
JOURNAL OF VIROLOGY, Mar. 1983, p. 1200-1206 Vol. 45, No. 3
0022-538X/83/031200-07$02.00/0
Copyright © 1983, American Society for Microbiology

Further Studies on the Glycosylated gag Gene Products of
Rauscher Murine Leukemia Virus: Identification of an N-

Terminal 45,000-Dalton Cleavage Product
ROBERT B. NASO,* LARRY H. STANKER,t JOHN J. KOPCHICK,t VALERIE L. NG,§ WILLIAM L.

KARSHIN,II AND RALPH B. ARLINGHAUS

Department of Tumor Virology, The University of Texas System Cancer Center, M. D. Anderson Hospital
and Tumor Institute, and The University of Texas Health Science Center Graduate School of Biomedical

Sciences, Houston, Texas 77030

Received 16 July 1982/Accepted 1 December 1982

A glycosylated 45,000Mr protein containing Rauscher murine leukemia virus
p15 and p12 antigenic sites and tryptic peptides was identified in Rauscher murine
leukemia virus-infected cells. This glycoprotein, termed gP45gag, was also shown
to contain a single tryptic peptide also present in gPr80gag and its unglycosylated
apoprotein precursor Pr75gar, but lacking in Prg5Bag or Pr48ag. The presence of
this peptide only in viral precursor proteins containing the so-called leader (L)
sequence strongly suggests that gPr45gag is an N-terminal fragment of larger
glycosylated gag polyproteins, composed of L sequences in addition to p15 and
p12. The kinetics of appearance of radiolabeled gPr45gag and its disappearance
during chase-incubation is suggestive of a precursor-like role for this intermediate
gene product. An observed 27,000-Mr glycosylated polypeptide, termed gP27gag
and containing p15 but not p12, p30, or plO antigenic determinants, is a candidate
cleavage product derived from gPr45gag. These observations suggest that gPr459ag
and its putative cleavage product gP27gag represent an authentic pathway for
intracellular processing of glycosylated core proteins.

The gag gene of murine leukemia virus
(MuLV) codes for three primary gene products
that have diverse fates. The well-known primary
gag gene product, Pr65rar, is the principal pre-
cursor polyprotein to the four viral core proteins
p30, p15, ppl2, and plO (1, 2, 6, 14). Our
evidence indicates that the cleavage of Pr65sar is
facilitated by phosphorylation (15) and by inter-
action with viral genomic RNA (7). A second
primary gag gene proudct (Pr2009'9aP'1) is syn-
thesized as a joint product of the gag and pol
regions. This gag-pol gene product is the precur-
sor to the reverse transcriptase (7, 10, 11).
Stoichiometric considerations and pulse-chase
studies conducted in the presence and absence
of inhibitors of proteolytic cleavage rule out the
possibility that Pr2009'9aP'I is also a major pre-
cursor of gag gene products (8). A third primary
gag gene product is a non-glycosylated polypep-
tide with an apparent molecular weight (Mr) of
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about 75,000 daltons (Pr75905). A Pr755Or is
believed to be glycosylated during its synthesis
to yield a glycoprotein of approximately 80,000
daltons (gPr800g5) which is glycosylated further,
yielding two glycoproteins of 93,000 and 95,000
daltons (3, 19). These latter proteins were first
observed by Tung et al. (21) on the surface of
AKR mouse leukemic thymocytes and by Evans
et al. in Friend MuLV-infected cells (5). Ledbet-
ter et al. made similar observations and provided
solid evidence that both gP93ras and gP95gar
contained antigenic determinants and peptide
sequences found in each of the four core pro-
teins (12). Edwards and Fan (3, 4) and Schultz et
al. (18, 19) have further characterized the glyco-
sylated gag gene products of MuLV. gPr80gga
incorporates mannose and contains additional
sequences, termed leader (L) sequences, located
N-terminal to core protein sequences. The role
of these gag gene-derived glycoproteins in virus
replication is unclear, but it appears that they
are not major constituents of viral particles. In
fact, gP93gag and gp95gag appear to be released
from the cell surface into the culture medium (3).
In this paper, we have investigated the glycosy-
lated gag gene products and describe a new
glycosylated 45,000Mr polypeptide (gPr45gag)
that was found to contain the proposed L se-
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FIG. 1. Pulse-chase kinetics of R-MuLV gag gene products. R-MuLV-infected NIH Swiss mouse embryo
cells were pulse-labeled in Earle's balanced salts for 7.5 min with [3H]leucine (100 ,uCi/ml) and chase-incubated
in label-free growth media (McCoy's 5A medium; 10%o fetal calf serum-50 pLg of gentamicin per ml) for 0 min
(lanes B, F, and J), 30 min (lanes C and G), 60 min (lanes D, H, and K), or 90 min (lanes E and I) before cell lysis
in a Nonidet P-40 detergent-containing buffer (2). The lysate was centrifuged at 10,000 x g for 10 min to remove
nuclei and debris. The supernatant was treated with antisera to R-MuLV p30 (lanes B through E) or antisera to R-
MuLV p15 (lanes J and K). The antigen-antibody complexes were quantitatively precipitated with Staphylococ-
cus aureus (15). The supernatant from the anti-p30 precipitations were subsequently treated with antibody to R-
MuLV p12, and the immune complex was again collected by centrifugation (lanes F through I). The
immunoprecipitates were denatured by boiling in SDS buffer and fractionated by electrophoresis on a 6 to 12%
linear gradient of polyacrylamide in the presence of SDS and mercaptoethanol. Bands were detected in dried gels
by autofluorography. Lane A, [3H]leucine marker R-MuLV (20).

quences as well as p15 and p12 determinants. A
27,000-Mr glycoprotein containing p15 determi-
nants was also detected.
The gag gene products ofRauscher MuLV (R-

MuLV) were isolated from cytoplasmic extracts
of pulse-labeled and chase-incubated infected
cell cultures by immunoprecipitation with anti-
p30 and anti-p12 sera (Fig. 1). Anti-p30 serum
precipitated the usual precursor polyproteins
from extracts of pulse-labeled cells (Fig. 1, lane
B). These include Pr20gag-Pol, gPr80gag,
Pr65gag, and Pr40yag. Pr40gag has previously
been shown to be an intermediate-sized precur-
sor of plO and p30 derived from Pr65gag by
intracellular proteolytic cleavage (15). Although
clearing the cell extract with anti-p30 removed
most of the p30-related precursors, significant
amounts of Pr20gag-Pol Pr65gag, and Pr80gag
remained in the extract and were precipitable by
subsequent treatment with anti-p12 serum. Anti-
ppl2 serum precipitated each of these precur-
sors from pulse-labeled cells (Fig. 1, lane F) as
well as significant amounts of a protein termed
gPr45gag

After a chase-incubation of 30 min, each of the
radioactive precursors, including Pr40gag and

gPr459as, could be observed to decrease in
amounts of cell extracts (Fig. 1, lanes C and G).
There was also the appearance during this chase
of two other new proteins in the cells. A protein
termed gP93/955ag was present and was precipi-
table by both antisera (lanes C and G). This
polypeptide, which was not present in the pulse-
labeled cells, appears to be the cell surface gag
gene-related glycoprotein (5, 21) which has been
found to contain peptides characteristic of p15,
ppl2, p30, and plO (12) and which is derived by
further glycosylation of gPr80gag. Another pro-
tein, termed pPr25g", was shown to be present
but was precipitable in this experiment most
efficiently by anti-ppl2 serum (Fig. 1, lane G).
pPr259'9, although a minor protein in these cells,
has been shown to be an intermediate-sized
precursor of ppl2 and p15 derived by intracellu-
lar cleavage of phosphorylated pr659ag (15). The
presence of pPr259ag in short chases is indicative
of its origin by the processing of large precur-
sors.

In longer chases (Fig. 1, lanes D, E, H, and I),
each of the precursor polyproteins continued to
decrease in intensity, with a corresponding in-
crease in intracellular levels of p30 and ppl2
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FIG. 2. Incorporation of [3H]mannose into gag gene-coded viral proteins. A T75 flask of confluent cells was
incubated for 4 h in glucose-free medium, followed by incubation for 30 min with [3H]mannose (200 ,uCi/ml) as

described previously (3). Cells were lysed, and equal aliquots of the cytoplasmic extract were challenged with
anti-plO serum (lane B) or anti-p15 serum (lane C). Lane A. Anti-Rauscher murine leukemia virus serum-
precipitated extract of cells pulse-labeled with [3H]leucine mixed with a similarly precipitated extract of pulse-
labeled, chase-incubated cells; lanes D and E, cell extracts labeled with [3H]mannose as described above and
precipitated with antisera to p30 and ppl2 (lane D) and p15 (lane E). The immunoprecipitates were analyzed as

described in the legend to Fig. 1. The dots in this figure indicate other mannose-containing proteins which are

presumably degradation products of larger glycosylated gag gene products or background host proteins.

(lanes D, E, and H, I, respectively). Levels of
labeled gP93/95gag also decreased drastically in
intensity in cells during the 60-min chase (lanes
D and H). It is apparent in this experiment that
very low levels of gPr459ag can be precipitated
by anti-p30 serum (lane B), owing to contaminat-
ing antibody to pp12 in this serum. This interpre-
tation is supported by the ability of the anti-p30
serum to precipitate very low levels of pPr259ag
from extracts of pulse-labeled cells (lanes C
through E). Likewise, the anti-pp12 serum is
contaminated with significant levels of antibody
to p30. The preclearing of cell extracts with anti-
p30 serum before precipitation with anti-ppl2,
however, increases the ratio of gPr459ag to
Pr409a9 precipitated by anti-pp12 serum (cf.
lanes F and B). Immunoprecipitation of un-
cleared extracts with an anti-p15 serum which is
free from contaminating anti-p30 activity clearly
substantiates the p15 content of gPr459ag (lanes J
and K) and pPr259ag
The protein band migrating at about 50,000

daltons in this figure (arrow, lane B) was non-

specifically precipitated by various antisera, in-

cluding antiserum to gp70 and normal rabbit
serum (not shown), and is presumed to be actin.
Another minor band, partly overshadowed by

the more intense gPr80g'g band, was designated
Pr75ag (Fig. 1, lane B). This protein is routinely
observed in low amounts in extracts of pulse-
labeled cells precipitated by antisera to core

proteins. Pr759ag is similar in size to a 75,000-
dalton polypeptide which, like Pr659'9, has pre-
viously been identified as a primary in vitro
translation product of 35S viral RNA (13).
To determine whether any of the proteins

shown in Fig. 1 were glycosylated, we pulse-
labeled cells with [3H]mannose (3) and immuno-
precipitated the viral proteins with monospecific
antisera prepared against p15 and plO (Fig. 2). In
other experiments, antiserum to plO did not
precipitate p30, p15, or pp12 from extracts of
[3H]leucine-labeled cells (15). Antisera to plO
and p15 were, therefore, considered to be the
most specific of the so-called monospecific anti-
sera to R-MuLV core proteins used in this
study. Treatment with antiserum to plO resulted
in precipitation of mannosylated gPr8g5ag and
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two to three proteins which comigrated with
Pr2008ag-P°' (Fig. 2, lane B). Lower-Mr proteins
which were also labeled with [3H]mannose in-
cluded a 40,000Mr protein, termed gP409ag,
which comigrated with PrWag (Fig. 2, lanes A
and B). Treatment with antiserum to p15 result-
ed in precipitation of labeled gPr80g'g,
Pr200yag-pol.a protein which comigrated with
gPr45gag, and a protein termed gP27gag which
migrated in the gel only slightly more slowly
than did pPr25gag (Fig. 2, lane C). Neither
gPr45gag nor gP27gag were precipitated with anti-
plO serum (Fig. 2, lane B). Also, [3H]mannose-
labeled gP4Oyag recognized by anti-plO serum
(Fig. 2, lane B) was not precipitated with anti-
p15 serum (lane C). Other mannose-containing
proteins (Fig. 2, dots) were variably precipitated
with both anti-plO and anti-p15 sera and are
presumably either degradation products of larg-
er glycosylated gag polyproteins or background
host proteins. In another experiment, a similarly
labeled extract of cells was precipitated with a
mixture of ppl2 and p30 antisera (Fig. 2, lane D)
or with antiserum to p15 (lane E). It was appar-
ent that the mannosylated 27,000-Mr protein,
gP27 a, was precipitated by antiserum to p15
(Fig. 2, lane E) but was not precipitated by the
mixed ppl2 and p30 antisera (Fig. 2, lane D).
This antibody mixture did, however, precipitate
both gPr40gag and gPr459aB. Once again, the
previously noted background proteins were ob-
served with either sera. In other studies, nearly
identical patterns of [3H]mannose-labeled viral
proteins have been obtained from cells infected
with R-MuLV which had been biologically
cloned free of Rauscher spleen focus-forming
virus (data not shown). A glycosylated gag-
related protein of 45,000 Mr has also been de-
tected in cells infected with Moloney murine
leukemia virus (data not shown).
We have previously observed that Pr65gag and

one of its intermediate cleavage products,
Pr25gag, are phosphorylated (15). The phosphor-
ylation of these precursors presumably occurs at
ppl2 sites in the polyprotein molecules. Pr75gag,
gPr80gag, and gPr45gag, however, are apparently
not phosphorylated (data not shown), even
though each of these polyproteins contains p12
sequences. The results shown in Fig. 1 and 2
suggest that gPr45gag is an intermediate glycosy-
lated precursor polyprotein which, like
pPr25 , contains p15 and ppl2. Based on the
size differences between Pr25gag and gPr45gag,
however, the later polyprotein may also contain
additional protein sequences.
Our studies and those of others have clearly

demonstrated that Pr65gag and gPr80gag contain
antigenic determinants and peptide sequences
found in all four viral core proteins (1, 8, 9). We
have also shown that Pr75Rag made in vitro

appears to contain antigenic determinants of all
four core proteins (13). In this study, we com-
pared the peptide maps of gPr80g'g, Pr759aB, and
Pr65gag with those of gPr45Rag and Pr409'9 to
substantiate the conclusions about the related-
ness of these polyproteins reached as a result of
immunoprecipitation analyses (Fig. 1 and 2). We
prepared [3H]leucine-labeled precursors by
means of immunoprecipitation and sodium do-
decyl sulfate (SDS)-polyacrylamide gel electro-
phoresis and digested the purified polypeptides
with trypsin. The digests were fractionated on
thin-layer plates in two dimensions (Fig. 3).
Viral proteins purified by chromatography and
SDS-polyacrylamide gel electrophoresis (16)
were also digested with trypsin, and the peptides
were similarly fractionated. The tryptic peptides
of each protein were numbered arbitrarily for
identification (Table 1). As expected, gPr80g'g,
Pr75gag, and PrOgag were all found to have very
similar peptide maps. All three were found to
contain [3H]leucine-labeled peptides in the ppl2,
p30, and plO core proteins. We also found that
Pr5gag contained a peptide (no. 24) that was not
detected in p30, ppl2, p1O, pr758ag, or gPr80gag.

TABLE 1. Peptide content of R-MuLV proteins
prVoein Peptide no.

p30 2, 3, 6, 7, 8A,a 8,b 10, 11, 12, 14, 16,
17,c 18, 19, 20

p15 24
p12 1,21,22,9
plO 4, 5, 15
PrW4oa8 2, 3, 4, 5, 6, 7, 8A,a 8,b 10, 11, 12, 13,'

14, 15, 16, 17,c 18, 19, 20
gPr45gag 1, 8,b 9, 21, 22, 2Sf
PM5Sag 1, 2, 3, 4, 5, 6, 7, 8,b 9, 10, 11, 12, 13,

14, 15, 16, 17,c 18, 19, 20, 21, 22, 24d
Pr75gag 1, 2, 3, 4, 5, 6, 7; 8,b 9, 10, 11, 12, 13,

14, 15, 16, 17, 18, 19, 20, 2 22, 25f
gPr80Vag 1, 2, 3, 4, S, 6, 7, 8,)b 9, 10, 11, 12, 13,

14, 15, 16, 18, 199,20, 21.,22, 23, 25f
a 8A is a peptide in p30 and Pr40g'g that may be

altered by association with p12 in PMSas Pr758d8 and
gPr8ogag.

b 8 is a p30 peptide that is also present in p30
precursors, comigrating with a p15-p12 junction pep-
tide present in gPr45gag, but absent in p15 or p12
mature proteins.

c 17 is a p30 peptide that may be glycosylated in
gPr80gag (no. 23).

d 24 is a p15 peptide in p15 and Pr65gag that may be
altered by the presence of L peptides in Pr75ag and
gPrOQ~ag

13 is a presumed p30-plO junction peptide that is
absent in p30 or plO but present in Pr4 aPPr655g
Pr75*af and gPr8Qgag.
f 25 is a presumed L peptide that is present in

gPr4S5au, Pr75gag, and gPr80gRag
g 23 may be a glycosylated p30 peptide (no. 17).

VOL. 45, 1983



1204 NOTES

a.
pre h. gag

gPr 45

9 .,

Xa.
W$->

.* 9

3w p
1.

A4

.2

I

!.'.::.

.14:f:.. -C.
ptnp*

'4-

S.C

4.
#t p..r.-1-5

'U

5is
4i

a

71lP5
.X

9

5.

.4 a
S L ' *t

.. -*~~"'M

*_
a. ~ s

pM ~ . s

.4

*6

0'

f. VW

46

is

.3

4

FIG. 3. Peptide maps of R-MuLV precursor polyproteins. Cells were labeled with [3H]leucine (250 .Ci/ml)
for 20 min, and the cell extracts were precipitated with a mixture of anti-p30 and anti-plO sera. gPr45'0' was
precipitated with anti-p12 serum from the supernatants of the extract which had been previously cleared with the
anti-plO-anti-p30 sera mixture. The proteins were purified by SDS-polyacrylamide gel electrophoresis as
previously described. The [3H]leucine-labeled viral proteins were digested with trypsin as previously described,
and the digests were fractionated on thin-layer cellulose plates (11). The peptide maps of viral p30, as well as of
p15, p12 and plO (not shown; see Table 1) were also analyzed.

The single p15 leucine-containing peptide char-
acteristic of p15 appears to comigrate with pep-
tide 24 (not shown). It is possible that the p15
peptide is N-terminal in p15 and present in
Pr65gag but altered in Pr759ag and gPr8g8ag ow-
ing to the presence of L sequence peptides more
N-terminal in these precursors (see Table 1). It
is clear, however, that anti-p1S serum recog-
nizes all three precursors (Fig. 1, lane J). Also of

interest was the finding that Pr759ag and
gPr8grag reproducibly contained an additional
leucine-labeled tryptic peptide, termed spot 25
(Fig. 3, arrow), which was not found in Pr65faB,
pr40gag, or in any of the viral core proteins. This
tryptic peptide was also detected in tyrosine-
labeled digests of gPr80fag but not those of
tyrosine-labeled Pr659'9 (11). From immunopre-
cipitation analyses, we concluded that gPr45gag

J. VIROL.
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contains p15 and p12 sequences, sugar residues,
and, on the basis of size, perhaps other protein
sequences. Analysis of the tryptic peptide map
of gPr459ag substantiated these conclusions.
Furthermore, gPr459ag was shown to contain
peptide 25, the single peptide characteristic of
both gPr80g'g and its unglycosylated apoprotein,
Pr759ag. Thus, gPr45gag appears to be related to
gPr80#'g and Pr759a8. In contrast to this, PrWag
contained p30 and plO peptides (see Table 1) but
lacked peptide 25. pr40Wag also contained the
p30-specific peptide 17 which was previously
noted to be present in PrOgag and Pr75ga9 but
absent in gPr8gag.

Several findings indicate that Pr759a9 ob-
served in and isolated from whole cells is a
distinct protein not contaminated with gPr80Yag.
First, Pr65gag and Pr75gag contained a p30-spe-
cific peptide (spot 17; Fig. 3a, c, and e) not found
in gPr80gga (Fig. 3d). Likewise, gPr8Yga8 ap-
peared to contain a peptide (Fig. 3d, spot 23) not
present in either Pr758ag or Pr65gag or in any of
the mature viral proteins (see Table 1). Further-
more, two minor spots located above spot 18 in
Pr658ag (Fig. 3a) also appear in Pr75gag (Fig. 3c)
but are absent from gPr80ga8 (Fig. 3d). Most
significantly, the map of Pr75gag shown in Fig. 3
(panel c) is nearly identical to the map obtained
from Pr759ag synthesized in a cell-free transla-
tion system or from Pr759a9 synthesized in
whole cells in the presence of tunicamycin (data
not shown). Peptide 17 in p30 and unglycosylat-
ed core-related precursors is thought to be modi-
fied by glycosylation in gPr8gag. The new pep-
tide (no. 23 in Fig. 3d) in gPr80g'g may be
glycosylated p30 peptide 17. Consistent with this
possibility are the reports that glycosylation of
gPr80gag occurs at one location in the p30 region
and at a second location in p15 or in the L
sequences (4, 17).
The presence of a common peptide (no. 25) in

both unglycosylated Pr759ag and glycosylated
gPr80g"a and the absence of this peptide in
Pr65.ag strongly suggests that peptide 25 is
unique to the L sequence that is also known to
be present in both Pr759ag and gPr80gag but
absent in Pr659'9. The presence of this same
peptide in a newly described intracellular poly-
protein, termed gPr459ag, indicates that this
polyprotein also contains the L sequence. The
fact that gPr459a9 is glycosylated and contains
both p15 and p12 antigenic sequences and p12
peptide sequences supports the conclusion that
gPr459a9 is a polyprotein representing the N-
terminal region of the glycosylated gag gene
product. Given the structure of gPr80gag as
NH2-L-gp15-p12-gp3O-p1O-COOH, the pro-
posed structure of gPr459ag is NH2-L-gp15-p12-
COOH. Kinetics of gPr45'ag disappearance dur-
ing chase incubation of cells and the

comcomitant appearance of a lower-Mr glyco-
protein, termed gP279ag, which contains p15 but
not p12 sequences suggest specific processing of
glycosylated gag gene products in infected cells.
Our results concerning the synthesis of

gPr459ag containing p15, p12 and L sequences is
supported by the recent observations of others
(E. Pillemer and I. Weisman, Stanford Universi-
ty, Stanford, Calif., personal communication)
who have prepared a monoclonal antibody that
reacts with glycosylated gag polypeptides on the
surface of cells infected with and producing
AKR MuLV. The antibody does not react with
Pr65gag but does react with the apoprotein of
glycosylated gag. These results suggest that this
antibody is specific for a determinant in the N-
terminal leader or L peptide of glycosylated gag
polyproteins. Two glycosylated gag polypro-
teins, as well as the apoprotein, were detected
by this antibody on the cell surface of AKR
MuLV-infected cells. One glycoprotein is
gP93/95gag and the other is a smaller protein
containing L, p15, and p12 determinants but
lacking p30 and plO determinants. Thus, a pro-
tein similar in size and structure to gPr45gag
described here has been detected at the surface
ofAKR virus-infected cells, using antibody spe-
cific for the L peptide unique to glycosylated
gag polyproteins. The role of gPr45gag, gp279ag,
or other glycosylated MuLV core proteins, if
any, in retrovirus replication remains to be es-
tablished.
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