins of
two of these isolates, 69-4 and 26-4, were com-
pared with those of the xenotropic virus 69X9
and MCF 247 (Fig. 20). Maps of 69X9 and 69-4
virus PrENV proteins (Fig. 2C, tracks 1 and 2)
appear to be identical, whereas the map of the
PrENV protein of 26-4 (Fig. 2C, track 3) shares
features in common with that ofMCF 247 virus
(Fig. 2C, track 4) and those of 69X9 and 69-4.
Peptide maps of gp7O of these four viruses were
also examined. The data obtained from these
maps are consistent with those generated by
comparisons of PrENV (data not shown).
The third aspect of the analysis of this series

of dual-tropic viruses was the examination of
cell surface expression of env gene products. We
have previously described the cell surface
expression of the PrENV protein of the A+L+
virus MCF 247 on infected mouse SC-1 cells and
mink lung cells (5, 10). This phenotype of env
gene expression was not observed for ecotropic
and xenotropic MuLV in fibroblasts. In addition,
cell surface localization of the PrENV protein
has been shown to be characteristic of dual-
tropic virus expression in AKR leukemia cells
(6). It is not known whether this aspect of env
gene expression plays a role in dual-tropic virus-
induced leukemogenesis. Analysis of the AKR

recombinant viruses described above for this
phenotype afforded us a means of determining
whether the cell surface expression of PrENV
protein correlated with the in vivo activity of
these isolates.

Suspensions of virus-infected mink lung fibro-
blasts were subjected to lactoperoxidase-cata-
lyzed radioiodination, and extracts of labeled
cells were immunoprecipitated with goat anti-R-
MuLV gp7O serum or rabbit anti-R-MuLV
p15(E) serum as previously described (5). Pre-
cipitates were subjected to SDS-PAGE analysis
to determine whether a protein containing both
gp7O and p15(E) antigenic determinants was
present on the cell surface (Fig. 3). In the case of
A+L+ and the A+L- recombinants (Fig. 3A and
B), anti-gp70 serum recognized two protein spe-
cies on the surface of infected cells, a major
band, which is gp7O, and a minor, slow-migrating
protein species. This minor protein, recognized
by both anti-gp7O and anti-p15(E) serum, is the
PrENV protein. The identification of the
PrENV protein has been confirmed by partial
protease digest mapping (data not shown). Nei-
ther 69-4 nor 26-4, viruses of the A-L- category,
was shown to induce the cell surface expression
of PrENV protein in infected fibroblasts (Fig.
3C, tracks 3 to 6). Anti-gp7O serum recognized
only gp7O in extracts of surface-iodinated cells
infected by these viruses; anti-pl5(E) serum did
not recognize any MuLV-specific proteins in
these extracts. The analysis of 69X9 and MCF
247 virus-infected fibroblasts for cell surface
expression of PrENV protein is included for
comparison (Fig. 3C, tracks 1, 2, 7, and 8). 69X9
virus has previously been shown to be negative
for the phenotype of cell surface expression of
the PrENV protein (5).
As a result of characterizing the nine dual-

tropic viruses outlined in Table 1, we have de-
termined that six of the isolates encode very
similar env gene products. Since these isolates
include both A+L+ (MCF 247 and MCF 69L1)
and A+L- (SC37, SC30, MCF 30-2, and MCF 28-
7) viruses, no correlation was detected between
the parameters of env gene expression measured
in this analysis and the ability of an isolate to
accelerate leukemogenesis in AKR mice. These
findings indicate that the simple expression of
products of a dual-tropic virus env gene in a
thymocyte does not put that cell at risk for
transformation within the time limits set by
AKR acceleration tests carried out in young
adult mice (16). It remains to be determined
whether particular aspects of expression of these
gene products in thymocytes may be involved
either with priming a cell population for trans-
formation or with transformation directly.
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TABLE 1. In vivo properties ofAKR dual-tropic
MuLV

Virusa Activity in AKR mice'

Amplifica-
Phenotype' Designation tion of Leukemia

MuLV anti- acceleration
gens

A+L+ MCF 247 + +
MCF69L1 + +
MCF 13 + +

A+L- SC30 + -
SC37 + -
MCF 28-7 + -
MCF 30-2 + -

A-L- 69-4 - -
26-4

a The viruses MCF 247 and MCF 13 were isolated
by Hartley and co-workers (7). The viruses MCF 69L1,
SC30, SC37, MCF 28-7, MCF 30-2, 69-4, and 26-4 were
isolated by O'Donnell and co-workers (16).

b Data of O'Donnell et al. (16). AKR mice (25 to 60
days old) were injected intrathymically with virus.
Thymocytes were obtained from these animals by

I3l. .4 6 - Y thymic biopsy 32 to 38 days postinjection and were
tested for expression ofMuLV cell surface antigens by
cytotoxicity assay using (W/Fu x BN)FI rat anti-W/
Fu leukemia (C58NT)D serum. Biopsied animals were
observed for development of leukemia and scored as
accelerated if disease developed before 180 days of- - W age.

'Virus phenotype was based on ability to induce
antigen amplification (A) and to accelerate leukemia
development (L) in AKR mice.

FIG. 3. Analysis of virus-infected fibroblasts for
cell surface expression of the PrENV protein. Cyto-
plasmic extracts were prepared from virus-infected
mink lung cells which had been subjected to lacto-
peroxidase-catalyzed radioiodination in suspension.
Extracts were reacted with either goat anti-R-MuLV
gp7O serum or rabbit anti-R-MuLV p15(E) serum,
and the resulting precipitates were analyzed in step
gradient acrylamide slab gels (7.5, 10, 12.5% acryl-
amide) as previously described (5). Infecting viruses
and reactive sera were as follows. (A) Track 1, MCF
247 virus, anti-gp7O serum; track 2, MCF 247 virus,
anti-p15(E) serum; track 3, MCF 69L1 virus, anti-
gp7O serum; track 4, MCF 69L1 virus, anti-pl5(E)
serum; track 5, MCF 13 virus, anti-gp7O serum; track
6, MCF 13 virus, anti-p15(E) serum. (B) Track 1, SC30
virus, anti-gp7O serum; track 2, SC30 virus, anti-
p15(E) serum; track 3, MCF 28-7 virus, anti-gp7O
serum; track 4, MCF 28-7 virus, anti-p15(E) serum;
track 5, MCF 30-2 virus, anti-gp70 serum; track 6,
MCF 30-2 virus, anti-p15(E) serum. (C) Track 1, 69X9
virus, anti-gp7O serum; track 2, 69X9 virus, anti-
p15(E) serum; track 3, 69-4 virus, anti-gp7O serum;
track 4, 69-4 virus, anti-p15(E) serum; track 5, 26-4
virus, anti-gp70 serum; track 6,26-4 virus, anti-p15(E)
serum; track 7, MCF247 virus, anti-gp 70 serum; track
8, MCF 247 virus, anti-p15(E) serum.

In contrast, a correlation was observed be-
tween structure and expression ofenv gene prod-
ucts and the ability of a dual-tropic MuLV iso-
late to infect thymocytes and to induce amplifi-
cation of MuLV antigens in vivo. Six of seven
recombinants which display these two pheno-
types were shown to encode env gene products
which were indistinguishable by Cleveland map-
ping. All seven isolates which are thymotropic
and induce antigen amplification expressed the
PrENV protein on the surface of infected fibro-
blasts. These two findings suggest that a selec-
tion is exerted on the type of recombinant env
gene which will confer thymotropism. Evidence
is emerging to indicate that antigen amplifica-
tion is the result of direct expression in thymo-
cytes of the env gene products of the input virus
(O'Donnell and Nowinski, submitted for publi-
cation; Famulari, unpublished data), but
whether the ability to induce antigen amplifica-
tion in vivo is dependent on characteristics of
virus in addition to thymotropism is not known.
It should be borne in mind that "amplified"
dual-tropic virus env gene products are ex-
pressed at unusually high levels on preleukemic
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thymocytes relative to env gene products of
ecotropic MuLV (9, 20). That the similarities
observed between A' isolates are not due to
selection resulting from in vitro isolation proce-
dures is supported by partial protease digest
analysis of the major PrENV species expressed
in cultured and primary AKR leukemias. The
predominant PrENV species expressed in 19 out
of 20 leukemias studied was shown to be closely
related if not identical to that encoded by the
six indistinguishable A' isolates cited above. The
expression of the PrENV protein of the A' iso-
late, MCF 13, was detected in 1 of 20 leukemias
(6; unpublished data).
The recombinants 69-4, 26-4, and MCF 13 do

not fall into the group of indistinguishable A'
isolates defined by peptide mapping. Both 69-4
and 26-4 appear to contain more xenotropic vi-
rus-related information in their env gene than
do the other AKR dual-tropic viruses, as judged
by peptide maps of PrENV and gp7O (Fig. 30).
Consistent with the structural similarity of
PrENV and gp7O of 69-4 and 26-4 to that of
xenotropic MuLV is the finding that these two
recombinants have preferential tropism for mink
lung cells relative to SC-1 cells (11, 16) and are
lacking all but one of the ecotropic virus type-
specific antigens found on gp70 of the six indis-
tinguishable, A' recombinants (14, 15). In addi-
tion, the oligonucleotide map of the genome of
26-4 virus indicates that considerably more xen-
otropic virus-related information has been sub-
stituted in the env gene of 26-4 than is the case
for the other AKR dual-tropic viruses examined
(N. Hopkins, personal communication). Oligo-
nucleotide mapping of 69-4 virus has not been
carried out. In this regard, it is interesting that
69-4 and 26-4 do not encode G(AKSL2) antigen, a
type-specific antigen of AKR dual-tropic virus
gp70 (15, 19). This antigen is found on normal
bone marrow of all high-leukemia-incidence
mouse strains and appears to be a marker for
the xenotropic virus-related parent involved in
the generation of most AKR recombinant vi-
ruses (16, 19). That gp70 of 69-4 and 26-4 lacks
this antigen, but contains substantial xenotropic
virus-related information, may indicate that
these recombinants have a different xenotropic
virus-related parent from the G(AKsI2)-positive
recombinants.
The env gene products of MCF 13 are also

structurally distinguishable from those of the
other A' recombinants studied here. gp7O of this
isolate lacks three of five ecotropic virus type-
specific antigens carried by gp7O of the other A'
recombinants (14, 15), but unlike the A- recom-
binants 69-4 and 26-4, MCF 13 has equal titers
of infectivity for mink lung cells and SC-1 cells
(16), is thymotropic (3, 16), and has an oligonu-

cleotide fingerprint that is extremely similar to
that of MCF 247 virus (17). MCF 13 and the
other A' recombinants all induce the expression
of the PrENV protein on the surface of virus-
infected fibroblasts, a phenotype not shared with
the xenotropic-like recombinants 26-4 and 69-4
(see Fig. 3) or with AKR ecotropic or xenotropic
MuLV (5). In addition, MCF 13 encodes the
dual-tropic virus-specific antigen G(AKSL2) (15).
These data suggest relatedness between the xen-
otropic virus-related parent ofMCF 13 and that
of the other A' recombinants despite the struc-
tural differences in their env gene products. A
comparison of endonuclease H-treated, i.e., un-
glycosylated (10, 18,21), PrENV protein ofMCF
13 with that ofseveral other recombinants (MCF
247, MCF 69L1, and SC37) has been carried out.
It appears that the low molecular weight of the
MCF 13 PrENV protein (Fig. 1A) is due to a
smaller polypeptide backbone rather than dif-
ferential glycosylation relative to the other re-
combinants (unpublished data). These findings
suggest the possibility that deletion during re-
combination is responsible for the differences
which exist between the env gene products of
MCF 13 and the other A' recombinants isolated
from AKR mice.
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