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Protein-Coding Potential of Mouse Mammary Tumor Virus
Genome RNA as Examined by In Vitro Translation

CLIVE DICKSON* AND GORDON PETERS
Imperial Cancer Research Fund Laboratories, Lincoln's Inn Fields, London WC2A 3PX, United Kingdom

The protein-coding capacity of the mouse mammary tumor virus genome has
been examined by in vitro translation of genome length and polyadenylated
subgenomic fragments of viral RNA. Intact genome RNA of about 35S pro-
grammed synthesis of the Pr779w, Pr1109'9 and Pr16Cfg/P'0 precursors seen in
infected cells in vivo. Polyadenylated RNA fragments of 18 to 28S encoded
products whose tryptic peptide maps resembled those of the nonglycosylated
precursor to the envelope glycoproteins, confirming the gene order 5'-gag-pol-
env-3'. Translation of polyadenylated RNA fragments smaller than 18S yielded
a series of related proteins whose peptide maps bore no resemblance to any of the
virion structural proteins. Thus, a region of the mouse mammary tumor virus
genome distal to the env gene appears to have an open reading frame sufficient
to encode at least 36,000 daltons of protein as of yet unknown function.

Mouse mammary tumor virus (MuMTV) dif-
fers in several respects from other members of
the retrovirus family. For example, it induces a
high incidence of mammary adenocarcinomas,
as opposed to the more common leukemias and
sarcomas associated with other retroviruses; its
expression is subject to hormonal control; and it
is the prototype of the type B class of retrovi-
ruses as defined by morphological criteria (18,
27, 45, 46). Nevertheless, the available biochem-
ical data imply that MuMTV has the same
general strategy for replication as the other ret-
roviruses (36, 43, 46).
The synthesis of infectious virus requires the

expression of three viral genes (3). The gag gene
encodes the internal structural proteins and, in
the case of MuMTV, is expressed in the form of
two polyprotein precursors; Pr77-ag and Prl 109ag
(9, 10, 28, 34, 38). Previous studies have shown
that these precursors can be synthesized in an
in vitro translation system programmed by
MuMTV genome RNA, suggesting that the gag
gene is located at or near the 5' end of the
genome (8, 28, 42). The pol gene encodes the
virion RNA-dependent DNA polymerase or re-
verse transcriptase. In other systems, this region
of the genome is expressed as a precursor which
encompasses both the gag andpol genes (19, 22,
29, 33). In MuMTV, a Prl60 product which is
detectable both in infected cells and by in vitro
translation of viral RNA has been identified as
the potential gag-pol precursor (8, 9). A third
gene, env, encodes the glycoproteins of the viral
envelope. In MuMTV, these proteins are syn-
thesized as a Pr73env precursor which is subse-
quently processed to yield the gp52 and gp36

glycoproteins found in mature virus particles
(12, 34, 38, 39, 42). By analogy with other sys-
tems, the MuMTV env gene is assumed to lie
immediately distal topol, making the gene order
5'-gag-pol-env-3' (3, 5, 48).

In some retroviruses, an additional gene has
been identified which determines the oncogenic
potential of the virus (4, 26). Characteristically,
these viruses induce relatively rapid neoplasia in
vivo and transform cells in vitro, and a high
proportion of all infected cells become trans-
formed (45). The additional information appears
to be derived from a normal cellular element
acquired either at the expense of some of the
viral replicative functions, as is the case for the
defective acute leukemia viruses, or in addition
to the replicative functions, distal to the env
gene, such as in nondefective avian sarcoma
viruses (ASV) (5, 7, 30, 44; T. Graf, H. Beug, A.
V. Kirchbach, and M. J. Hayman, Cold Spring
Harbor Symp. Quant. Biol., in press). In ASV,
these additional sequences code for a 60,000-
dalton phosphoprotein with an associated pro-
tein kinase activity whose function is necessary
for viral transformation (6, 25). This product is
not normally found in mature virus particles but
can be readily detected in ASV-transformed
cells.

In contrast, no additional gene has yet been
detected in a second major group of retroviruses,
which includes the nondefective avian and mu-
rine leukosis viruses and possibly MuMTV. Al-
though these viruses are oncogenic in vivo, the
diseases induced arise after a long latency period
and as a rare consequence of infection since
characteristically many cells in the animal are
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productively infected but appear phenotypically
normal (27, 45; R. D. Cardiff and L. J. T. Young,
Viruses in Naturally Occurring Tumors, in
press). Such viruses frequently occur both as
horizontally transmissible agents and as endog-
enous genetic elements (18, 45; Cardiff and
Young, in press). Moreover, they do not trans-
form cells in vitro so that it has not been possible
to delineate a transforming function by selection
of conditional mutants.
Although no functions other than gag, pol,

and env have been identified in these viruses,
including MuMTV, there is still a potential for
the viral genome to encode additional, nonstruc-
tural proteins which may be implicated in on-
cogenicity. One approach to this question is to
examine the protein-coding capacity of the viral
RNA by in vitro translation (14, 31, 40). Retro-
virus genome RNA is both capped and polyad-
enylated and of positive sense and can therefore
serve as an mRNA for in vitro protein synthesis
(16, 20, 47). This paper describes experiments
designed to examine the total coding potential
of the MuMTV genome in an attempt to identify
possible nonstructural products and confirm the
order of the structural genes.

MATERIALS AND METHODS
Cells and viruses. Two lines of mouse mammary

carcinoma cells chronically releasing MuMTV were
used as a source of virus. The first of these, derived
from a mammary tumor in the GR mouse strain as
described by Ringold et al. (35), was propagated in
Dulbecco modified Eagle medium supplemented with
10% horse serum. The second line, Mm5MT/cl, was
derived from a C3H mouse and grown in Eagle me-
dium with 10% fetal calf serum (15). After initial
seeding of the cells, cultures were maintained in me-
dium containing 10 itg of dexamethasone Der ml to
stimulate virus production (15, 35). The production of
MuMTV by these cell lines was routinely monitored
by a reverse transcriptase assay with conditions ap-
propriate for the distinction between types B and C
murine retroviruses (50).

For large-scale preparation of virus, the cells were
grown in roller culture on a Bellco automated har-
vesting device, with medium changes every 4 h. The
cells were continuously labeled with [5-3H]uridine
(Radiochemical Centre; 25 Ci/mmol) at a concentra-
tion of 2 ,uCi/ml of medium. The pooled culture fluids
were held at 0°C, and virus was prepared daily by
high-speed centrifugation. Virus was further purified
by equilibrium centrifugation at 240,000 x g for 1 h in
linear gradients of 10 to 55% sucrose in TNE buffer
(10 mM Tris-hydrochloride [pH 7.6], 100 mM NaCl, 1
mM EDTA). The virus band was recovered and stored
at -70°C for up to 4 months.

Preparation of viral RNA. RNA was extracted
directly from the pooled virus suspensions in sucrose.
After an initial treatment of the suspension with self-
digested pronase (500 ug/ml) for 10 min at room
temperature, the virions were lysed by addition of

sodium dodecyl sulfate to a final concentration of 0.5%
(wt/vol). Digestion was continued for a further period
of 10 min at room temperature, and the suspension
was then extracted twice with an equal volume of
TNE buffer-saturated phenol and once with chloro-
form-isoamyl alcohol (24:1). RNA was precipitated
from the aqueous phase by addition of sodium acetate
(0.2 M) and two volumes of ethanol at -200C.
The viral RNA was fractionated into the 70 and 4S

components by centrifugation through gradients of 5
to 20% sucrose in TNE buffer containing 0.5% Sarkosyl
(Geigy). Centrifugation was performed at 240,000 x g
for 75 min at 4°C. The fractions containing the 70S
RNA were pooled and ethanol precipitated, and the
recovery of RNA was assessed by measuring both the
absorbance at 260 nm and the level of [3H]uridine.
The 70S RNA complex was then denatured by heating
to 95°C for 2 min and applied directly to a 1-ml column
of polyuridylic acid-Sepharose (13). The polyadenyl-
ated RNA, amounting to 25 to 35% of the total RNA
applied, was eluted with distilled water and ethanol
precipitated after addition of 50 ILg of calf liver tRNA
(Boehringer Mannheim) as carrier. This polyadenyl-
ated RNA was then further fractionated by sucrose
gradient sedimentation at 240,000 x g for 2.5 h with
32P-labeled 28 and 18S rRNA as internal markers.
Samples of each fraction were used to determine the
levels of3H and 32P radioactivity by scintillation count-
ing. The remainder of each fraction was ethanol pre-
cipitated with 10ltg of tRNA as the carrier and washed
twice by reprecipitation to remove traces of detergent.
Samples of the individual fractions were then used to
program in vitro translation reactions as described
below. In some experiments, the gradient fractions
were pooled and precipitated as three major size
classes: 35 to 28S, 28 to 18S, and 18 to 10S.

Limited degradation of viral RNA. Fractions
containing the 35S polyadenylated RNA were re-
covered from sucrose gradients as described above. A
portion of this RNA was treated with 50 mM Na2CO3
at 50°C as described by Coffin and Billeter (5). Sam-
ples were withdrawn into 100 mM Tris-hydrochloride
(pH 7.6) after 30, 60, 90, and 120 s, combined, and then
rechromatographed on polyuridylic acid-Sepharose.
The polyadenylated RNA was recovered as before
and, in some experiments, subjected to further size
fractionation on sucrose gradients.

Cell-free protein synthesis. Rabbit reticulocyte
lysates, capable of synthesizing protein in response to
added mRNA, were prepared essentially as described
by Pelham and Jackson (32) except that amino acids
(minus methionine) were added to a concentration of
0.2 mM each, and 2-aminopurine was added to 6 mM.
The reactions (20 Ml) also contained 20 MCi of [3iS]_
methionine (Radiochemical Centre) (600 to 1,100 Ci/
mmol) and were initiated by addition of between 0.01
and 1.0 Mg of viral RNA. After incubation at 34°C for
2 h, aliquots (2 P1) were dissociated in electrophoresis
sample buffer and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis as previously de-
scribed (8, 23). A mixture of "4C-labeled proteins, sup-
plied by the Radiochemical Centre, was used for the
molecular weight standards. For analytical purposes,
a gel thickness of 0.7 mm was routinely used, and the
labeled proteins were detected by fluorography (24).
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For preparative electrophoresis, the gel thickness was
increased to 1.5 mm, and the products were detected
by direct autoradiography of the dried gel.

Tryptic peptide mapping. Segments from the
preparative gels containing products of interest were
rehydrated, and the proteins were recovered as previ-
ously described (10). The labeled proteins were then
oxidized and digested with trypsin, and the resultant
peptides were fractionated in two dimensions on cel-
lulose thin-layer plates by following standard proce-
dures (12). Peptide maps of MuMTV structural pro-
teins, the viral protein precursors from infected cells,
and the preparation of endo-,B-N-acetylglucosamini-
dase H-treated Pr73Mn4 have been described in detail
elsewhere (8-12).

RESULTS

Translation of different size fractions of
MuMTV RNA. Retrovirus genome RNA ap-
pears to be highly susceptible to nuclease attack,
both within mature virions and during extrac-
tion. Thus, even when steps were taken to min-
imize degradation, such as harvesting virus at 4-
h intervals, MuMTV genome RNA was found to
be considerably nicked. When the 70S RNA
complex was denatured by heating, the resulting
single-stranded genome RNA ranged in size
from full-length 35S subunits to fragments of
about 8 to lOS. Selection of polyadenylated
RNAs from this mixture therefore generated a
spectrum of molecules of increasing length from
the 3' end. These were fractionated by sucrose
gradient centrifugation, and samples from each
fraction were tested for their ability to direct
cell-free protein synthesis in a rabbit reticulo-
cyte lysate system (Fig. 1). Discrete proteins
were produced by all size classes of the viral
RNA suggesting that initiation and termination
of translation were occurring at specific sites.
Moreover, different preparations of viral RNA
from both GR and Mm5MT/cl cells gave essen-
tially identical products. Some of these corre-
sponded in size to the precursor polypeptides for
the MuMTV structural proteins found in in-
fected cells. For example, RNA of full-genome
length directed synthesis of 77,000-, 110,000-,
and 160,000-dalton proteins equivalent to the
gag and gag-pol gene products (Fig. 1). This
was confirmed by tryptic peptide mapping as
discussed below. Thus, initiation and termina-
tion were probably occurring at the sites used in
vivo for expression of this region of the genome.
In contrast, the vast majority of the smaller
products were probably a result of either pre-
mature termination of translation or initiation
at normally cryptic sites made accessible only as
a result of degradation of the RNA, or both.
Two groups of proteins translated from subge-
nomic fragments of MuMTV RNA were of par-
ticular interest. A series of proteins of molecular

weights from about 50,000 to 70,000 daltons were
synthesized preferentially by using RNA of
about half-genome length (18 to 28S), whereas
a second group of proteins in the 18,000- to
36,000-dalton range were the predominant prod-
ucts with RNA smaller than about 18S (Fig. 1).
These were examined in more detail as discussed
below.
Tryptic peptide mapping of in vitro

translation products. To obtain sufficient ma-
terial for peptide mapping, it was necessary to
pool the polyadenylated RNA from gradients of
the type shown in Fig. 1 in three major size
fractions: (A) 35 to 28S, (B) 28 to 18S, and (C)
18 to lOS. Each size class was then used to
program in vitro protein synthesis in rabbit re-
ticulocyte lysates, and the products were frac-
tionated on preparative polyacrylamide gels
(Fig. 2). The major [35S]methionine-labeled
products, detected by autoradiography as shown
in Fig. 2, were eluted and processed for peptide
mapping as described elsewhere (10, 12).
(A) 35 to 28S RNA. Previous studies have

indicated that translation of genome-length
MuMTV RNA yields the Pr77 and PrllO pre-
cursors for the gag gene products (8, 28, 42). We
have confirmed and extended these observations
to include translation ofthe putative polymerase
precursor Prl60 from genome-length RNA. The
tryptic peptide maps of each of these poly-
proteins, synthesized in vitro and labeled with
[3S]methionine, are shown in Fig. 3. The finger-
prints obtained were similar to those of the
corresponding proteins labeled in vivo and indi-
cated that p77, p110, and p160 represent over-
lapping products from the same region of the
MuMTV genome (8, 9). The most likely expla-
nation for this series of products is that they are
initiated at a common site and represent contin-
uation of translation beyond the normal termi-
nation site at the 3' end of p77. Thus, in vivo,
the largest product Prl60 is not envisaged as
being a precursor to Prll'g and Pr77&'9. This
was confirmed by kinetic analysis of the in vitro
translation of MuMTV genome RNA. As shown
in Fig. 4, synthesis of mature p77 was completed
several minutes before any pllO was detectable,
which in turn preceded p160. Even after pro-
longed exposure of the autoradiograph to en-
hance the intensity of the p160 band, complete
p160 was not detectable before approximately
30 to 35 min, compared with 18 min for pllO
(Fig. 4).

In addition to the expected mature gag and
pol gene products, a number of smaller proteins
were also synthesized from RNA in the 35 to
28S fraction. The most prominent of these, p46,
clearly contained tryptic peptides characteristic
of the gag and pol gene products (Fig. 3) and
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species in the gradient, and the remainder was precipitated twice with ethanol after adding 10 pg oftRNA as
a carrier. (b) One-fifth ofeach fraction was then used to direct in vitro protein synthesis in an RNA-dependent
rabbit reticulocyte lysate containing [mS]methionine as label (8, 32). After incubation at 340C for 2 h, one
tenth of each reaction (2 ud) was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (8,
23). The figure shows an autoradiograph of the 3S-labeled proteins synthesized in response to RNA fr-actions
fr-om the sucrose gradient and analyzed on a 10% acrylamide gel. The track labeled "no RNA" represents the
background ofprotein synthesis in a reticulocyte lysate to which no exogenous RNA was added. The molecular
weights of the major products were computed fr-om a series of 14C-labeled protein standards analyzed in a
parallel track of the gel as indicated.

probably results from internal initiation or pre-
mature termination, or both. The p34 product
(Fig. 2) contained too few methionine-labeled
peptides to determine its origin. In some exper-
iments, several other minor products were ob-
tained but these were apparently more effi-
ciently translated from other size fractions of
genome RNA. They probably resulted from par-
tial degradation of the RNA in the course of the
translation reaction.

(B) 28 to 18S RNA. RNA from the 28 to 18S
size fraction, corresponding on average to about
half-genome length, directed synthesis of a large
number of products (Fig. 1 and 2). Tryptic pep-
tide mapping indicated that many of the larger
products were, in fact, related to thegag andpol
precursors produced with fraction A RNA (data
not shown), whereas some of the smaller pro-
teins were identical to those synthesized from
fraction C RNA. Of the proteins preferentially
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RNA, fr-actionated on sucrose gradients as shown in
Fig. 1, was recovered in three major size classes: (A)
35 to 28S, (B) 28 to 18S, and (C) 18 to lOS. Portions of
each fr-action, containing up to 1 pg of viral RNA,
were translated in the rabbit reticulocyte ly-sate sys-
tem. The 35S-labeled products were then purified by
electrophoresis in multiple tracks of a preparative
sodium dodecyl sulfate-polyacrylamide slab gel. The
figure shows representative tracks fr-om the autora-
diograph of such a gel, indicating the labeled prod-
ucts which were eluted for tryptic peptide mapping.

synthesized by using fraction B RNA, the p49,
p54, p63, and p69 products shown in Fig. 2 were
of particular interest. From peptide mapping, it
was clear that these proteins were related to one
another and also apparently to the precursor of
the MuMTV envelope glycoproteins seen in in-
fected cells (Fig. 5). Since the products of in
vitro translation would not be expected to be
glycosylated, the peptide maps were compared
with that of authentic Prleta which had been
treated with endo-8l-N-acetylglucosaminidase H
to remove the majority of the carbohydrate res-
idues (11) (p61u el,in Fig. 5). The numbered pep-
tides indicate those which were believed to be
specific for the envelope glycoproteins and
which were consistently found in these in vitro-
translated products. The complexity of the fi-
gerprint of p49 presumably resulted from con-
tamination by a "background" product synthe-
sized from an RNA endogenous to the reticulo-
cyte lysate. This background product was also a
contaminant of the p46 in Fig. 2 and 3.

(C) 18 to 10S RNA. A striking feature of the

translation of RNA smaller than about 18S was
the very efficient synthesis of the products in-
dicated as p36, p24, p21, and p18 in Fig. 2.
Similar results have apparently been obtained
in other laboratories (G. Sen; D. Robertson and
H. Varmus, personal communication). When we
subjected these proteins to peptide mapping, we
found that they were closely related to each
other but did not show any similarities to the
MuMTV structural proteins (Fig. 6). Although
synthesized to some extent from all size classes
of viral RNA, they were clearly the predominant
products from RNA in the 18 to lOS size fraction
(Fig. 1 and 2). Moreover, in the kinetic experi-
ment involving translation of 35 to 28S RNA,
the appearance of these products only after pro-
longed incubation suggested that they were
being synthesized as a result of breakdown of
the genomic RNA during the reaction (Fig. 4).
We conclude, therefore, that they were encoded
by an open reading frame of nucleotide se-
quences within approximately the 3' third of the
MuMTV genome.

In addition to this series of related proteins, a
p47 product was observed in translation reac-
tions with 18 to lOS RNA. Though produced in
lower yields than p36 and related proteins, p47
was found to be completely distinct by peptide
mapping and may represent translation from an
additional open reading frame.
Translation of artificially degraded

MuMTV 35S RNA. Since the series of small
proteins resulting from translation of 18 to lOS
RNA showed no relatedness to any of the
MuMTV structural proteins, it was necessary to
show that they were definitely encoded by the
MuMTV genome RNA and not by a particularly
abundant, nonviral mRNA contaminating the
viral preparations. Intact, polyadenylated 35S
RNA, isolated from sucrose density gradients,
was artificially degraded by mild alkali treat-
ment, and fragments of RNA from the 3' region
of the genome were recovered by chromatogra-
phy on polyuridylic acid-Sepharose. Equivalent
amounts of the undegraded and degraded RNA
preparations were then used to program in vitro
translation reactions. As expected, the predom-
inant products from undegraded 35S RNA were
the p77, p110, and p160 gag and pol precursors
and the related p46 gag fragment (Fig. 7). After
degradation of this RNA, synthesis of the ma-
ture gag gene products was diminished, and
there was a reciprocal enrichment for p24, p21,
and p18, indicating that they are indeed encoded
by MuMTV genome RNA (Fig. 7).

DISCUSSION
In this study, we have used in vitro translation

of MuMTV genome RNA to deduce the order
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FIG. 3. Tryptic peptide maps ofprotein translated from 35 to 28SMuMTVRNA. The p77, p 110, pl 60, and
p46 products indicated in Fig. 2A were eluted from the rehydrated gel, oxidized, and digested with trypsin
following standard procedures (10, 12). The resultant peptides were fractionated in two dimensions on
cellulose thin-layer plates as previously described (12). The first dimension was electrophoresed at pH 4.5
from left to right toward the cathode. The second dimension, from bottom to top, was ascending chromatog-
raphy. The [3S]methionine-containing peptides were detected by autoradiography with Kodak SB5 X-ray
film. The numbered spots on the autoradiographs indicate those peptides which were consistently found in
the in vitro translation products and which appeared to correspond to those of the authentic gag gene
products (8, 9).

of the genes coding for the viral structural pro-
teins and to determine whether the genome has
the capacity to encode additional, nonstructural
proteins whose function may be required for the
oncogenic potential of the virus. The rationale
behind this approach was that partially de-
graded viral RNA used to program an in vitro
cell-free translation system might allow protein
synthesis to start at normally internal methio-
nine codons. If initiation preferentially occurs at
the methionine codon closest to the 5' end of an
RNA, it was thought that translation of polyad-
enylated fragments from randomly degraded
viral RNA would permit initiation at all possible
methionine codons, in any reading frame, re-

vealing the entire protein-coding capacity of the
viral genome. However, other constraints, such
as nucleotide sequences in the vicinity of the
potential start codon, might affect the initiation
of protein synthesis. In addition, primary se-
quence and secondary structural features might
influence the probability of hydrolysis at certain
sites on the RNA, leading to distortion of the
expected random distribution of RNA frag-
ments. This point may be particularly relevant
in the present study in which the natural insta-
bility of MuMTV RNA was exploited to gener-
ate the subgenomic fragments. In this regard,
MuMTV RNA was found to be much more
susceptible to breakdown during isolation than,
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FIG. 4. Kinetics ofm vitro translation ofMuMTVgenome RNA Polyadenylated MuMTV RNA from the
35 to 288 size fr-action was used to program in vitro translation in the rabbit reticulocyte lysate system. The
reaction (50 ttd) was initiated by addition of 1.5 pg ofMuMTV RNA and incubated at 340C. Portions (2 ILI)
were withdrawn into ekectrophoresis buffer at the indicated times. The [35SJmethionine-labeedproducts were
then analyzed by electrophoresis on a 10%polyacrylamide gel and detected by fluorography (24).

for example, murine leukemia virus or ASV
RNA (unpublished data), although this might
simply have reflected the lower yields of virus
attainable with MuMTV. Nevertheless, all size
classes of MuMTV RNA proved to be very
efficient at directing in vitro protein synthesis.
Initiation and termination of translation ap-
peared to be both specific and reproducible since
discrete products were consistently observed
which showed preferential synthesis from partic-
ular size fractions of the viral RNA (Fig. 1).
Complete genome-length RNA directed the

synthesis of p77 and p110, equivalent to the
precursors for the MuMTV internal structural
proteins, indicating that the gag gene is proba-
bly located close to the 5' end of the genome (8,
42). The putative gag-pol precursor p160 was
also synthesized from this RNA. However, the
kinetics of synthesis of these products (Fig. 4)
indicated that p160 was not a precursor to the
smaller species but that all three were independ-
ently translated from the same region of the
genome RNA (21). Although we cannot exclude
the possibility that these products were trans-
lated from different initiation sites on three dis-
tinct species of RNA, comparison of their pep-
tide maps with those of the MuMTV structural
proteins and intracellular intermediates sug-
gested that they probably had a common amino
terminus but different carboxyl termini (10).

The mechanism by which pllO and p160 might
be generated by read-through of the termination
signal at the end of p77 remains unresolved.
Possibilities for how this might be achieved in-
clude removal of the termination codon by RNA
splicing or tRNA suppression of termination by
codon misreading or frameshifting (1, 33, 49). In
MuMTV, two such events must be envisaged as
generating the three overlapping products.
Thus, MuMTV appears to conform to the pat-
tern observed in type C retroviruses in that the
gag and pol genes are expressed as separate but
overlapping polypeptide precursors (22, 29, 33).
This would place thepol gene immediately distal
to gag.
The similarity of the peptide maps of the in

vitro products to those of the authentic precur-
sors isolated from infected cells implied that in
vitro translation of genome-sized RNA was ini-
tiating at the correct site. This was probably not
the case for many of the products translated
from subgenomic RNA fractions. For example,
the series of products p69, p63, p54, and p49,
synthesized preferentially from the 28 to 18S
RNA fraction, were clearly related in that the
tryptic peptides of each species formed a subset
of those of the next largest product (Fig. 5). The
smallest of these, p49, contained four peptides
also common to mature gp36 from MuMTV
virions which has been previously shown to be
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FIG. 5. Tryptic peptide maps ofproteins translated from 28 to 18S MuMTV RNA. The major products
obtained from translation ofRNA in fraction B (Fig. 2) were eluted andpeptide mapped as described in the
text. The figure compares the maps of the [3SJmethionine-containing peptides from in vitro-synthesized p69,
p63, p54, andp49 with those ofin vivo-labeled Pr73' and endo-f3-N-acetylglucosaminidase H-treated Pr73'fl
(p6Pt V) prepared as previously described (11). The numbered spots on the autoradiographs indicate those
peptides shared by the various in vitro- and in vivo-derived products. Peptides 3, 5, and 6 were also found in
the mature viral glycoprotein gp36 (12).
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FIG. 6. Trypticpeptide maps ofproteins translated from 18 to lOSMuMTVRNA. PolyadenylatedMuMTV
RNA of less than about 18S (Fig. 2C) directed synthesis ofa series oflow-molecular-weight products: p36, p24,
p21, and p18. These were eluted, and their [3Slmethionine-containing tryptic peptides mapped as described
elsewhere. The numbered spots on the autoradiographs indicate those peptides believed to be specific for this
series of overlapping products. None of the numbered peptides appeared to correlate with those identified in
the maps of the various translation products shown in Fig. 3 and 5.

derived from the carboxyl end of the Pr73en"
precursor for the envelope glycoproteins (11, 12,
39). This series of proteins is therefore likely to
represent products of different initiations within
the env gene region of the RNA, possibly ter-
minating at a unique site.
Although these proteins were thought to be

encoded by the env gene, direct comparison of
the peptide maps of the larger in vitro products
with that of authentic Pr73en" showed only par-
tial similarity, probably as a result of carbohy-
drate side chains affecting the mobility of some
Pr73enM peptides. When the majority of the
sugars were removed by treatment with endo-
,8-N-acetylglucosaminidase H, the similarity in
the peptide maps was more striking (Fig. 5).

However, because this treatment leaves a resid-
ual carbohydrate group at each attachment
point, complete identity of the fingerprints of in
vitro- and in vivo-derived proteins need not have
been expected. Attempts to obtain a definitive
peptide map of the nonglycosylated env precur-
sor from infected cells grown in the presence of
tunicamycin were precluded by lack of material.
This nonglycosylated form had a molecular
weight of 60,000, which is considerably smaller
than the largest in vitro product, p69 (11). As-
suming that no glycosylation had occurred in
vitro, then two possible explanations can be
envisaged to account for this difference in mo-
lecular weights. The first is that p69 was initi-
ated at a site upstream from the normal start of
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very large compared with other glycoprotein
signal sequences (2), a parallel situation appears
to exist in the env gene product of ASV (E.
Hunter, personal communication).

All of the major products of in vitro transla-
tion of RNA from 35 to about 18S could gener-
ally be attributed to expression of the gag, pol,
and env genes. Thus, no potential gene between
pol and env was detected, and synthesis of env-
related products was optimal from RNA ofabout
half-genome length, suggesting that the gene
order was indeed 5' gag-pol-env-3'. However,
the possibility still exists that there is an addi-
tional gene or genes distal to env. Translation of
RNA of less than about 18S led to the very
efficient synthesis of a series of products whose
peptide maps were entirely unrelated to those of
the gag, pol, and env gene products (compare
Fig. 3, 5, and 6). This group of proteins, the
largest of which had a molecular weight of
36,000, again appeared to be a series of overlap-
ping products from the same region of the ge-
nome RNA. Since optimal synthesis of the p36
product was obtained with RNA marginally
larger than that yielding maximum levels of p24,
p21, and p18 (Fig. 1) we concluded that they
were probably initiated at different sites on the
genome but may have shared a common car-
boxyl terminus. Preliminary amino acid se-
quence analysis of the amino terminus of each
protein has indicated that all four were initiated
with a methionine residue but that they have
distinct amino terminal sequences.
Although these small proteins were found to

be unrelated to any of the MuMTV structural
proteins, they were encoded by the viral genome
RNA and not by a contaminating cellular
mRNA. This question was resolved by isolating
intact, polyadenylated 35S RNA from gradient-
purified virus and demonstrating that the ability
of this RNA to direct synthesis of this series of
products was dependent on partial degradation,
presumably to expose normally cryptic initiation
sites for translation. Moreover, different prepa-
rations of viral RNA from two different cell
types gave products with the same molecular
weights and peptide maps. If p36 is taken to be
the prototype product of a hitherto unidentified
gene, the results of in vitro translation imply
that expression of this gene would require an
mRNA equivalent in size to about 18S rRNA, or
about 2,500 nucleotides. The predominant
MuMTV-specific mRNA species detected in in-
fected cells have sedimentation coefficients of
35S and 24S, but these analyses do not preclude
the existence of minor amounts of a smaller
mRNA (17, 37, 42). A 2,500-nucleotide-long
mRNA would be sufficient to encode at least
36,000 daltons of protein and at the same time
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encompass the 1,200 nucleotides corresponding
to the large terminal redundancy at the ends of
the MuMTV provirus (43).
We conclude from these studies that the

MuMTV genome must contain, near its 3' end,
sequences which provide an open reading frame
for translation of at least 36,000 daltons of pro-
tein. DNA sequencing data from other eucar-
yotic viruses and cloned cellular genes have in-
dicated that it is unusual for there to be a
substantial stretch of nucleotide sequence with
an open reading frame which is not expressed in
a functional protein. It is therefore conceivable
that p36 represents all or part of a potentially
functional gene product encoded by MuMTV.
Analogous studies on the translation of ASV
have permitted in vitro synthesis of a functional,
transformation-specific protein indistinguish-
able from its counterpart in transformed cells
(14, 41). Although it is unlikely that an equiva-
lent protein is specified by the MuMTV genome,
it is still feasible that a virally coded, nonstruc-
tural protein may play a role in tumorigenesis
by increasing the probability that an infected
mammary epithelial cell will respond to some
other oncogenic stimulus. A test for a functional
role for the p36 protein will be whether or not it
or a related protein can be detected in infected
cells or in mouse mammary tumors.
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