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ABSTRACT The effect of vinblastine on the distribution of
murine leukemia virus-derived membrane-associated antigens
was examined by using the indirect immunofluorescence of 3.7%
formaldehyde-fixed MJD-54 (Moloney murine leukemia virus-in-
fected) cells. On fixed, non-drug-treated cells, p30 antigen was
distributed homogeneously and diffusely over the cell membrane.
When cells were incubated with 10 pAM vinblastine for 1 hr before
fixation, the distribution of p30 antigen was greatly changed, flu-
orescence now being collected into poles (cap-like formation). In
contrast to this distribution pattern for p3) antigen, gp7O antigen
was distributed in a micropunctate pattern on the cell surface, with
or without vinblastine pretreatment. These observations indicate
that the distribution patterns ofp30 and gp7O membrane antigens
are completely different and that they are differently controlled
by cytoplasmic microtubules. In addition, because the p30 mem-
brane antigen visualized in these studies most likely represents
viral Pr65P. precursor molecules which are localized directly un-
der and associated with the plasma membrane, these results sug-
gest that, under special conditions of fixation, it is possible to ob-
tain a cap-like phenomenon for cytoplasmic (internal) membrane-
oriented proteins.

It now has been generally accepted that the lateral mobility and
distribution of externally exposed cell surface proteins are reg-
ulated in large part by submembranous cytoskeletal elements
(1-6), although there is also some evidence that directed lipid
flow in membranes is important as well (7). Such a concept has
come mainly from the study of drug effects on the distribution
of cell surface proteins. The drugs used include microtubule-
depolymerizing agents such as colchicine, nocodazole, and vin-
blastine (2, 4, 6) and microfilament-depolymerizing agents such
as cytochalasin B (4, 8). The distribution of immunoglobulins
and concanavalin A receptors on lymphocytes (3, 4, 6) and fi-
broblasts (1) after treatment with such drugs has been exten-
sively studied by fluorescence microscopy.

In the case ofcells chronically infected with murine leukemia
virus there are three known classes ofcell membrane-associated
proteins that are coded for by the viral genome. Two are ex-
ternally exposed; (i) glycosylated gag (group-specific antigen)
gene products of Mr 80 x 103 and 95 x 103 (9-11) which have
been described earlier as "Gross cell surface antigens" and
shown not to be incorporated into virus particles (12); and (ii)
the env gene products gp7O and pl5E. gp7O exists both at the
site of virus buds (13, 14) and over the cell surface (9, 13); pl5E
is embedded directly in the membrane (15).

In addition, there is an internally exposed cell membrane-
associated protein. This is the major gag gene product, Pr65P9,
which is the precursor to the group-specific viral core proteins
(p30, p15, p12, and plo) (10, 16). It has been localized, by elec-

tron microscopic studies, to a position just under the cell mem-
brane (16) and, because ithasa hydrophobic NH2terminus, p15
(17), it is probably directly associated with the cell membrane.
The immunocytochemical distribution pattern ofthese proteins
on the cell membrane and the possible involvement of the cy-
toskeleton in. the regulation of their distribution is not well
established.

In this paper we report the distribution pattern of p30 and
gp70,antigens on the membranes of murine leukemia virus-in-
fected cells and the effect of vinblastine on their distribution
as examined by an improved indirect immunofluorescence
technique (18, 19).

MATERIALS AND METHODS
Materials. MJD-54 cells, which are a line of JLSV-9 mouse

fibroblasts chronically infected with Moloney murine leukemia
virus, were used for all studies. They were originally obtained
from K. Manly (Roswell Park Memorial Cancer Institute, Buf-
falo, NY) and have been maintained in our laboratory in a rel-
atively early (P20-P50) passage over the past 6 years. Vinblas-
tine sulfate (Eli Lilly) was dissolved in sterilized distilled water
and diluted with medium to the final concentration used for the
experiments. The antisera used were goat anti-Rauscher murine
leukemia virus p30 (National Cancer Institute Resources Pro-
gram, lot 78S-223) goat anti-Rauscher murine leukemia virus
gp70 (Resources Program, lot 78S-225) and fluorescein isothio-
cyanate (FITC)-tagged rabbit IgG against goat IgG (Cappel Lab-
oratories, Cochranville, PA). Both anti-p30 and anti-gp70 anti-
sera were used for immunofluorescence diluted 1:40 in phos-
phate-buffered saline (PJNaCl). FITC-tagged rabbit IgG was
used diluted 1:20.

Cell Culture. MJD-54 cells were seeded on sterile 18 X 18
mm glass coverslips and grown in Dulbecco's modified Eagle's
minimal essential medium (DME medium; GIBCO) supple-
mented with 10% fetal calfserum (Flow Laboratories, McLean,
VA) in a 5% C02/95% air incubator for 1-2 days. After this pe-
riod, the medium was replaced with DME medium containing
0.3% fetal calf serum and the cells were maintained in this for
1 day. This step of maintaining cells in low-serum medium was
found to be important for the immunofluorescence technique
because such cells spread well onto the substratum and have
a flattened cytoplasm that makes observation of the fluores-
cence very clear compared to cells maintained in high-serum
medium (18, 19).

Indirect Immunofluorescence. Cells were preincubated
with or without 10 1LM vinblastine for 1 hr at 37C in DME
medium plus 0.3% fetal calfserum. After incubation, cells were

Abbreviations: FITC, fluorescein isothiocyanate; PjNaCI, phosphate-
buffered saline; DME medium, Dulbecco's modified Eagle's minimal
essential medium.
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rinsed once in DME medium and fixed with freshly made 3.7%
formaldehyde (Fisher certified reagent, Fairlawn, NJ) in Pj
NaCl for 20 min at room temperature. We chose this concen-
tration because the cells did not show strong p30 fluorescence
when they were fixed with lesser concentrations such as 1%
(data not shown). The fixed cells were then rinsed well with PJ
NaCl to wash away the formaldehyde, and the first antiserum
(anti-p30 or anti-gp7O) was added. The incubation of cells with
antiserum was for 40 min at 370C in 5% C02/95% air in a hum-
idified incubator. Next, the cells were rinsed in PjNaCl for 15
min at room temperature with continuous agitation to remove
unbound antiserum. Incubation of cells with the second anti-
serum (FITC-tagged rabbit IgG) and the following rinse ofcells
in PjNaCl were performed in the same way. During all of the
procedures the cells were processed without air drying. Finally,
coverslips were mounted on glass slides with Aquamount (Ler-
ner Laboratories, Stamford, CT) and viewed with a Leitz flu-
orescence microscope. Photographs were taken at the same
exposure on Kodak Tri-X film; prints were also made at the same
exposure. In those experiments in which acetone was used, cells
prefixed in 3.7% formaldehyde were passed through acetone/
H20, 1:1, for 2 min, acetone for 5 min, and acetone/H20, 1:1,
for 2 min at -200C serially (18). Indirect immunofluorescence
was then detected as described above.

Electron Microscopic Study. Cells were grown and main-
tained as described above in T-75 flasks (Costar, Cambridge,
MA). After treatment (or not) with 10 p.M vinblastine for 1 hr.
fixation with formaldehyde, and incubation with anti-p30 anti-
serum as for immunofluorescence studies, the cells were
scraped free with a rubber policeman and pelleted by centrif-
ugation. Cell pellets were further fixed with 2% glutaraldehyde/
0.1 M sodium cacodylate, pH 7.4. Postfixation with OS04, de-
hydration, embedding, sectioning, and staining with lead ci-
trate were done as described (20).

RESULTS AND DISCUSSION

A primary goal of this study was to localize by immunofluores-
cence the p30 antigen on the cell membrane. In order to do this
we found that first we had to fix the MJD-54 cells with 3.7%
formaldehyde and then stain with anti-p30 antiserum. In this
case, a homogeneous or diffuse pattern of fluorescence could
be observed (Fig. LA); when viable cells or cells fixed in 1%
formaldehyde were used, only weak p30 fluorescence was ob-
served (data not shown). We contend that the homogeneous
fluorescence pattern shown in Fig. 1A represents p30 antigen
associated with the cell membrane because, when complete
permeabilization of cells is achieved with acetone after form-
aldehyde fixation, the p30 fluorescence pattern is different (Fig.
1B)-i. e., a granular fluorescence is noted over the cytoplasm
with a concentration of p30 antigen in the perinuclear region.
This perinuclear pattern appears similar morphologically to the
cytochemical staining of the Golgi region seen in cultured
mouse 3T3-Ll cells (21).
When the MJD-54 cells had been preincubated with 10 /iM

vinblastine for 1 hr before fixation and then processed for in-
direct immunofluorescence with anti-p30 serum, the distri-
bution of fluorescence (Fig. 1C) was drastically changed from
the case of nontreated cells (Fig. LA). Fluorescence now was
collected into a limited region or pole of the cell, and other re-
gions no longer displayed fluorescence staining. This collection
of fluorescence into a limited region appears similar morpho-
logically to the capping phenomenon described for lymphocytes
and other cell systems (2-5, 7, 8), although the mechanism of
cap-like formation ofp30 antigen may be different, as discussed
below. The location of such putative p30 antigen caps on the

FIG. 1. (A) Non-drug-treated MJD-54 cells were fixed with 3.7%
formaldehyde and stained with anti-p30 antiserum by the indirect im-
munofluorescence method. (B) Non-drug-treated cells were fixed with
3.7% formaldehyde, subjected to acetone treatment, and then stained
with anti-p30 antiserum. (C) Vinblastine-treated cells were fixed with
3.7% formaldehyde and stained with anti-p30 antiserum. (Inset)
Lightly exposed photograph to portray the cell contour. As controls, we
usednonimmune goatserum and anti-p30 antiserum preabsorbed with
disrupted Rauscher leukemia virions at 1:40 dilution under the con-
ditions ofA, B, and C and found no fluorescence. We also found no flu-
orescence when anti-p30 antiserum was used against third-passage
uninfected BALB/c mouse embryo fibroblasts (kindly provided by R.
Shames). (A, B, C, x 1300; Inset, x400).

cell membrane varied from one cell to another and the number
of cap-like structures per cell varied as well. Some cells formed
one cap and others had two or three caps. This cap-like -for-
mation ofp30 antigen was observed in about 80% ofvinblastine-
treated cells (± 10%). Furthermore, cap-like formation was also
observed after treatment with 10 A.M colchicine or nocodazole
(data not shown). Thus, it appears that the distribution of p30
antigen on the cell membrane might be considered to be reg-
ulated in part by cytoplasmic microtubules.
To determine whether this cap-like formation observed with

p30 antiserum was a general property ofMuLV cell membrane
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antigens, the distribution ofgp70 antigen was examined by the
same indirect immunofluorescence technique. On the surface
of non-drug-treated cells fixed with 3.7% formaldehyde, the
distribution pattern of gp70 fluorescence (Fig. 2A) was char-
acteristic and completely different from the one observed for
p30 fluorescence-i.e., the gp70 antigen appeared as numerous
micropunctate dots over the entire surfice. This micropunctate
fluorescence might correlate to the microaggregate distribution
of gp70 previously observed by immunoferritin electron mi-
croscopy (14). The same clear images ofthe distribution ofgp70
also were seen with cells fixed in 1% formaldehyde. Further-
more, when the cells were made permeable with acetone after
fixation, the gp70 fluorescence appeared to be mostly cyto-
plasmic and perinuclear (Fig. 2B), which is consistent with the
results obtained for p30 antigen (Fig. 1B).

FIG. 2. (A) Non-drug-treated MJD-54 cells were fixed with 3.7%
formaldehyde and stained with anti-gp70 antiserum by the indirect
immunofluorescence method. (B) Non-drug-treated cells were fixed
with 3.7% formaldehyde, subjected to acetone treatment, and then
stained with anti-gp7O antiserum. (C) Vinblastine-treated cells were
fixed with 3.7% formaldehyde and stained with anti-gp7O antiserum.
(x 1300.)

The effect of vinblastine on the distribution of gp70 antigen
was also examined. Cells were incubated with 10 puM vinblas-
tine, fixed with 3.7% formaldehyde, and processed for indirect
immunofluorescence. In this case, however, the treatment of
cells with vinblastine did not affect the distribution pattern of
antigen (Fig. 2C); only the micropunctate gp70 fluorescence
was seen on >90% of the surface of drug-treated cells. In the
other cells (<10%), larger clusters of fluorescence were ob-
served in addition to the micropunctate fluorescence. Identical
results were also found for cells treated with 10 1LM colchicine
or nocodazole (data not shown). These results suggest that cy-
toplasmic microtubules have virtually no regulatory role on the
distribution pattern of gp70 surface antigen under the condi-
tions used in these experiments.
We next wanted to know whether the p30 fluorescence de-

tected on cells fixed in 3.7% formaldehyde was due to glyco-
sylated gag products or to Pr65P9 moieties. It is well estab-
lished, both by surface iodination (9) and by the immuno-
fluorescence of viable cells (22), that glycosylated products of
gag are exposed at the surface ofmurine leukemia virus-infected
mouse fibroblasts. However, because only a weak p30 fluores-
cence was detected on viable MJD-54 cells or cells fixed in 1%
formaldehyde, we doubted that the p30 fluorescence detected
on the fixed cells came mainly from glycosylated gag products.
To confirm this point, we performed two experiments based on
the results of Schultz et aL (23). First we treated MJD-54 cells
with tunicamycin at 10 ug/ml, which has been reported to in-
hibit the appearance of glycosylated gag products at the cell
surface after a 1-hr treatment (23). Then the cells were fixed only
in 3.7% formaldehyde and examined for p30 fluorescence. We
found that the p30 staining persisted even after a 16-hr exposure
to tunicamycin, which argues either that glycosylated gag prod-
ucts still remain on the surface of the cells even after the tun-
icamycin treatment or that the p30 staining is something other
than a glycosylated gag product. In a second experiment, we
exposed cells to 0.05% (or 0.25%) trypsin before fixation with
3.7% formaldehyde to remove glycosylated gag products from
the surface ofinfected mouse fibroblasts (ref. 23; A. M. Schultz,
personal communication) and found that the p30 fluorescence
persisted. Thus, again, either the conditions of trypsin treat-
ment were insufficient to remove glycosylated gag product from
the cell surface or the p30 fluorescence thatwe observed is some
molecule other than a glycosylated gag product.

Because it appears unlikely, based on the above experiments,
that the p30 membrane-associated fluorescence comes from
glycosylated gag moieties, by elimination it is likely that they
represent Pr65P9 molecules which are located just under the
cell membrane (16). If this is the case, then it means that the
fixation with 3.7% formaldehyde that we used slightly altered
the surface membrane so that the underlying cytoplasmic face
of the membrane was made permeable to p30 antibody mole-
cules. This is certainly possible because it recently has been
shown (24) that the source of the formaldehyde (Serva, Hei-
delberg, Federal Republic of Germany) and the temperature
(4°C) of formaldehyde fixation are critical in determining the
degree of impermeability to antibody. We have found that, in
our system with MJD-54 cells fixed only in 3.7% formaldehyde,
a microtubular network (in the case of non-drug-treated cells)
or paracrystals (in the case of vinblastine-treated cells) can be
seen with antitubulin antiserum in about half of the cells (data
not shown). On the other hand, fluorescence was not detected
with anti-tubulin antiserum on cells fixed with 1% formalde-
hyde. Although the microtubule and paracrystal staining was

significantly lower in intensity than when the cells were com-

pletely permeabilized with acetone, the above results do in-
dicate that some degree of permeabilization has occurred in
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cells fixed with 3.7% formaldehyde. Both the diffuse pattern
(Fig. IA) and the cap-like pattern (Fig. iC) seen with p30 anti-
serum also were observed with pI5, p12, and plO antisera (data
not shown). These observations strongly suggest that the p30
fluorescence we are following on 3.7% formaldehyde-fixed cells
comes mainly from molecules with all the determinants of
Pr65Pg5, located just beneath the cell membrane.
The next question posed by the cap-like formation of p30

antigen seen in Fig. IC is whether cytoplasmic microtubules
regulate the distribution of membrane-associated p30 antigen
directly or indirectly. In this regard, we found that the cap-like
fluorescence ofp30 antigen was completely inhibited when cells
were preincubated with both vinblastine (10 AiM) and cyto-
chalasin B (10 gg/ml) (data not shown). Furthermore, electron
microscopic observation of cap-like cells that had been treated
with vinblastine and processed in the same way as for immu-
nofluorescence showed a submembranous dense region limited
to some portion of the cell membrane (Fig. 3A). These sub-
membranous densities were not observed in non-drug-treated
cells and appeared to be composed of a filamentous meshwork
(the width offilaments was -6 nm) (Fig. 3B). We also examined
actin distribution, on cells fixed only with 3.7% formaldehyde,
by the same indirect immunofluorescence method (the anti-
actin antiserum was a generous gift from K. Burridge, Cold
Spring Harbor Laboratory). On non-drug-treated cells, actin
fluorescence appeared as diffuse staining, and tiny bleb-like
fluorescence was observed as well. In the case of cells pre-
treated with vinblastine, actin staining was not homogeneous
but deviated to some region ofthe cell membrane or cytoplasm.
Also, in 20% of drug-treated cells, a typical cap-like pattern of
actin fluorescence was observed which was similar to the cap-
like fluorescence of p30 antigen (Fig. iC). Thus, from these

observations microfilaments also seem to be involved in the
regulation of the distribution pattern of p30 membrane-asso-
ciated antigen.

So far, we have shown that, under special conditions of fix-
ation, it is possible to obtain a cap-like phenomenon for cyto-
plasmic proteins (probably membrane-associated Pr65ga. It is
not yet clear, however, how such cap-like structures are in-
duced in vinblastine-treated cells. There are at least two
possibilities.

(i) p30 antigens are spontaneously accumulated in such cap-
like areas by the drug treatment itself. In this case, this means
that the cap-like structures are already formed prior to fixation.
(ii) p30 antigens are distributed diffusely on vinblastine-treated
cells before fixation; however, they are aggregated into cap-like
structures by formaldehyde fixation.

Because we cannot yet distinguish between these two situ-
ations, we have proposed calling the phenomenon shown in Fig.
1C "cap-like" instead of "capping." Capping is already defined
as the redistribution of membrane antigens caused by cross-
linking with multivalent ligands.

Here it must be reemphasized that, in contrast to the p30
distribution pattern shown above, we found that the distribu-
tion pattern of gp70 fluorescence was micropunctate in ap-
pearance for the cells fixed in 3.7% formaldehyde. Further-
more, the pretreatment of cells with vinblastine did not cause
a change in that distribution pattern. Also, when we examined
gp7O fluorescence with viable cells with or without vinblastine
pretreatment, we again observed a micropunctate appearance
in >90% of both nontreated and drug-treated cells. Thus, we
believe that the gp70 molecules represent a class ofmurine leu-
kemia virus membrane proteins, the distribution ofwhich is not
regulated by microtubules. This differential behavior ofgag and

FIG. 3. (A) Cap-like cells. After MJD-54 cells were treated with vinblastine, fixed with 3.7% formaldehyde, and incubated with anti-p30 anti-
serum as for the immunofluorescence study, they were processed for electron microscopy. (x8800.) (B) Higher magnification of submembranous
dense region shown in A. (x48,750.)
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env gene-derived membrane-associated antigens probably has
important implications for the mechanism of murine leukemia
virus morphogenesis.

Finally, we wish to point out the need, in immunofluores-
cence, to examine carefully the technical problem of formal-
dehyde fixation in regard to membrane permeability or im-
permeability to antibody molecules (IgG). On 1% formaldehyde-
fixed cells, only micropunctate fluorescence for gp70 was vis-
ualized; cytoplasmic microtubules were not stained to any de-
gree. On the other hand, for 3.7% formaldehyde-fixed cells,
both micropunctate fluorescence of gp7O and, to some degree,
a cytoplasmic microtubule network were observed. Because
gp70 is an externally localized protein and microtubules rep-
resent internal proteins, these results indicate that we can con-
trol membrane permeability to antibody molecules by changing
the concentration of the formaldehyde used for fixation. Com-
plete permeabilization is achieved if acetone treatment is used
after formaldehyde fixation. Furthermore, we have confirmed
that the nonpermeabilizing or permeabilizing effect of formal-
dehyde fixation described above is not due to the source of the
formaldehyde because the same results were obtained with 1%
or4% paraformaldehyde fixation, respectively (data not shown).
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