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The mouse mammary tumor virus (MuMTV) contains several low-molecular-
weight proteins which, together with the genomic RNA, constitute the core
structure of the virion. The most abundant protein in the core is the 27,000-dalton
protein (p27), and, by analogy to the type C viruses, this protein probably forms
the core shell. In mouse mammary tumor cell lines (GR and Mm5MT) producing
MuMTV the major p27 antigenic specificity resides in a large protein, which
migrates in polyacrylamide gels as a doublet of 77,000 and 75,000 daltons (p77/75).
A series of lower-molecular-weight proteins, p61, p48, p38, and p34, is also present
in small amounts and is probably derived by proteolytic cleavage of the p77/75.
These proteins have been identified by immunoprecipitation with monospecific
antiserum, and their sequence relatedness to p27 has been determined by an
analysis of the peptides after trypsin digestion. After a 15-min pulse with ['5S]-
methionine, all of the p27-related proteins in these cell lines were labeled and,
during a subsequent chase, progressively disappeared. The p27 was labeled poorly
during the pulse, but the amount of label in this protein increased during the
chase. A quantitation of these experiments suggested that the majority of the
p27-related proteins were quite rapidly turned over in these cell lines. Hence, if
p27 is derived by a progressive proteolytic cleavage mechanism, then the process
is inefficient in the GR cells and only moderately efficient in the Mm5MT cells.
When MuMTV was isolated from the culture medium of these cells harvested at
5-min intervals, the major p27-related protein was p34. The p27 accounted for
only 29% of the anti-p27 serum immunoprecipitable proteins compared to 95% in
virus isolated from an 18-h harvest. Incubation of the rapid-harvest virus at 37°C
for 2 h resulted in some conversion of p34 to p27. These results suggest that some
of the p27 in MuMTV is formed in the virions by proteolytic cleavage of p34.

Several recent studies have shown that oncor- by immunoprecipitation with monospecific an-
navirus structural proteins are synthesized as tiserum and by analysis of the tryptic peptides.
polyproteins, which are subsequently cleaved by However, little p27 was detected in the mam-
as yet unidentified proteases to yield the char- mary tumor cell lines replicating MuMTV, and
acteristic virion structural proteins (1, 7, 8, 12, the accumulation of p27 during a chase into
13, 19, 30-32, 38, 39; M. J. Hayman, Virology, in extracellular virions was poor when compared to
press). Previously, we described the presence of the amount of label found in the presumptive
a mouse mammary tumor virus (MuMTV) high-molecular-weight precursor molecules.
polyprotein in mammary tumor cells, which These results show that in two mouse mammary
gave rise upon cleavage to both major virion tumor cell lines the majority of the p27-related
glycoproteins (7, 8). In this paper we demon- proteins were turned over rather than undergo-
strate the presence of another MuMTV polypro- ing conversion to yield the p27. The cell lines
tein which migrates as a doublet with estimated used in this study showed a clear difference in
molecular weights of 77,000 and 75,000, respec- their efficacy to convert the presumptive pre-
tively, and appears to be the primary polyprotein cursors into p27. Furthermore, evidence is pre-
precursor to the major core protein, p27, of sented to indicate that at least the final stage of
MuMTV (4, 23, 28, 36; R. D. Cardiff, M. J. the processing can occur after budding of the
Puentes, L. J. T. Young, G. H. Smith, Y. A. virions.
Teramoto, B. W. Altrock, and T. S. Pratt, Virol- MATERIALS AND METHODS
ogy, in press). Several other proteins, with mo- Cell lines. We used two cell lines derived from
lecular weights of 61,000, 48,000, 38,000, and mouse mammary tumors in these studies. One was
34,000, are related to the virion p27, as shown derived from the GR mouse strain, as described by
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Ringold et al. (26), and was maintained in Eagle min- Kodak X-ray film (X-Omat Hi). In several experi-
imal essential medium with antibiotics and 10% horse ments the labeled proteins were detected by fluorog-
serum. After the initial seeding of the cells, the cultures raphy as described (3), and Fuji X-ray film was used
were maintained in medium supplemented with 10 ,ug to locate the labeled proteins. To estimate the molec-
of dexamethasone per ml. The other cell line, ular weights of the detected proteins, the MuMTV
Mm5MT, was originally derived from a C3H mouse virion proteins (9, 15, 23, 28, 37), bovine serum albumin
by Owens and Hackett (21) and kindly supplied as a (65,000), and phosphorylase a (94,000) were used as
high-producer clone (11) by Larry Arthur, Frederick standards. For the MuMTV proteins the accepted
Cancer Research Center, Frederick, Md. These cells molecular weights of 52,000 for the glycoprotein and
were maintained in similar medium, except fetal calf 27,000 for the major internal protein were used, al-
serum was substituted for horse serum. though we have previously estimated these proteins
A cell line derived from normal mouse mammary at molecular weights of 49,000 and 24,000, respectively

epithelium (NMG) by Owens et al. (22) was used as (9).
uninfected controls. The cell line was maintained as Separation, extraction, and peptide analysis
described for the Mm5MT line. of virus-related proteins. To obtain sufficient

Virus production was routinely monitored in the amounts of labeled virus-specific proteins from the
cell lines with the reverse transcriptase assays, using mammary tumor cell cultures for analysis of the tryp-
the template-primer poly(rC):oligo(dG)12-,, with ei- tic peptides, one or two roller cultures (Corning, 490
ther Mg"9 or Mn'+ as divalent cation (6, 10). Use of cm2) of GR cells were labeled with 100 yCi of [''S]-
these cations allows the distinction of type B from methionine per ml in methionine-free Eagle minimal
type C murine viruses, although a low level of contam- essential medium or 25 ,uCi of ['4C]arginine and ['4C]-
ination of one in the presence of the other would not lysine per ml in medium free of these amino acids for
be detected. During these experiments the GR main- 1 to 4 h. A cytoplasmic extract was prepared and
tained a constant level ofMuMTV production through immunoprecipitated. The washed immunoprecipitate
40 passages of the line; however, a substantial level of was separated on preparative polyacrylamide slab gels,
type C virus was detected after only a few passages of and the virus-related proteins were localized by auto-
the Mm5MT line. radiography of the dried gel. The labeled protein bands

Virus. [:J"S]methionine-labeled MuMTV was pre- were cut from the gel and rehydrated, and the ex-
pared and isolated as previously described (9). tracted proteins were concentrated by trichloroacetic

Antisera. Antiserum to disrupted MuMTV was acid precipitation (8). The isolated proteins were then
prepared in rabbits and titrated as previously de- oxidized with performic acid and trypsinized (5). The
scribed (7). The monospecific antisera against p27 tryptic digest was spotted onto a CM300 cellulose thin-
were of two sources; one was a generous gift from L. layer chromatography plate (Machercy-Nagel & Co.),
0. Arthur, and the other was prepared by separating and the peptides were separated in the first dimension
the proteins of purified MuMTV by preparative poly- by electrophoresis at pH 4.6 (2.5% acetic acid and 2.5%
acrylamide slab gel electrophoresis. The p27 band was pyridine in water) and in the second by chro-
cut from the gel and extracted in 0.1% sodium dodecyl matography (n-butanol-acetic acid-water-pyridine
sulfate, dialyzed, and concentrated by lyophilization; [75:15:60:60]) (8). The spots were localized by autora-
200 jig was inoculated into rabbits as previously de- diography using Kodak X-ray film XH-1.
scribed (7, 8).

Preparation of cell extracts. Confluent cultures RESULTS
of GR cells were pulsed with [''S]methionine (300 to
1,000 Ci/mmol) in methionine-free Eagle medium for Specificity of antisera. To determine the
various times at concentrations indicated in the text. specificity of the anti-p27 serum, purified
After the pulse the cells were rinsed with complete [35S]methionine-labeled MuMTV was disrupted
medium containing 2% serum and chased in the same with 1% Triton X-100 and 1% sodium deoxycho-
medium for periods of 20 to 180 min. Whole-cell ex- late and used directly in an immunoprecipitation
tracts were prepared and immunoprecipitated as pre- titration. To a constant amount of the protein
iously described (7, 8). solution (approximately 14 Ag of viral protein or
Protein determinations. The method of Lowry et slto aprimaty4g ofuviral teino

al. (17) was used for protein determinations, with 130s0acpm) an increastig amountiof antiserum
bovine serum albumin as a standard. was added. After incubation overnight at 4°C,
Polyacrylamide gel electrophoresis. The im- the immunoprecipitates were washed, disso-

munoprecipitates obtained from whole-cell extracts ciated, and separated on a 10% polyacrylamide
were separated on slab gels using the discontinuous slab gel as described. An autoradiogram from
method of polyacrylamide gel electrophoresis de- such a gel is reproduced in Fig. 1 and shows that
scribed by Laemmli (16). In all experiments a 3% the anti-p27 serum precipitates the p27 from
polyacrylamide stacking gel and a 10% polyacrylamide disrupted virions of MuMTV. Several minor
running gel were used. Electrophoresis was carried out proteins with higher molecular weights were also
at 60 V for 1 h and then at 100 V until the bromophenol pretatd th protecular most wely in-
blue dye marker reached the bottom of the running precipitated; these protens are most likely in-
gel. After electrophoresis the gel slabs were fixed in completelytoepr sed polyproteins structurally
10% trichloroacetic acid at 4°C, washed in water for 2 related to the p27 (see below). To test the anti-
h, and dried under vacuum (8). The labeled proteins serum for specificity with the mammary tumor
were located in the dry gel by autoradiography, using cell lines, a comparison was made using a virus-
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.R. OF A-N S ERUM negative line of NMG cells. A 90-mm dish of the

v05 25 50 100 200 A mammary gland cell line and one of GR cells
were labeled with [35S]methionine at 50,Ci/ml
for 1 h. Each dish of cells was then mixed with
a dish of unlabeled cells in a reciprocal manner
(e.g., labeled GR cells with unlabeled NMG and
vice versa), and the mixed cells were processed
as described. The mixing of the cell types was
carried out to equalize as near as possible the
control and experimental extract preparations.
The anti-p27 serum precipitates a series of pro-
teins related to the p27 of the virus (as described

gps2 _ in detail below) and two or three host cell pro-
teins. The amount of these host cell proteins
varies from undetectable levels (see Fig. 2) to
the levels shown in Fig. 1.

gp36 C Cell-associated viral proteins. To identify
P34 - the virus-specific proteins and the subset of

these proteins antigenically related to the p27,
a series of pulse-chase experiments was per-

p27 _ _ formed with the GR line. Cell cultures were
pulsed with [3S]methionine (100 ,Ci/ml) for 15

_1 min and chased for periods of 20 min to 2 h. The
cell extract from each time point was divided in

GR NMG two and immunoprecipitated with normal rabbit
N N serum or anti-MuMTV serum (Fig. 2A); in the

second experiment, the extract was immunopre-
cipitated with either normal rabbit serum or

Ptp anti-p27 serum (Fig. 2B). The anti-p27 serum
pX7/ m precipitated all the proteins precipitated by the

anti-MuMTV serum except for the glycopro-
3 t - ' '# teins gp52, gp36, and gp73. These glycoproteins

represent the two major virion glycoproteins and
48 - their precursor (7, 8).

In the GR cell line the major protein that
D, 4>: ^- himmunoprecipitates with the anti-p27 serum

(Fig. 2B) migrates as a doublet of 77,000 and
75,000 daltons, respectively (p77/75). The im-
munoprecipitates also contained several pro-
teins with molecular weights ranging between
those of p77/75 and p27, as well as two minor
proteins with higher molecular weights of about
100,000 and 160,000, respectively. During the 15-
min pulse the p77/75 doublet and the lower-
molecular-weight proteins of 61,000 (p61), 48,000
(p48), 38,000 (p38), and 34,000 (p34) were labeled

FIG. 1. (A) Autoradiogram of an anti-p27 serum with [3S]methionine. In the subsequent chase
titration showing potency and specificity. Increasing periods the amount of label in the p77/75, p61,
amounts of antiserum from 5 to 200 ul were added to p48, and p38 diminished slowly, whereas the
a constant amount of viral protein (disrupted virus) amount of label in p34 remained fairly constant
in a final volume of 500 ,il. The immunoprecipitates and in some experiments increased slightly. The
wereprocessed as described in the text and separated p27 was not detected in the cels after pulse-
on a 10% polyacrylamide gel. V, Sample of fIS]me- p27 as nly minormotswer pulse-
thionine-labeled MuMTV acting as a standard for labelig, and only minor amounts were found in
the viral proteins. (B) Autoradiogram of two cell
extracts immunoprecipitated with anti-p27 serum (I) prepared with labeled NMG cells and unlabeled GR
or normal rabbit serum (N). The GR extract was cells. hl and h2 mark theposition ofhost cellproteins
prepared from one dish of GR cells labeled with 50 that precipitate with the anti-p27 serum, and the
,iCi of r3S]methionine for 1 h and mixed with one numbers are the molecular weights (in kilodaltons)
dish of unlabeled NMG cells. The NMG extract was of the specifically immunoprecipitated proteins.
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FIG. 2. Autoradiogram of two pulse-chase experiments performed with GR mammary tumor cell cultures.
The cultures were pulsed for 15 min with r5S]methionine at 100 pCi/ml and chased with unlabeled medium
containing an excess ofcold methionine for the times indicated. Cell extracts wereprepared and immunopre-
cipitated as described in the text. (A) Extracts at each time interval were divided in two and immunoprecip-
itated with normal (N) or anti-MuMTVserum (I). (B) Cell extracts were immunoprecipitated with normal and
anti-p27 serum (I). The washed immunoprecipitated proteins were separated on a 10% polyacrylamide gel
and autoradiographed to locate the bands. In (A) the p48 [shown in (B)l is not resolved from gp52 and is not
marked.
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the cell extracts of the late chase periods. Fur- ever, the amount of p27 increases slowly during
thermore, examination of the tissue culture the chase, but longer exposures of the autoradi-
fluids from the GR cells obtained during the ogram are required to detect this protein. In
chase, either as particulate material or as im- contrast to the GR line, an analysis of the
munoprecipitable material, revealed only small Mm5MT cell line shows that all the intermedi-
amounts of p27 and some of the related higher- ates in this line were present in greater relative
molecular-weight proteins (data not shown). amounts compared with the p77/75, including
This type of kinetic behavior indicates that most the p27, which increases during the chase (Fig.
of the cell-associated, p27-related proteins are 4B). After the pulse, 5.5% of the specifically
degraded in the cell rather than cleaved to yield immunoprecipitated proteins were present as
p27. To determine whether or not this was a p27. When compared with the total label present
feature specific to the GR cell line, Mm5MT cell after the pulse, the p27 increases reaching a level
cultures were pulsed with [35S]methionine and of approximately 13% of the molecules (cell and
processed as described for the GR cells in Fig. culture fluid associated) by 3 h of the chase. At
2B. The cell extract immunoprecipitates are the end of the 3-h chase period the total amount
shown in Fig. 3A and demonstrate that the of specific label in the cells had decreased by 45
Mm5MT cells contain a similar series of proteins to 50%; taking this into account, then 19% of the
related to p27 as in the GR line (cf. Fig. 2B). The molecules were present as p27 at this time.
tissue culture fluids obtained from the Mm5MT The absence of the gp73 from the anti-p27
cells at the end of the chase periods were also serum precipitate is not clearly demonstrated in
immunoprecipitated to determine the amount of the comparison of autoradiograms shown in Fig.
labeled p27-related material exported by the 2, since this protein migrates immediately below
cells during the time course of the experiment. or together with the lower band of the p77/75
The results presented in Fig. 3B show that rel- doublet. However, the absence of the gp73 in
atively small amounts of p27 are produced by anti-p27 serum precipitates was confirmed by an
the Mm5MT cells compared with the amount of analysis of the peptides obtained from a tryptic
label in the putative precursors (Fig. 3A), indi- digest of this glycoprotein and p77/75. Figure 5
cating that the lack of cell-associated p27 is not shows the peptide analysis of gp73 and a sche-
due to export in the form of virion release. matic comparison of this peptide map superim-
However, the efficiency at converting the label posed on the peptide map for p77/75 (described
present in the high-molecular-weight protein later in Fig. 6A). To establish that the proteins
into p34 and p27 was greater in the Mm5MT immunoprecipitated with anti-p27 serum are re-
cell line than in the GR line. Assuming that the lated by sequence to p27 of MuMTV, each of
intensity of film darkening represents a measure the immunoprecipitated proteins was isolated
of the label present in the gel and that the from polyacrylamide gels and digested with
immunoprecipitation is similarly efficient for trypsin, and a two-dimensional separation anal-
each of the related proteins, a quantitation of ysis of the peptides was performed on thin-layer
the amounts of proteins present during the chromatography plates, as described in Materi-
pulse-chase experiments can be made. The au- als and Methods. Figure 6 shows the results of
toradiograms from the pulse-chase experiments these tryptic peptide analyses. The major pro-
(Fig. 2B and 3) were scanned densitometrically tein precipitated from cells with anti-p27 serum
to estimate the degree of processing and rates of is the p77/75, and this protein routinely dem-
turnover for the p27-related proteins. The graph onstrates 13 [35S]methionine-labeled peptides.
(Fig. 4) shows the amount of label estimated for p61 has three spots less (1, 6, and 8), and the
each protein plotted against time. The quantity p48 contains even fewer of the original 13 spots
of label (area under each peak in arbitrary units) but contains about 10 additional spots. The pro-
has been corrected to a unit amount of extract tein p48 appears to run as a doublet (Fig. 1 and
protein and adjusted to relative molar amounts 2B), and we believe that one of the doublet is a
by dividing the amount of label by the estimated contaminating cell protein which nonspecifically
number of methionine-containing peptides (see precipitates with the p48 and produces the ad-
Fig. 6) for each protein. Figure 4A shows that ditional spots. The additional spots in p48 are
after pulsing the GR cells, most of the label not derived from gp52, as is apparent from a
resides in the p77/75, which slowly diminishes comparison with the peptide map shown in Fig.
during the chase. The other proteins related to 5. The p38 is very similar to the specific p48
p27 (p61, p48, p38, and p34) are all present in pattern, but the p34 contains three spots less
smaller amounts than the p77/75 but disappear than p38 and resembles the p27. Protein p27 has
at about the same rate, indicating that the ma- six tryptic peptides (no. 3, 9 through 13) in
jority of these proteins are turned over in the common with p34. However, the ratio of inten-
cell rather than being processed into p27. How- sities of these spots, in particular, no. 9 and 10,
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FIG. 3. Autoradiogram of a pulse-chase experiment performed on the Mm5MT cell line. (A) Cell cultures
were treated and processed as described in Fig. 2B, using the anti-p27 serum to immunoprecipitate. (B) In
addition, the culture medium was collected during the pulse and chase for each time interval and centrifuged
at 100/XX0 x g for 40 min. The pellets were disrupted with detergent in the presence of enough cold carrier
MuMTV to optimize the subsequent immunoprecipitation with anti-p27 serum. The immunoprecipitates from
the culture fluids were then processed in a manner similar to that used with the cell extracts. Labeled MuMTV
(19 was run as a standard.
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10 A exposed terminal end of the protein. The two
O 9 proteins with molecular weights higher than that

of p77/75 also demonstrated spots common to
8, the p27 (data not shown).

0so 7 \ The spot intensity differences between p77/75
o and p27 reduces the degree of confidence that a
z 6 close sequence relatedness exists between these
-;5X proteins. To answer conclusively this question
1: 4 \of degree of relatedness, a peptide analysis of
U4 the arginine-lysine-containing peptides was per-

3 \ formed after trypsin digestion. The results of
e62 E 4 this comparison are shown in Fig. 7 and clearly

-J demonstrate a high degree of sequence homol-
-|togy between these two proteins. Of the 23 spots

0 30 60O-120 80 found in p27, 22 are found in the p77/75.
DURATION OF CHASE IN MINUTES The results described above show that p27

antigenic specificities reside in several cell-asso-
B ciated proteins. A small percentage of these pro-

s teins may give rise to virion p27 via a series of
14 proteolytic cleavage events. These events may
13 take place exclusively in the cell or partly in the

virion after or during budding and could play a
12 functional role in the assembly and maturation
II( process. To determine whether any of these
e0 \ <proteins are incorporated into the virions, the

0 9 \5-_s virus present in rapid-harvest culture fluid was

separated on polyacrylamide gels. Roller cul-
8 <i< \\~ >g = tures of GR cells were pulsed with 100 ,uCi of
7 \ \ _[35S]methionine per ml for 1 h, the cells were

Z 6 \S A z washed, and 5-min harvests were collected for a
_ further hour. The harvests were placed on ice in
tu \ -the presence of the protease inhibitor, 1 mM

phenylmethyl sulfonylfluoride, during the col-
3 \ lection. Virus collected in this manner was pur-
2 < ified on sucrose density gradients, disrupted with

LU 1% Triton X-100 and 1% sodium deoxycholate,
immunoprecipitated, and analyzed as described

o 30 60 90 120 ISO for cell extracts. A comparison of the rapid-har-
DURATION OF CHASE IN MINUTES vest and 18-h-harvest virus is shown in Fig. 8

FIG. 4. Quantitation of p27-related proteins with and quantitated in Table 1. The results show
time. (A) Results obtained from the GR cell pulse- that in the rapid-harvest virus several of the
chase experiment. The gel tracks were scanned, and intermediates are present in small amounts but
the area under each peak was measured. The area p34 is the major protein immunoprecipitable
was standardized to a fixed quantity of extract pro- with the anti-p27 serum. Incubation of a parallel
tein, divided by the number ofmethionine-containing virus preparation for 2 h at 37°C before the
residues to give relative molar amounts, and plotted addition of phenylmethyl sulfonylfluoride leads
against time. A similar procedure was perform7ed in
(B) for the Mm5MT cells. The symbols represent the to virus with a lower p34-p27 ratio, idicatlve of
following proteins: (0) p77/75; (U) p61; (0) p48; (V) a conversion of p34 to p27 (see Table 1). A
p38; (O) p34; (A) p27; (A) virion-associated p27. comparison with the 18-h-harvested virus shows

nearly all the immunoprecipitable material in
varies from p27 to the other five proteins. We the form of p27. These results demonstrate that
are unable to account for these differences at some of the virion p27 is formed in the virion
present. It also contains one additional peptide after budding, presumably by cleavage of p34.
(no. 14) not seen in any of the related proteins.
An additional peptide in the final product of DISCUSSION
processing, in this case p27, could result from Immunoprecipitation of cell extracts derived
the final cleavage, generating a unique methio- from the mammary tumor cell lines, with a
nine-containing peptide derived from the newly monospecific antiserum against MuMTV-p27,
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FIG. 5. Autoradiogram showing the two-dimensional separation of the I'S]methionine-labeled tryptic
peptides obtained from gp73 and a schematic comparison of the gp73 and p77/75 tryptic peptide maps. The
gp73 was isolated from an anti-MuMTV serum immunoprecipitate of GR cells, which had been separated in
apreparative polyacrylamide slab gel. (A) Autoradiogram ofthe 35Slmethionine-labeledpeptides from gp73.
The electrophoresis was carried out at pH 4.6 from an origin (0) and is shown in the horizontal plane.
Chromatography was from the bottom to the top. (B) Schematic representation of the peptide map of gp73
(open spots) superimposed on the peptide map obtained for p77/75 (shown later in Fig. 6) (closed spots).

results in the isolation of several proteins in the amount. The synthesis of p27 via a series of
molecular weight range 160,000 to 34,000. Pulse- proteolytic cleavage events would be consistent
chase experiments and the analysis ofthe tryptic with the type of mechanism described for the
peptides obtained from these immunoprecipi- avian (31, 39; Hayman, in press) and murine (1,
tated proteins demonstrate that p77/75, p61, 12, 13, 19, 31, 32, 38) type C viruses. In these
p48, p38, and p34 are related by amino acid systems a polyprotein precursor of 76,000 dal-
sequence to p27 of the virion. In the GR cell line tons for the avian viruses and 72,000 or 65,000
p77/75 is the most abundant member of this daltons for the murine viruses appears to be the
protein series. However, the situation is different major viral translation product, giving rise by
in the Mm5MT cell, in which all proteins are proteolytic cleavage to the small virion proteins
present in similar amounts, with the exception known collectively as the gag proteins. Cell-free
of p27, which only becomes a major component translation of the virion RNA leads to the syn-
after 2 to 3 h of the chase. The kinetic data show thesis of similar polyproteins, thereby indicating
that most ofthe p27-related proteins synthesized that they represent the major translation prod-
in the mammary tumor cell lines are quite rap- uct encoding the gag proteins (14, 20, 24, 25, 27).
idly turned over. Nevertheless, we suspect that Similar in vitro translation studies using the
the p27 produced by these lines is derived from MuMTV RNA demonstrate the synthesis of a
the p77/75 by a progressive proteolytic process- 77,000-dalton protein immunoprecipitable with
ing mechanism. This type of mechanism cannot the anti-p27 serum, again consistent with the
be directly established from the pulse-chase ex- notion that p77/75 is the major viral gene prod-
periments since the yield of p27 is not quanti- uct in these cell lines which yields the internal
tative. In fact, there is sufficient incorporation proteins of MuMTV (C. Dickson and H. Dahl,
in several of the proteins in the series individ- unpublished data). A significant difference be-
ually to yield all the accountable p27 by the end tween the studies reported for the type C viruses
of the chase. However, the results are consistent and the MuMTV is the amount of viral protein
with the idea that p27 is derived by a proteolytic turnover relative to complete processing. The
cleavage mechanism, because during the chase reason for this high degree ofturnover is unclear,
the amount of this protein increases whereas all but it could result from an overproduction of
the intermediate proteins rapidly diminish in this precursor (p77/75) relative to some rate-
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FIG. 6. Autoradiograms showing the two-dimensional separation of the [''Simethionine-containing tryptic
peptides obtained from the proteins isolated by immunoprecipitation with anti-p27 serum. (0) marks the
origin; electrophoresis was carried out atpH 4.6 shown in the horizontal plane, and chromatography is from
bottom to top.
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77/7561 48 38 3430 27 77/761 48 383430 27 quence, functional in the processing and matu-
A II III| 2 | | | | 2 ' | ration of the proteins, is not recognized at one

B step and the processing stops. The difference in
the rates of processing between the cell lines
may also be explained by one or a combination
of these possibilities. However, it is interesting
to note that despite the differences between the
cell lines the rates of virus production as mea-
sured by reverse transcriptase activity fall within
a similar range.
The two proteins of approximate molecular

JPA1
\ 11 1 \ weight 100,000 and 160,000 are routinely precip-

itated by the anti-p27 serum, and a preliminary
analysis of the tryptic peptides shows some re-
lationship to the p27 of the virion. From the
results obtained with the type C viruses (14, 24;

5t 36 30 27 3430 27 Hayman, in press), we would anticipate that thep160 might represent the product of a gag-po-
D C lymerase gene read-through. That is a large

polyprotein containing the sequence of p77/75
and the MuMTV-DNA polymerase and func-
tionally representing the precursor to the polym-
erase. The plOO could possibly represent a cleav-
age product of the p160. Further investigation is
required to clarify the relationship between
these proteins and p27.
The reason for the doublet nature of p77/75

is unknown but may be due to a minor cleavage
site or perhaps a modification such as phospho-
rylation or glycosylation of the nascent poly-
peptide. In experiments in which only one of the
bands was isolated, no significant differences in
the number or intensity of assigned methionine-
containing peptides were detected, indicating

FIG. 8. Densitometer scans of an autoradiogram that both bands of the doublet contain identical
of the MuMTV isolated from GR cells after either a methionne-labeled peptides. The glycoprotein
rapid harvest or an overnight collection regimens. precursor gp73 migrates very close to the p77/75
The virus was purified by sucrose density gradient but can be separated on gels and shown to be
centrifugation, disrupted with detergents (1% Triton quite distinct by a comparison of the peptide
X-100 and 1% deoxycholate), and immunoprecipi- maps (Fig. 5).
tated with anti-p27 serum. The immunoprecipitates The final stages of processing of the p27 seems
were then separated in a 10% polyacrylamide slab to occur after budding of the virions, since viral
gel. (A) [35Slmethionine-labeled virus harvested at 5- particles from 5-min harvests of the tissue cul-
min intervals and isolated in the presence ofphenyl- ture medium demonstrate about 70% of the p27-methyl sulfonylfluoride. (B) Similar to virus prepa- related proteins in the form of intermediates.ration in (A) but incubated for 2 h at 37°C before
addition ofphenylmethyl sulfonylfluoride. (C) Virus The major protein immunoprecipitated with the
isolated from an 18-h harvest. (D) MuMTV run as a anti-p27 serum was p34, whereas virus isolated
standard. from an 18-h harvest showed 95% as p27. Fur-

thermore, a 2-h incubation at 370C of the rapid-
limiting step in the processing and maturation harvest virus showed an increase in p27 from 30
of the virus (e.g., the level of glycoprotein syn- to 50%. The core structure of MuMTV is be-
thesis or availability of some cellular enzyme or lieved to be derived from intracytoplasmic type
substrate). An overproduction of the p77/75 A particles (2, 29, 33-35). Structural studies on
could in turn result directly from the expression isolated type A particles indicate that they con-
of the multiple genome copies of the virus which tain predominantly a single protein of 70,000
exist in mammary tumor cell lines (18). An al- daltons. Incubation of these isolated type A par-
ternative explanation is that a portion of the ticles leads to the formation of lower-molecular-
p77/75 could be derived from a defective weight proteins, including a p25, which is related
MuMTV genome, such that an amino acid se- antigenically to p27 of MuMTV (35). It is pos-
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TABLE 1. Distribution ofp27-related proteins immunoprecipitated from purified MuMTV, harvested from
ceU cultures with different regimensa

% Total radioactivity in:
Virus prepn

p77/75 p61 p48 p38 p34 p30 p27

+ PMSFb 14.6 2.9 8.1 1.7 41.0 6.0 25.5

2 h at 370C 10.7 1.5 5.7 29.6 5.3 46.2

18-h harvest 5.0 95.0
a Estimated from the areas under each peak shown in Fig. 8.
b PMSF, Phenylmethyl sulfonylfluoride.

sible that the p70 of type A particles is the same 5. Crawford, L. V., and R. F. Gesteland. 1973. Synthesis
as, or a cleavage product of, the p77/75 described of polyoma proteins in vitro. J. Mol. Biol. 74:627-634.

If this is the cae, then we may speculate 6. Dickson, C., S. Haslam, and S. Nandi. 1974. Conditions
here. for optimal MTV synthesis in vitro and the effect of

that the core structure of MuMTV probably steroid hormones on virus production. Virology
starts by a self-assembly of the p77/75 into the 62:242-252.
spheroid structure similar to, or the same as, the 7. Dickson, C., J. P. Puma, and S. Nandi. 1975. Intracel-
inrcyolamc,yeA particle. The incorpo- lular synthesis of mouse mammary tumor virus poly-intracytoplasmic type peptides: indication of a precursor glycoprotein. J. Virol.

ration of genomic RNA into the structure could 16:250-258.
initiate the cleavage sequence following an allo- 8. Dickson, C., J. P. Puma, and S. Nandi. 1976. Identifi-
steric configurational change in the p77/'75, cation of a precursr protein to the major glycoproteins
which eventually leads to the condensation of aofmouse mammary tumor virs. J. Virol. 17:275-282.9. Dickson, C., and J. J. Skehel. 1974. The polypeptide
the nucleoid to the electron-dense structure seen composition of mouse mammary tumor virus. Virology
in thin-section electron micrographs of the ma- 58:387-395.
ture virions (2). This maturation would initiate 10. Dion, A. S., A. B. Vaidya, and G. S. Font. 1974. Cation
during budding and, as indicated above, be com- preference for poly rC:dG directed DNA synthesis byRNA tumor viruses and human milk particulates. Can-
pleted after release of the particles from the cer Res. 34:3509-3515.
plasma membrane of the cells. This type of 1i. Fine, D. L., L. 0. Arthur, J. K. Plowman, E. A.
process also implies that the proteases respon- Hillman, and F. Klein. 1974. Enhanced production of
sible are incorporated into the virion. Recently, mouse mammary tumor virus in dexamethasone-

treated, 5-iododeoxyuridine stimulated mammary tu-
postbudding maturation has been implicated in mor cell culture. J. Natl. Cancer Inst. 52:1040-1046.
type C virus maturation (40, 41). In the murine 12. Jamjoom, G., W. L. Karshin, R. B. Naso, L. J. Arce-
system, processing of purified gag precursor was ment, and R. B. Arlinghaus. 1975. Proteins of

demonstrated in vitro with a partiall. purified Rauscher murine leukemia virus: resolution of a 70,000
demonstrated in vitro with a partially purified dalton, nonglycosylated polypeptide containing p30
low-molecular-weight fraction obtained from peptide sequences. Virology 68:135-145.
disrupted virions (41). Similarly, cleavage of the 13. Jamjoom, G., R. B. Naso, and R. B. Arlinghaus. 1977.
avian precursor was demonstrated in a cell-free Further characterization of intracellular precursor pol-

.andthe activity was asociated with the yproteins of Rauscher leukemia virus. Virologysystem, ana tne actlvlty was assoclatea wltn tne 78:11-34.
virion protein p15 (40). 14. Kerr, I. M., U. Olshers, H. F. Lodish, and D. Balti-

more. 1976. Translation of murine leukemia virus RNA
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