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A scheme was developed for the subcellula fractionation of murine erythroleu-
kemia cells transformed by Friend leukemia virus. The subcellular localization of
the env-related glycoproteins was determined by immune precipitation with
antiserum against gp70, the envelope glycoprotein of the helper virus, followed by
gel electrophoresis. In cells labeled for 2 h with [**S]Jmethionine, the glycoprotein
encoded by the defective spleen focus-forming virus, gp55°7"", was found primarily
in the nuclear fraction and in fractions containing dense cytoplasmic membranes
such as endoplasmic reticulum. A similar distribution was noted for gp85°™, the
precursor to gp70. The concentration of viral glycoproteins in the nuclear fraction
could not be accounted for by contamination with endoplasmic reticulum. In
pulse-chase experiments, neither glycoprotein underwent major redistribution.
However, labeled gp85°™ disappeared from intracellular membranes with a half-
time of 30 min to 1 h, whereas labeled gp55°*"¥ was stable during a 2-h chase. In
plasma membrane preparations with very low levels of contamination with
endoplasmic reticulum, gp70 was the major viral env-related glycoprotein de-
tected; a minor amount of gp55°*"Y and no gp85° could be detected. The
unexpected result of these experiments is the amount of viral glycoproteins found
in the nuclear fraction. Presence of viral proteins in the nucleus could be relevant

to the mechanism of viral leukemogenesis.

The Friend murine leukemia virus (MLV-F)
complex consists of at least two viruses, a highly
oncogenic replication-defective spleen focus-
forming virus (SFFV) and a less oncogenic
helper virus (discussed by Troxler et al. [31]).
SFFV is responsible for rapid leukemogenic
transformation of erythroid precursor cells.
SFFV may be a recombinant in the env gene
between the MLV-F helper virus and a xeno-
tropic murine leukemia virus (30). Consistent
with this genome structure is the synthesis by
SFFV of a glycoprotein, gp555FF", which shares
antigenic determinants and peptides with the
helper virus envelope glycoprotein, gp70, and
with the gp70 of recombinant mink cell focus-
inducing virus and which also contains some
unique peptides (6, 23). Although some strains
of SFFV synthesize proteins related to virion
core ( gag) proteins, gp555FFY appears to be the
only protein common to all strains and thus is
probably involved in leukemogenic transforma-
tion (10, 24). Furthermore, in studies with mo-
lecularly cloned subgenomic fragments of SFFV,
oncogenicity was associated with fragments cod-
ing for gp55°FFY and lacking the SFFV gag gene
(D. L. Linemeyer, S. K. Ruscetti, E. M. Scolnick,
L. H. Evans, and P. H. Duesberg, Proc. Natl.
Acad. Sci. U.S.A,, in press).

gp55°"Y is detectable on the cell surface (but
not in virions) by immunological techniques and
by surface iodination (10, 23-25). However, most
of the surface-labeled gp55°7" differs from the
majority of pulse-labeled gp55°"F" in apparent
molecular weight and extent of sialidation (10,
23, 24), suggesting that much of the gp555F*"
may be confined to intracellular membranes. We
investigated the subcellular distribution of env-
related glycoproteins by subcellular fractiona-
tion techniques and pulse-chase experiments.
The results are consistent with the rapid asso-
ciation of gp555TF¥ with the nuclear membrane
and endoplasmic reticulum, with little redistri-
bution after this initial association.

MATERIALS AND METHODS

Cells. A cell line established from a murine eryth-
roleukemia induced by MLV-F (GMS86, clone 745A)
was originally obtained from the Mammalian Genetics
Mutant Cell Repository, Camden, N.J. Cells were
grown in Dulbecco modified Eagle medium with 10%
fetal calf serum. Eveline cells were obtained from A.
Langlois, Duke University, Durham, N.C.

Isotopic labeling of cells. Cells in the late log
phase of growth (approximately 10° cells at 10° cells/
ml) were washed twice with Dulbecco phosphate-
buffered saline and then suspended in 6 ml of medium
lacking methionine and incubated 10 min at 37°C.
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Cells were sedimented and suspended in 4 ml of me-
thionine-deficient medium containing [**S]methionine
(100 pCi/ml, >400 Ci/mmol; New England Nuclear
Corp.) and 10% dialyzed fetal calf serum. Incubations
were carried out at 37°C for various lengths of time.
After a pulse-label, cells were sedimented, either
washed twice with ice-cold saline or suspended in
medium containing normal levels of methionine, and
incubated further at 37°C (pulse-chase) before being
washed twice with saline.

Cell fractionation. All procedures were carried
out at 0 to 4°C. One-third of the labeled cells were
extracted directly for immune precipitation as de-
scribed below. The remainder were suspended in 10
mM Tris (pH 7.4), 10 mM NaCl, and 1.5 mM MgCl,
(reticulocyte standard buffer) at 2 X 107 to 3 X 10’
cells/ml, allowed to swell for 15 min, and then dis-
rupted in a Dounce homogenizer. Cell breakage was
monitored by phase microscopy and was always >95%
(usually 20 to 30 strokes of the pestle). Less than 10%
of nuclei were disrupted. The crude lysate was centri-
fuged at 250 X g for 10 min. The pellet was suspended
in one-half its original volume of reticulocyte standard
buffer and layered over 45% sucrose (wt/wt in buffer)
and centrifuged at 1,600 X g for 30 min. The pellet
contained the nuclei. The two resulting supernatants
were centrifuged separately at 100,000 X g for 1 h, and
the pellet fractions were suspended in one-half their
original volume of reticulocyte standard buffer. A 1-
ml portion was layered over a discontinuous sucrose
gradient consisting of 1.5 ml each of 55, 45, 40, 35, 29,
and 20% sucrose (wt/wt in 1 mM Tris, pH 7.4) and
centrifuged for 2 h at 35,000 rpm in an SW41 rotor.
Alternatively, a 0.5-ml portion was centrifuged on a
similar gradient containing 0.7 ml of each sucrose
concentration and centrifuged for 1.67 h at 45,000 rpm
in an SW50L rotor. Visible bands were collected, sus-
pended in 10 mM Tris, and pelleted at 100,000 X g for
1h.

Plasma membranes were also isolated by attach-
ment to polycationic polyacrylamide beads as de-
scribed (3). Briefly, cells were allowed to attach to
Affi-gel 731 beads (Bio-Rad Laboratories) in isotonic
sucrose-acetate buffer and washed gently to remove
unattached cells. The cells were lysed in 10 mM Tris
buffer and washed to remove released intracellular
contents.

Immune precipitation. Goat antiserum against
gp70 of MLV-F was the generous gift of Dani Bolog-
nesi, Duke University. Goat antiserum against dis-
rupted MLV-F virions and goat antiserum against p30
of Moloney MLV were provided through the courtesy
of John Cole, Biological Carcinogenesis Branch, Na-
tional Cancer Institute. Membranes or intact cells
were suspended in ice-cold RIPA buffer (10 mM Tris,
pH 74, 0.15 M NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1
mM phenylmethylsulfonyl fluoride, 10 mg of bovine
serum albumin per ml, 100 kallikrein units of aprotinin
per ml [Sigma Chemical Co.], and 1 mM methionine).
Extracts of cells and nuclei were centrifuged at 140,000
X g for 30 min. A 100-pl portion of RIPA extract was
incubated with 10 pl of antiserum for 2 h at 4°C and
then with 20 ul of protein A-Sepharose (100 mg per ml
of 10 mM Tris; Sigma) for 1 h at 4°C with constant
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gentle agitation. Both antiserum and protein A-Seph-
arose were in sufficient excess to precipitate the max-
imum amount of proteins from an equivalent extract
of unfractionated cells. Precipitates were washed six
times with 0.5 ml of RIPA buffer without albumin or
aprotinin. Precipitates were disrupted and analyzed by
SDS-polyacrylamide gel electrophoresis as described
(14) in 7.5% polyacrylamide gels unless otherwise
noted. Gels were processed for fluorography (1) by
using Kodak SB-5 film.

Enzyme assays. Na*-K* ATPase was assayed ac-
cording to Wallach and Kamat (32). Reduced nicotin-
amide adenine dinucleotide phosphate (NADPH)-cy-
tochrome ¢ reductase and succinate-cytochrome c re-
ductase were assayed according to Sottocasa et al.
(27). Protein measurement was according to Lowry et
al. (17).

Iodination of membrane proteins. Proteins were
solubilized from membranes with the mixture of de-
tergents used for immune precipitation and were re-
acted with '*I (500 uCi/100 ug of protein) in the
presence of 25 ug of 1,3,4,6-tetrachloro-3a,6a-diphen-
ylglycoluril (Iodogen; Pierce Chemical Co.) as de-
scribed (18). The extracts were subjected to immune
precipitation and gel electrophoresis. Autoradiogra-
phy of the gels was enhanced by using intensifying
screens.

Electron microscopy. Pellets were combined with
2.5% glutaraldehyde buffered to pH 7.2 with 0.1 M
phosphate. Primary fixation for 30 min was followed
by a wash in three changes of the same buffer and a
secondary fixation in phosphate-buffered 1% osmium
tetroxide. The samples were dehydrated through a
graded series of ethanols and embedded in Epon 812.
Thin sections obtained with a diamond knife in a
Sorvall MT-2B ultramicrotome were collected on car-
bon-stabilized, Formvar-coated copper grids. Thin sec-
tions obtained were stained with lead citrate and ura-
nyl acetate before viewing in a Philips EM-400 elec-
tron microscope.

RESULTS

The GM-86 cells chosen for this study were
derived from a MLV-F-induced erythroleuke-
mia. Cells of this type express high levels of

555FFV and relatively low levels of helper virus
(20, 21). The fractionation procedures used were
similar to those used in other virus-cell systems
(4, 9, 12, 15, 33) except that the nuclei were
further purified by sedimentation through 45%
(wt/wt) sucrose (11). Enzymatic markers for
cellular membranes included Na*-K* ATPase
for plasma membrane (32), NADPH-cyto-
chrome c reductase for endoplasmic reticulum,
and succinate-cytochrome c¢ reductase for mito-
chondria (27). Table 1 presents the distribution
of protein and enzymatic activities among the
subcellular fractions obtained. A significant frac-
tion of the markers for plasma membranes, en-
doplasmic reticulum, and mitochondria was
found in the pellet of the initial low-speed cen-
trifugation. These activities could be largely sep-
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TABLE 1. Fractionation of GM-86 cells
NADPH- Succinate-
Sedimen-  Inter- Nuclei? Protein Na*-K* ATPase® cyu()ichrg:ez c cyt:iichromi c
Fraction tation,” face® (% (%) reduc reductase
250 X g sucrose) m % Sp act % Sp act % Sp act %
8 (increase)® (increase) (increase)
Supernatant, 1.5 10.2 71.9 0.11 70.5 0.037 826 0.067 88.0
250 X g
Pellet, 250 x 75 398 282 0.12 294 0.020 174  0.023 12.0
14
Nuclear 40 160 113 <1 0.014(0.4) 6.0 ND/
pellet
2 Pellet 40/45 0.031 0.2 <1 0.135(4.0)% 0.9 ND
3 35/40 0058 04  0.39(3.5) 14 0.075(2.2) 0.9 ND
4’ 29/35 0.043 03 2.20(20)¢ 59 0.076(2.2) 0.7 ND
1 Super- 45/55 0.164 1.2 <1 0.079(2.3) 28 0.274(4.4) 5.8
2 natant  40/45 0659 4.7 <1 0.115(3.4)* 165 0.368(5.9)* 315
3 35/40 0337 24 0.74(6.7) 156 0.104(3.1)% 7.7  0.179(2.9) 7.9
4 29/35 0329 23 1.51(13.7)% 31.1  0.071(2.0) 51  0.025(0.4) 1.1
5 20/29 0233 165 0.54(4.9) 19 0.048(14) 24 <1
Total re- 24.5 61.9 434 46.3
covery”
(%)

2 A crude lysate of GM-86 cells was centrifuged at 250 X g for 10 min. The pellet was suspended and centrifuged over 45%
sucrose at 1,600 X g for 30 min (nuclear pellet). Membranes from the two supernatants were centrifuged separately on
discontinuous sucrose gradients. The fractions at the interfaces were numbered starting from the bottom, with a prime indicating
fractions derived from the pellet of the first centrifugation (250 X g).

® Nuclei were counted in a hemacytometer and are expressed of percentage of nuclei present in this crude lysate.

< Expressed as micromoles of ATP hydrolysed per hour per milligram of protein.

¢ Expressed as micromoles of cytochrome ¢ reduced per minute per milligram of protein.

° Ratio of specific activity in the membrane fraction to that in the crude lysate.

/ND, Not determined.

# Fractions containing a high concentration of a particular marker enzyme.
* Sum of the activities of the nuclear pellet and sucrose gradient fractions as a percentage of the activity of the crude lysate.

arated from nuclei by pelleting the nuclei
through 45% sucrose. The properties of cyto-
plasmic membranes recovered in the pellet from
the low-speed centrifugation (2, 3, and 4’) did
not differ greatly from those of corresponding
membranes obtained from the supernatant (2, 3,
and 4, respectively; Table 1). Therefore, in some
fractionations, the low-speed pellet and super-
natant membranes were effectively combined by
omitting the initial low-speed centrifugation and
centrifuging the crude lysate over 45% sucrose.
The activity of the plasma membrane marker
was concentrated at the 29/35% sucrose inter-
face (fractions 4 and 4'). The endoplasmic retic-
ulum marker either was distributed evenly (two
experiments) between the 35/40% and 40/45%
interfaces (fractions 3, 3, 2, and 2’) or could be
found concentrated at one interface or the other
(three experiments) (e.g., fraction 2 in Table 1).
This heterogeneity may reflect variable factors
such as the content of ribosomes in rough en-
doplasmic reticulum. The mitochondrial marker
was concentrated at the 40/45% interface (frac-
tions 2 and 2’). The distribution of marker en-
zymes was consistent with electron microscopic
observations in which mitochondria and rough
microsomes were found at the 40/45% interface,
both smooth and rough microsomal membranes

were found at the 35/40% interface, and smooth
membranes were found at the 29/35% interface
(data not shown). The nuclear fraction was es-
sentially free of endoplasmic reticulum (Fig. 1).
The residual NADPH-cytochrome ¢ reductase
activity in the nuclear fraction was probably due
to the presence of this enzyme in nuclear mem-
branes (11).

Figure 2 illustrates the distribution of viral
env-related proteins among the subcellular frac-
tions described in Table 1. Table 2 shows the
distribution of env-related glycoproteins in two
experiments quantitated by densitometry. Cells
were incubated in the presence of [**S]methio-
nine for 2 h and then fractionated. Each fraction
was extracted with detergents, and the env-re-
lated proteins were immune precipitated with
antiserum against gp70, the envelope glycopro-
tein of the MLV-F helper virus, and analyzed by
SDS-gel electrophoresis. The identity of the pro-
teins had been established previously (6, 20, 21,
23) and was confirmed by the observation that
they were not precipitable with anti-p30 (Fig. 2,
lane A). Some gp55°""" was found in the light-
density membrane fractions containing plasma
membranes (4, 5, and 4’), as expected (10). How-
ever, most of the gp55°fFY was either in the
dense cytoplasmic membrane fractions (2, 2’, 3,



266 LYLES AND McCONNELL

3’) or in the nuclear fraction. The distribution of
gp55°"FY between fractions 2 and 3 was variable,
being evenly distributed in some experiments
(e.g., experiment 1 in Table 2) and favoring one
fraction in others. This variability is similar to
that observed for the marker enzyme for endo-

F1G6. 1. Nuclei isolated from GM-86 cells.

plasmic reticulum (see above). gp55°""Y ap-

peared as a double band of approximately equal
intensity in most fractions (discussed below).
The slower-migrating form appeared to be in
higher concentration than the rapidly migrating
form in lighter-density membranes (fractions 4
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and 5). The distribution of gp85°*, the precursor
to the helper virus envelope glycoprotein, was
very similar to that of gp55°F"Y, whereas gp70,
the major cleavage product of gp85°**, was pres-
ent in both dense and light membrane fractions,
as observed previously for other MLVs (33). The
presence of viral glycoproteins in the nuclear
fraction was not due to absorption from mem-
branes in the cytoplasm after cell lysis. Nuclei
from unlabeled cells pelleted through cytoplasm
from labeled cells did not contain labeled
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gp55°FFY or gp85°™ (data not shown).

Because the yields of nuclei and cytoplasmic
membrane markers were similar (approximately
40%; Table 1), the experiments in Fig. 2 and
Table 2 illustrate the distribution of viral gly-
coproteins in a semiquantitative manner. To
determine the distribution of viral glycoproteins
between the nuclear and cytoplasmic membrane
fractions in a more quantitative manner, a crude
lysate of cells labeled with [**S]methionine for 2
h was layered over 45% (wt/wt) sucrose and

-
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FRACTION

FiG. 2. Subcellular distribution of env-related glycoproteins in GM-86 cells. Cells were labeled for 2 h with
[¥S]methionine and were fractionated as described in Materials and Methods. Individual membrane
fractions were pelleted, extracted, and subjected to immune precipitation with anti-gp70 and gel electropho-
resis. A fluorograph of the dried gel is shown. A, Whole-cell extract precipitated with anti-p30; B, whole-cell
extract precipitated with anti-gp70; N, nuclei; fraction numbers are defined in Table 1.
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TABLE 2. Distribution of env-related proteins in
GM-86 cells

% of total protein®

Fraction Expt 1 Expt 2

g.pssSFFV gpsscnr gp70 gp55SFFV g.pssem- gp70

Nuclei 46 35 23 39 43 33
2’ 2.8 1.9 2.3
3 44 3.0 6.0 54 4.3
4 2.2 1.5 3.7 3.2 4.3
1 1.7
2 15 23 18 7.3 75 4.3
3 16 24 21 28 29 28
4 10 9.1 30 10 8.6 11
5 17 23 11 28 32 15

Total 99.8 99.8 99.1 99.1 99.9 99.9

? Percentages were calculated from densitometer tracings
of films similar to that shown in Fig. 2. The amounts of a
particular glycoprotein in each fraction was divided by the
sum of that protein in all fractions to give the percentages
shown. The film shown in Fig. 2 is from experiment 2.

centrifuged to pellet the nuclei. The supernatant
was diluted and centrifuged at 100,000 X g for 1
h to pellet cytoplasmic membranes. Approxi-
mately 80% of nuclei and 6 to 8% of NADPH-
cytochrome c reductase were recovered in the
low-speed pellet, and 90% of reductase was re-
covered in the high-speed pellet. After immune
precipitation and gel electrophoresis, 56 to 61%
of labeled gp55°"F" recovered by immune precip-
itation was found in the low-speed pellet (range
of three experiments).

Pulse-chase experiments were performed to
determine whether the MLV-F glycoproteins
undergo changes in their subcellular distribution
after their synthesis. Cells were labeled with
[*S]Imethionine for 15 min and then incubated
in unlabeled medium for 0, 30, or 120 min. Cells
from each time point were fractionated, and the
membranes were subjected to immune precipi-
tation with anti-gp70 and gel electrophoresis
(Fig. 3). gp55™" did not undergo major redis-
tribution during the course of the chase. The
amount of gp555FF" in the nuclear fraction re-
mained constant at about 30 to 40% (in this
experiment) of the total throughout the chase,
as determined by densitometry of the gel of Fig.
3. A slight shift of gp555F" in cytoplasmic mem-
branes to lighter density was detected, which
may represent incorporation of a minor fraction
of gp55°FF into the FBlasma membrane (10). The
turnover of gp555FF" within the cell was slow,
with a half-time greater than 2 h (Fig. 3), as
noted by others (6, 20, 21, 23). There was also a
slight increase in the electrophoretic mobility of
gp555FFY during the chase as observed previ-
ously, the nature of which is unknown (20, 21,
23). This shift in mobility may account in part
for the appearance of gp555FF" as a double band
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after a 2-h pulse (Fig. 2). The distribution of
gp85°™ also did not change dramatically during
the chase. However, its turnover had a half-time
of 30 min to 1 h as shown by the depletion of
labeled gp85°" from all fractions after a 2-h
chase (Fig. 3). At no time during the pulse or
chase was either glycoprotein found in the cy-
tosol fraction (100,000 X g supernatant; data not
shown). In three initial experiments, it appeared
that gp555F™" in the nuclear fraction was not
labeled in a 15-min pulse but was labeled after
the 30-min chase, suggesting that gp555F¥ was
transported to the nucleus from some other cel-
lular component (data not shown). Despite ex-
tensive repetition, this observation has not been
confirmed. Shorter labeling periods have not
been examined. Thus, the weight of the evidence
suggests that equilibration of gp555FF" between
the nucleus and cytoplasm is complete in 15 min.

The presence of gp555F" in the plasma mem-
brane of erythroleukemia cells (10, 23) was con-
firmed by isolating plasma membranes from
GM-86 cells by a technique developed by Cohen
et al. (5) that yields membranes that are rela-
tively free of contaminating endoplasmic retic-
ulum (3, 5) compared with the plasma mem-
brane-containing fractions in Table 1. Cells are
attached noncovalently to polycationic poly-
acrylamide beads. Upon lysis of the cells, the
plasma membrane remains attached to the
beads by virtue of the negative charge on its
external surface, and other cellular components
are released and can be washed away. Yields of
plasma membrane markers range from 5 to 20%,
and the endoplasmic reticulum marker is usually
undetectable (3, 5). Although it is difficult to
detect gp555FF" in such a preparation by labeling
with [**S]methionine, gp555F"" could be detected
by labeling detergent-solubilized membranes to
high specific activity with '*I (Fig. 4). "*I-la-
beled gp555FFY could be immune precipitated
from plasma membranes of GM-86 cells, but not
from plasma membranes of Eveline cells, which
produce MLV-F helper virus but little or no
SFFV (7). gp70 was the major env-related pro-
tein detected in membranes of both cell types,
and no uncleaved gp85°* could be detected, as
described previously (6, 10, 23).

DISCUSSION

The subcellular localization of gp555F" is of
interest because (i) it may be involved in leuke-
mogenesis by SFFV and (ii) its metabolic behav-
ior is unlike that of other viral glycoproteins
studied to date. The available evidence suggests
that gp55°F*" is involved in leukemogenic trans-
formation by SFFV. Many strains of SFFV ex-
press proteins similar to gp555FFY (10, 24), and



VoL. 39, 1981 SUBCELLULAR LOCATION OF env GLYCOPROTEINS 269
. 5
- : ‘
- &
gp85— - - - - e -
gp70— 4 e - ! e pe
9p55-— - - [ - - -~ . G o
C N M | 2 3 4 5 C N M | 2 3 4 5 C NM I 2 3 4 5
CHASE (min) 0 30 120

F1c. 3. Pulse-chase of env-related glycoproteins of GM-86 cells. Cells were labeled for 15 min with
[*S]methionine and then incubated with unlabeled methionine for the indicated chase times. Cells from each
time point were fractionated, and the fractions were subjected to immune precipitation with anti-gp70 and gel
electrophoresis. Fluorographs of the dried gels are shown. C, Whole-cell extract; N, nuclei; M, cytoplasmic
membranes in the initial low-speed pellet; fraction numbers are defined in Table 1.

in some cases gp555FF" is the only virus-encoded
protein that has been detected (25). Further-
more, recombination within the env gene be-
tween ecotropic and xenotropic MLV, such as
that which presumably gave rise to SFFV, is
correlated with increased leukemogenicity of
helper-independent mink cell focus-inducing vi-
ruses as well as the defective SFFV (reviewed
by Troxler et al. [31]).

The metabolism of gp555FF" differs from that
of other viral glycoproteins studied to date in
that very little is incorporated in the cell plasma
membrane, and little or no gp555FF" is incorpo-
rated into virions (10, 23). Furthermore, gp555™"
does not appear to undergo extensive subcellular
redistribution during a pulse-chase, unlike other
viral glycoproteins, including the env gene prod-
uct of replication-competent retroviruses, which
are transported to the plasma membrane from
their site of synthesis in rough endoplasmic re-
ticulum (reviewed by Lenard [16]). This differ-
ence in intracellular transport between gp555F¥
and most viral glycoproteins was predicted
based on the nature of the oligosaccharides of
gp555FFY, which are predominantly neutral, lack-
ing sialic acid (10), and sensitive to digestion
with endoglycosidase H (26).

Oligosaccharides of this type are found on
newly synthesized glycoproteins before trans-
port from the endoplasmic reticulum to the
Golgi apparatus (discussed by Rothman and
Fine [22]). The unexpected observation reported

here is that a major portion (30 to 60%) of
labeled gp555*F" is found in the nuclear fraction,
with the remainder primarily in fractions con-
taining endoplasmic reticulum. A similar distri-
bution is observed for the env precursor glyco-
protein gp85°*. This observation cannot be ac-
counted for by contamination of the nuclear
fraction with endoplasmic reticulum as judged
by electron microscopy. Likewise, only 5 to 8%
of the endoplasmic reticulum enzyme marker
has been found in the nuclear fraction, most of
which is probably due to the presence of the
enzyme in the nuclear membrane (11). It is likely
that both gp555FFY and gp85°™* are present in the
nuclear membrane rather than in the nucleo-
plasm. gp85°" contains the membrane-binding
region of the envelope protein, which upon
cleavage may reside either in a 15,000-molecular-
weight fragment (p15E; reviewed by Montelaro
and Bolognesi [19]) or in a recently described
12,000-molecular-weight fragment (R protein),
which is distinct from p15E (28), both of which
are located near the carboxyl terminus of

5°"", The nature of the membrane binding of
gp555FFY is not clear, since the SFFV has a
deletion in the env gene (2) which appears to
span the cleavage site between gp70 and pl15E
(29). Also, gp55°TFY lacks the antigenic determi-
nants of pl5E (26). Nonetheless, preliminary
experiments (L. Puddington and D. S. Lyles,
unpublished data) suggest that gp555"*" is also
localized in the nuclear membrane(s) rather
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Fi1G. 4. Presence of env-related glycoproteins in
plasma membranes of MLV-F producing cells.
Plasma membranes of GM-86 cells or Eveline cells
were isolated as described in Materials and Methods.
Membranes and purified virions were solubilized
with detergents. The extracts were labeled with ‘*°
and subjected to immune precipitation with anti-gp70
and electrophoresis on 10% polyacrylamide gels. Au-
toradiographs of the dried gels are shown. V, MLV-
F virions; E, plasma membranes from Eveline cells;
G, plasma membranes from GM-86 cells.
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than in the nucleoplasm.

It is difficult to assess whether the apparent
favored location of Friend virus glycoproteins in
the nuclear membrane is unique to this partic-
ular virus-cell combination based on available
data. Most studies of the subcellular distribution
of the proteins of RNA viruses have concen-
trated exclusively on cytoplasmic membranes or
else have used nuclear isolation procedures in-
volving detergent treatments, which would be
expected to remove viral glycoproteins. In one
report (12), less than 10% of newly synthesized
glycoprotein of vesicular stomatitis virus was
found in a crude nuclear fraction (low-speed
pellet). Possibilities for the favored location of
MLV-F glycoproteins in the nuclear fraction
include the following. (i) Association of newly
synthesized env glycoproteins with the nuclear
membrane may be a feature unique to retrovi-
ruses or to MLV-F in particular. env proteins of
replication-competent retroviruses would have
the structural features necessary to be trans-
ported to other membranes, processed, and in-
corporated into virions. gp55°FFY presumably
lacks these structural features and therfore re-
mains associated with the nucleus. (ii) Associa-
tion with the nuclear membrane may be com-
mon to a wide variety of newly synthesized
membrane glycoproteins in this cell type, per-
haps reflecting a preferential localization of
membrane-bound polyribosomes on the outer
nuclear membrane rather than endoplasmic re-
ticulum. Such a situation occurs in cell types
that have little, if any, endoplasmic reticulum
(8), which appears unlikely in the present case.
An important question that remains to be an-
swered is whether env-related viral glycopro-
teins are synthesized in association with the
nucleus (e.g., on ribosomes bound to the outer
nuclear membrane) or whether they are synthe-
sized elsewhere and migrate to the nucleus (e.g.,
synthesized in the rough endoplasmic reticulum,
which is in direct continuity with the nuclear
membrane [8]). Results of pulse-chase experi-
ments were ambiguous on this point (see Re-
sults). This question may be approached by
localizing the mRNA for the viral glycoproteins.

Regardless of the specificity with which the
MLV-F env-related glycoproteins are associated
with the nuclear and cytoplasmic membrane
fractions, the localization of these proteins may
be involved in the mechanism of leukemogenesis
by these viruses. Since the nuclear membrane
probably plays a major role in communication
between the cytoplasm and nucleus, alterations
in this membrane system could lead to oncogenic
transformation of cells. If so, the greater onco-
genicity of the SFFV compared with replication-
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competent MLV may be related to the inability
of gp555"™Y to be transported away from the
nucleus, causing it to exert a greater influence
than glycoproteins whose appearance in the nu-
cleus is transitory. In any case, hypotheses about
the mechanism of oncogenic transformation by
gp55°T7Y must include the possibility of several
sites of action within the cell, since this protein
is distributed throughout several types of cellu-
lar membranes. A similar situation may exist in
the case of the src gene product of avian sarcoma
viruses, which in some cell types is localized at
the plasma membrane and in others may be
associated with the nuclear membrane and sur-
rounding reticulum (13).

ACKNOWLEDGMENTS

We thank Dani Bolognesi, Duke University, and John Cole,
National Cancer Institute, for the generous gift of antisera
used in this project; Curtis Parker, Bowman Gray School of
Medicine, for the GM-86 cells; A. Langlois, Duke University,
for the Eveline cells; and 1. Z. Ades, Bowman Gray School of
Medicine, for helpful discussions.

This project was supported in part by pilot funds from
Public Health Service Oncology Research Center support
grant CA 12197, awarded to Bowman Gray School of Medicine
from the National Cancer Institute, and by Public Health
Service “‘short-term training; students in professional schools”
grant 5T35AMO7400, awarded to Bowman Gray School of
Medicine from the National Institute of Arthritis, Metabolism
and Digestive Diseases.

LITERATURE CITED

1. Bonner, W. M., and R. A. Laskey. 1974. A film detection
method for tritium-labeled proteins and nucleic acids in
polyacrylamide gels. Eur. J. Biochem. 46:83-88.

2. Bosselman, R. A, L. J. L. D. Van Griensven, M. Vogt,
and I. M. Verma. 1980. Genome organization of retro-
viruses. IX. Analysis of the genomes of Friend spleen
focus-forming (F-SFFV) and helper murine leukemia
viruses by heteroduplex-formation. Virology 102:234-
239.

3. Bowen, H. A,, and D. S. Lyles. 1981. Structure of Sendai
viral proteins in plasma membranes of virus-infected
cells. J. Virol. 37:1079-1082.

4. Caliguiri, L. A., and I. Tamm. 1970. The role of cyto-
plasmic membranes in poliovirus biosynthesis. Virology
42:100-111.

5. Cohen, C. M., D. 1. Kalish, B. S. Jacobson, and D.
Branton. 1977. Membrane isolation on polylysine-
coated beads. J. Cell Biol. 75:119-134.

6. Dresler, S., M. Ruta, M. J. Murray, and D. Kabat.
1979. Glycoprotein encoded by the Friend spleen focus-
forming virus. J. Virol. 30:564-575.

. Evans, L. H., S. Dresler, and D. Kabat. 1977. Synthesis
and glycosylation of polyprotein precursors to the in-
ternal core proteins of Friend murine leukemia virus. J.
Virol. 24:865-874.

8. Franke, W. W,, and V. Scheer. 1974. Structures and
functions of the nuclear envelope, p. 219-347. In H.
Busch (ed.), The cell nucleus. Academic Press, Inc.,
New York.

9. Hay, A. J. 1974. Studies on the formation of the influenza
virus envelope. Virology 60:398-418.

10. Kabat, D., M. Ruta, M. J. Murray, and E. Polonoff.
1980. Immunoselection of mutants deficient in cell sur-
face glycoproteins encoded by murine erythroleukemia
viruses. Proc. Natl. Acad. Sci. U.S.A. 77:57-61.

XY

SUBCELLULAR LOCATION OF env GLYCOPROTEINS

11.

12,

13.

14.

15.

16.

17.

18.

19.

21.

22.

24.

25.

26.

27.

271

Kay, R. R., and L. R. Johnston. 1977. Rapid isolation of
nuclear envelopes from rat liver. Methods Cell Biol. 15:
277-287.

Knipe, D. M., D. Baltimore, and H. F. Lodish. 1977.
Separate pathways of maturation of the major struc-
tural proteins of vesicular stomatitis virus. J. Virol. 21:
1128-1139.

Krueger, J. G., E. Wang, E. A. Garber, and A. R.
Goldberg. 1980. Differences in intracellular location of
pp60™™ in rat and chicken cells transformed by Rous
sarcoma virus. Proc. Natl. Acad. Sci. U.S.A. 77:4142-
4146.

Laemmli, U. K. 1970. Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature (London) 227:680-685.

Lamb, R. A., and P. W. Choppin. 1977. The synthesis
of Sendai virus polypeptides in infected cells. II. Intra-
cellular distribution of polypeptides. Virology 81:371-
381.

Lenard, J. 1978. Virus envelopes and plasma membranes.
Annu. Rev. Biophys. Bioeng. 7:139-165.

Lowry, O. H,, N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

Markwell, M. A. K,, and C. F. Fox. 1978. Surface-
specific iodination of membrane proteins of viruses and
eucaryotic cells using 1,3,4,6-tetrachloro-3a,6a-di-
phenyl-glycoluril. Biochemistry 17:4807-4817.

Montelaro, R. C., and D. P. Bolognesi. 1978. Structure
and morphogenesis of type-C retroviruses. Adv. Cancer
Res. 28:63-89.

. Racevskis, J., and G. Koch. 1977. Viral protein synthesis

in Friend erythroleukemia cell lines. J. Virol. 21:328-
337.

Racevskis, J., and G. Koch. 1978. Synthesis and proc-
essing of viral proteins in Friend erythroleukemia cell
lines. Virology 87:354-365.

Rothman, J. E., and R. E. Fine. 1980. Coated vesicles
transport newly synthesized membrane glycoproteins
from endoplasmic reticulum to plasma membrane in
two successive stages. Proc. Natl. Acad. Sci. U.S.A. 77:
780-784.

. Ruscetti, S. K., D. Linemeyer, J. Feild, D. Troxler,

and E. M. Scolnick. 1979. Characterization of a protein
found in cells infected with the spleen focus-forming
virus that shares immunological cross-reactivity with
the gp70 found in mink cell focus-inducing virus parti-
cles. J. Virol. 30:787-798.

Ruscetti, S., D. Troxler, D. Linemeyer, and E. Scol-
nick. 1980. Three laboratory strains of spleen focus-
forming virus: comparison of their genomes and trans-
lational products. J. Virol. 33:140-151.

Ruta, M., and D. Kabat. 1980. Plasma membrane gly-
coproteins encoded by cloned Rauscher and Friend
spleen focus-forming viruses. J. Virol. 35:844-853.

Schultz, A. M,, S. K. Ruscetti, E. M. Scolnick, and S.
Oroszlan. 1980. The env-gene of the spleen focus-form-
ing virus lacks expression of pl5(E) determinants. Vi-
rology 107:537-542.

Sottocasa, G. L., B. Kuylenstierna, L. Ernster, and
A. Bergstrand. 1967. An electron-transport system
associated with the outer membrane of liver mitochon-
dria. A biochemical and morphological study. J. Cell
Biol. 32:415-438.

. Sutcliffe, J. G., T. M. Shinnick, N. Green, F.-T. Liu,

H. L. Niman, and R. A. Lerner. 1980. Chemical
synthesis of a polypeptide predicted from nucleotide
sequence allows detection of a new retroviral gene prod-
uct. Nature (London) 287:801-805.

Sutcliffe, J. G., T. M. Shinnick, I. M. Verma, and R.
A. Lerner. 1980. Nucleotide sequence of Moloney leu-
kemia virus: 3’ end reveals details of replication, analogy



272 LYLES AND McCONNELL

to bacterial transposons, and an unexpected gene. Proc.
Natl. Acad. Sci. U.S.A. 77:3302-3306.

30. Troxler, D. H., D. Lowy, R. Howk, H. Young, and E.
M. Scolnick. 1977. Friend strain of spleen focus-form-
ing virus is a recombinant between ecotropic murine
type C virus and the env gene region of xenotropic type
C virus. Proc. Natl. Acad. Sci. U.S.A. 74:4671-4675.

31. Troxler, D. H,, S. K. Ruscetti, and E. M. Scolnick.
1980. The molecular biology of Friend virus. Biochim.

J. VIRrOL.

Biophys. Acta 605:305-324.

32. Wallach, D. F. H,, and V. B. Kamat. 1966. Preparation
of plasma membrane fragments from mouse ascites
tumor cells. Methods Enzymol. 8:164-172.

33. Witte, O. N., A. Tsukamoto-Adey, and 1. L. Weiss-
man. 1977. Cellular maturation of oncornavirus glyco-
proteins: topological arrangement of precursor and
product forms in cellular membranes. Virology 76:539-
553.



