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Rauscher murine leukemia virus glycoprotein gp69/71 and non-glycosylated
p15(E) are synthesized by way of a 90,000-dalton precursor glycoprotein, termed
Pr2a+b. Peptide mapping experiments showed that Pr2a+b contains all the
tyrosine-containing tryptic peptides of gp69/71. Two additional tyrosine-contain-
ing tryptic peptides in Pr2a +b that are not detected in gp69/71 are found in
p15(E). Thus, gp69/71 and p15(E) peptide sequences account for all the tyrosine
tryptic peptides of Pr2a +b. The gene order of the two proteins was determined
by pulse-labeling infected cells in the presence and absence of pactamycin at
concentrations of the inhibitor that prevent initiation of translation, but not
elongation. The gene order was found to be: 2HN-gp69/71-p15(E)-COOH. A
newly identified major viral protein, termed p12(E), migrates in sodium dodecyl
sulfate-polyacrylamide gels in the "p12" region. It is related to p15(E) as deter-
mined by tryptic mapping experiments. p15(E) and p12(E) are not phosphoryl-
ated, and both can be separated from phosphoprotein p12 by guanidine hydro-
chloride-agarose chromatography. p12(E) and p15(E) elute in the void volume
fraction, whereas phosphoprotein p12 elutes between p15 and plO. The two p12
proteins can also be separated from each other by two-dimensional gel electro-
phoresis involving isoelectric focusing in the first dimension and sodium dodecyl
sulfate-gel electrophoresis in the second dimension.

RNA tumor virus (type C) genomes code for
several viral proteins, including the reverse
transcriptase, the envelope proteins, and four
lower-molecular-weight structural proteins
termed p30, p15, p12, and plO. The regions of
the viral genomic RNA coding for these classes
of proteins have been termed "pol," "env," and
"gag," respectively (3). Previous work from this
laboratory has provided evidence (la, 2, 21) that
the envelope protein gp69/71 and a non-glyco-
sylated envelope protein termed pl5(E) are con-
tained in a fucose-deficient glycoprotein precur-
sor termed Pr2a+b (90,000 daltons). A similar
precursor has been observed by Shapiro et al.
(25) and Famulari et al. (7). In this report, we
provide definitive evidence that shows that
gp69/71 and pl5(E) are formed by synthesis and
cleavage of Pr2a +b and that pl5(E) is appar-
ently C terminal to gp69/71 in Pr2a+b. A newly
identified viral protein, p12(E), is derived from
p15(E), probably by proteolytic cleavage.

MATERIALS AND METHODS

Cells and virus. Rauscher murine leukemia virus
(RLV)-infected NIH Swiss mouse embryo cells (JLS-
V16) and BALB/c spleen-thymus RLV-infected cells
(JLS-V5) were used in these studies (20). Intracellu-

lar precursors were isolated from infected JLS-V16
cells, whereas mature viral proteins were obtained
from virus produced in JLS-V5 cells. The culture
medium was a modified Eagle formula containing
10% fetal calf serum (29). Cells were grown in 2-
quart (ca. 1.89 liters) roller bottles and were 80%
confluent before use. Virus was purified as described
previously (29).

Labeling of cells and virus. Cells were rinsed in
warm Hanks solution and pulse-labeled at 37°C as
indicated. For chase incubations, the radioactive
medium was removed, the cell sheet was rinsed with
Hanks solution, and incubation was continued in
complete growth medium. For tryptic mapping ex-
periments, precursors were isolated from a roller-
bottle culture, which was pulse-labeled for 20 min in
25 ml of Hanks solution. Virus was labeled for 48 h
in a roller-bottle culture in growth medium contain-
ing 1 x Eagle amino acids. Under these conditions,
lower concentrations of amino acids severely depress
virus production. To obtain sufficient quantities of
labeled polypeptides for tryptic mapping, infected
cells and virus were labeled as follows: 2.5 mCi of
3H-labeled amino acids (reconstituted protein hy-
drolysate) supplemented with 0.625 mCi each of
[3H]lysine (10 Ci/mmol) and [3H]arginine (10 Ci/
mmol) or 1.0 mCi of '4C-labeled amino acids (recon-
stituted protein hydrolysate) supplemented with
0.25 mCi each of ['4C]lysine (300 Ci/mol) and
['4C]arginine (312 Ci/mol). To obtain arginine- and
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lysine-labeled precursors and mature proteins, 0.5
to 1.0 mCi each of ['4C]arginine and ['4C]lysine or
2.5 mCi each of [3H]arginine or [3Hllysine were
used. For tyrosine labeling, 3.0 mCi of ['4C]tyrosine
and 18 mCi of [3H]tyrosine were used. For methio-
nine labeling, 3.0 mCi of [35S]methionine and 20 mCi
of [3H]methionine were used. 32p labeling of virus
was performed at one-half Eagle phosphate concen-
tration in a 2-quart (ca. 1.89 liters) roller bottle for
48 h with 25 mCi Of [32P]PO4.
Immune precipitation. The preparation of cyto-

plasmic extracts and rabbit anti-RLV serum were as
described previously (la). Cell lysis was performed
in lysis buffer containing 0.5% Nonidet P-40 (NP-40;
Particle Data Laboratories, Ltd.) and 0.5% sodium
deoxycholate (la). For preparative purposes, pulse-
labeled cells in 2-quart (ca. 1.89 liters) roller bottles
were lysed in 10 ml of lysis buffer. For analytical
experiments, 2-ounce (ca. 60 ml) prescription bottles
were used, and lysis was done in 2 ml of lysis buffer.
The intracellular precursors, including Pr2a +b,
were isolated by direct immune precipitation with
anti-RLV serum. A 2-ml portion of cytoplasmic ex-
tract was mixed with 0.4 ml of antiserum. The im-
mune precipitates were collected by centrifugation
at 10,000 x g for 10 min and washed three times with
immune buffer containing 0.5% NP-40, 0.5% sodium
deoxycholate, 0.02 M Tris-hydrochloride (pH 7.5),
and 0.05 M NaCl (20).

Gel electrophoresis. Sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) was
done on 1.5-mm-thick gel slabs by use of the buffer
system described by Laemmli (14). The gels were
subjected to fluorography as described (4). To obtain
a linear response to radioactivity, the X-ray films
were preflashed (15).

Purification of viral proteins and precursors.
Viral proteins gp69/71 and p15(E) were purified by
SDS-PAGE fractionation of virus labeled for 48 h. In
addition, p15(E), p12(E), and p12 were purified from
virus by guanidine hydrochloride-agarose column
chromatography (9); pl5(E) and pl2(E) eluted in the
void volume. The column fractions were dialyzed
against 0.05 M NH4HCO3 (pH 8.5), freeze-dried, and
further fractionated by SDS-PAGE. Pr2a +b from
infected cells was purified by SDS-PAGE (8%) from
immune precipitates obtained by direct immune
precipitation with anti-RLV serum from 20-min
pulse-labeled infected cells.

Tryptic mapping. Tryptic digestion was carried
out by incubating a dried slab gel band, which was
cut up into small pieces in 2 ml of 0.05 M NH4HCO3
(pH 8.5) containing 50 ,ug of trypsin per ml for 16 h
at 37°C. An additional 50 jig of trypsin per ml was
added, and the incubation was continued for an
additional 4 h. Tolylsulfonyl phenylalanyl chloro-
methyl ketone-trypsin (Worthington Biochemicals
Corp.) was stored at 5 mg/ml in 0.01 M HCl contain-
ing 1 mM CaCl2 at - 20°C. The gel pieces were
removed by filtration through 0.45-,um cellulose ni-
trate filters, and the supernatant containing the
soluble tryptic peptides was lyophilized. The pep-
tides were dissolved in 0.2 to 0.4 ml of buffer A (31),
and the sample was clarified by centrifugation. A
yield of 60 to 70% was obtained from the dry slab gel

through this stage of the procedure. The sample was
applied to a jacketed column (1 by 23 cm) of Chromo
Bead type P resin (Technicon), and the column was
eluted with an exponential pyridine-acetic acid gra-
dient with increasing pH. The fractions of 3.33 ml
were collected at 50°C at a flow rate of 20 ml/h. The
fractions were taken to dryness at 100°C, dissolved
in 0.5 ml of 0.01 N HCl, and then mixed with 5 ml of
Triton X-100 containing counting fluid (29). Gener-
ally an 80 to 90% yield of radioactivity was recovered
from the column.

Two-dimensional gels. Two-dimensional PAGE
was carried out as described by O'Farrell (22). The
first-dimension isoelectric focusing was performed
in 2.5-mm cylindrical diameter gels. The second
dimension was performed on an 11.25%, 1.5-mm-
thick polyacrylamide slab gel by the Laemmli sys-
tem (14).

RESULTS

Purification of precursor and mature viral
proteins. The glycoprotein precursor Pr2a+b
was purified from infected cells pulse-labeled
with [14C]tyrosine for 20 min. A cytoplasmic
extract was prepared, and immune precipita-
tion with antiserum to disrupted virus was
used to isolate virus-specific precursors. The
immune precipitate was fractionated by elec-
trophoresis on a preparative 8% polyacrylamide
slab gel (Fig. 1). The anti-RLV serum precipi-
tates viral structural proteins and their poly-
protein precursors (1, la). It also precipitates
several proteins present in uninfected cells
identified in Fig. 1 as hl, h2, and h3 (la). Anti-
bodies to these proteins can be removed from
the anti-RLV serum by prior treatment with
excess uninfected cell proteins (la). Normal
serum precipitates 1/20 to 1/1o the amount of
radioactive protein from such a pulse-labeled
extract. A few of the radioactive bands seen in
normal serum precipitates comigrated with
viral precursors, but their amounts were 1/20 to
'ho that observed in anti-RLV immune precipi-
tates.

Viral glycoprotein gp69/71 was obtained from
purified virus preparations labeled for 48 h with
[3H]tyrosine. The viral proteins were fraction-
ated by preparative electrophoresis in 11.25%
polyacrylamide slab gels (Fig. 2). The gp69/71
fraction and the Pr2a +b fraction were found to
be greater than 95% pure as determined by
reanalysis on an SDS gel.

Viral proteins P15(E) and pl2(E) were puri-
fied by a two-step procedure, the first step being
guanidine hydrochloride-agarose column chro-
matography. In such a procedure, pl5(E) and
pl2(E) elute in the void volume of the column
eluate. The void-volume peak was dialyzed
against 0.05 M NH4HCO and freeze-dried. The
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FIG. 1. Preparative SDS-PAGE of the immune precipitated intracellular glycoprotein precursors. Virus-
infected JLS-V16 cells were pulse-labeled for 20 min with 3.0 mCi of['4C]tyrosine in 5 ml ofHanks balanced
salt solution. The cytoplasmic extract was precipitated with antiserum to disrupted RLV. The immune
precipitate was isolated and fractionated on an 8% preparative polyacrylamide slab gel containing three wells.
The immune precipitate from one roller bottle was distributed among the three sample wells after boiling in
electrophoresis sample buffer. The protein bands labeled hl, h2, and h3 are normal cellular proteins (la).

material was dissolved in 1% SDS and 1% mer-

captoethanol and then fractionated by electro-
phoresis in 11.25% polyacrylamide slab gels.
Proteins p15(E) and p12(E) were the only low-
molecular-weight components of the guanidine
hydrochloride void-volume fraction, although
small quantities of unidentifiable high-molecu-
lar-weight proteins were also present. This
procedure enabled us to effectively separate
p12(E) from p12. The latter quantitatively
elutes between p15 and plO on the guanidine
hydrochloride-agarose column. Our studies in-
dicated that p12(E) purified in this way was
free of the phosphorylated p12 protein as deter-
mined by 32p labeling (see Fig. 13 and 14).
When virus was applied directly to SDS-poly-
acrylamide gels, the "p12" region of the gel did
contain p12(E), but not phosphorylated p12 (not
shown). Trace amounts of the p12 phosphopro-
tein, seen as two bands, migrated slightly
slower than p15(E). It is not known where in
the gel fractions the remainder of the p12 phos-
phoprotein migrated. Thus, phosphoprotein p12
is apparently not solubilized by boiling virus in
1% SDS and 1% 2-mercaptoethanol.

It should be mentioned that p15(E) purified
by SDS-PAGE only (as in Fig. 2) was as pure as

that purified by the above two-step procedure,
as determined by tryptic mapping experiments.
Presence of gp69/71 and p15(E) peptide se-

quences in Pr2a +b. We have previously shown
that Pr2a+b and gp69/71 contain many tryptic
peptides that comigrate on ion-exchange col-
umns (21). However, the elution profiles of each
tryptic digest were complex. To simplify the
complexity of the tryptic digests and the subse-
quent comparisons ofthe peptide sequences, we

chose to label proteins with radioactive tyro-
sine. Figure 3 shows ion-exchange profiles in
which [14C]tyrosine-labeled Pr2a+b tryptic pep-
tides were mixed with tryptic peptides of
[3H]tyrosine-labeled gp69/71. The results (Fig.
3) clearly showed that Pr2a +b shares many
tyrosine-containing tryptic peptides with gp69/
71. Figure 3 also shows that there are at least
two additional tyrosine-containing tryptic pep-
tides in Pr2a+b that are not found in gp69/71
(see arrows in Fig. 3). An analysis of a

['4C]tyrosine-labeled p15(E) tryptic digest
mixed with a [3H]tyrosine-labeled Pr2a+b di-

;
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FIG. 2. Preparative SDS-PAGE of mature viral proteins. Virus was grown in JLS-V5 cells in the presence
of18 mCi of[3H]tyrosine for 48 h. Virus was purified by isopycnic gradient centrifugation, and viral proteins
were separated on an 11.25% preparative polyacrylamide slab gel. The labeled virus was distributed among
the three sample wells after boiling in electrophoresis sample buffer.
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FIG. 3. Ion-exchange chromatography of tryptic
digests of tyrosine-labeled Pr2a +b and gp69171. The
arrows show the two additional tyrosine-containing
tryptic peptides in Pr2a+b that are not found in
gp69171.

gest (Fig. 4) clearly showed that these two addi-
tional tryptic peptide fractions are derived from
p15(E). We conclude from these results that
p15(E) and gp69/71 are cleavage products of
Pr2a +b.
We have previously reported that gp69/71 is

deficient in methionine relative to the env pre-
cursor Pr2a +b (21). Further studies have clari-
fied this. The results show that Pr2a+b con-
tains an acidic methionine-containing tryptic
peptide fraction characteristic of gp69/71 (data
not shown) and a neutral methionine-tryptic
peptide fraction characteristic of p15(E) and

H--.5-tfyrosine lobe/ed Pr 2a+b
?4C --tyrosine labeled pl5E
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FIG. 4. Ion-exchange chromatography of tryptic
digests of tyrosine-labeled Pr2a+b and pl5(E). The
p15(E) used in this experiment was purified from
virus by SDS-PAGE as described in the legend to
Fig. 2.

pl2(E) (la, 21). We note, however, that gp69/71
did contain small amounts of the methionine-
tryptic peptide fraction that is characteristic of
p15(E). Also, the labeling of gp69/71 with me-
thionine does vary from experiment to experi-
ment. In addition, preparations of anti-gp69/71
also vary in their ability to recognize p15(E).
Some anti-gp69/71 sera, supplied by the Virus
Cancer Program, do not recognize pl5(E) (21),
whereas others do precipitate small amounts of
pl5(E) (R. B. Naso, unpublished data). We con-
clude from these studies that gp69/71 does con-
tain methionine, but that pl5(E) [or pl2(E)]
sequences are still associated with gp69/71 in

J. VIROL.
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small but variable amounts.
It was also determined that glucosamine-la-

beled tryptic peptides ofgp69/71 eluted from the
Chromo Bead cation-exchange column before
fraction 30, the majority of the radioactivity
eluting in the flow-through material (data not
shown). Thus, none ofthe glucosamine-contain-
ing tryptic peptides contributed to any similari-
ties between Pr2a+b and gp69/71. This is also
important to consider since pl5(E) is not la-
beled with either glucosamine or fucose.
The order of the proteins in Pr2a +b was ex-

amined by labeling cells in the presence and
absence of pactamycin, a drug that selectively
inhibits the initiation of translation at 5 x 10-7
M, but not elongation (5, 28, 30). By incubating
cells with radioactive amino acids in the pres-
ence of 5 x 10-7 M pactamycin, one preferen-
tially labels the C-terminal ends of nascent
polypeptide chains. Thus, it is possible to deter-
mine whether pl5(E) is N or C terminal in
Pr2a+b. Figure 5 shows that pactamycin treat-
ment for 30 to 60 s before and during the pulse-
labeling reduced gp69/71 formation in the
chase, whereas p15(E) labeling was increased
relative to that in the absence of drug (Fig. 5E
to G). The drug also inhibited protein synthesis
about 50%, which was compensated for in the
gel analyses by applying equal amounts of ra-
dioactivity in the pulse (17,000 cpm) and chase
(10,000 cpm).

Pulse-labeling experiments showed that pac-
tamycin treatment significantly affected the
pattern of synthesis of precursor proteins (Fig.
5B to D), as indicated by the increase in Pr3
relative to Pr4 and Prla +b relative to Pr3 and
Pr4. Since Pr3 (-80,000 daltons) and Pr4
(==65,000 daltons) have been shown to share
tryptic peptide sequences and antigenic deter-
minants with all of the gag proteins (1) and
that gag and pol antigenic determinants and
p30 tryptic peptides are present in Prla+b
(=200,000 daltons) (la, 12), these results could
be interpreted as follows: (i) that the additional
peptide sequences in Pr3 are C terminal to
those of Pr4 and (ii) that Pr3 is N terminal to
pol in Prla+b. However, no firm conclusions
can be drawn from these results since pacta-
mycin may have some effect on the processing
of precursors during short pulse-labeling ex-
periments.
The results of another pulse-chase experi-

ment performed in the presence and absence of
pactamycin are shown in Fig. 6. The results
were quantitated by preparing densitometer
tracings of the autoradiographs. The results
clearly showed that pl5(E) is increased relative
to gp69/71 in the presence of pactamycin com-
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_p15E

- - '.p15

FIG. 5. Synthesis ofRLV proteins in the presence
of pactamycin. Virus-infected JLS-V16- cells in 2-
ounce (ca. 60 ml) glass bottles were pulse-labeled
with 200 ,Ci of "4C-amino acid hydrolysate in 4 ml of
Hanks balanced salts for 15 min at 37°C. Pactamy-
cin, when present, was added at 30 or 60 s prior to
the label at a concentration of 5 x 10-7 M. Chases
were for 3 h in 8 ml ofcomplete growth medium. (A)
Marker virus; (B) 15-min pulse; (C) 15-min pulse
with 30-s preincubation with pactamycin; (D) 15-min
pulse with 60-s preincubation with pactamycin; (E)
15-min pulse followed by 3-h chase; (F) 30-s preincu-
bation with pactamycin followed by a 15-min pulse
and a 3-h chase; (G) 60-s preincubation with pacta-
mycin followed by a 15-min pulse and a 3-h chase.
Cytoplasmic extracts were prepared, and immuno-
precipitation was performed with anti-RLV serum.
The immune precipitates were analyzed by SDS-
PAGE on a 6 to 12% gradient slab gel. The dried slab
gel was exposed to preflashed X-ray film (DuPont
Cronex 2DC). Equal amounts of radioactivity as im-
mune precipitates were applied to each sample well:
(B, C, and D) about 20,000 cpm; (E, F, and G) about
10,000 cpm.

pared with that obtained in the absence of pac-
tamycin. The ratio of pl5(E) to gp69/71 was 0.39
in the control and 0.76 in the presence of pacta-
mycin.

Relationship of p15(E) and p12(E). As dis-
cussed above, p15(E) and pl2(E) are both pres-
ent in the void volume of the guanidine hydro-
chloride-agarose column. Previous studies have
shown that they share a methionine-containing
tryptic peptide fraction that is also present in
Pr2a+b (la, 21). To examine further the rela-
tionship between pl5(E) and p12(E), the pro-
teins were labeled with arginine and lysine,
and their tryptic digest chromatograms were
compared (Fig. 7). The results indicate that
pl5(E) and pl2(E) share many tryptic peptides.
pl5(E) is slightly more complex than p12(E)
and contains at least two additional tryptic pep-
tides (Fig. 7, fractions =105 and =125). These
observations are consistent with the derivation
of pl2(E) from pl5(E) by proteolytic cleavage.
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dalton polyprotein precursor to thegag proteins
(26). We examined the possibility that there
may be, in fact, two proteins with the molecu-
lar weight of p12. We have found this to be the
case and have identified them as p12 and
p12(E). The first indication that this was the
case came from studies with antisera raised
against the guanidine hydrochloride-purified
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FIG. 6. Densitometer tracings of autoradiographs
of viral proteins isolated from cells treated with and
without pactamcyin. Virus-infected JLS-V16 cells
were pulse-labeled for 15 min with a 14C-amino acid
protein hydrolysate (0.5 mCi) in 5 ml ofHanks bal-
anced salt solution. In (B) the cells were preincu-
bated for 30 s in 5 x 10-7 M pactamycin prior to
pulsing with 14C-labeled amino acids in the same

concentration of pactamycin. In (A) the pulse was

done in the absence ofpactamycin. Both pulses were
then chased fori h in complete growth medium in the

absence of pactamycin. Cytoplasmic extracts were

prepared, and immune precipitation was performed
with anti-RLV serum. The immune precipitates were

fractionated on a 6 to 12% gradient polyacrylamide
gel slab. The dried gel was processed by fluorogra-
phy, and the appropriate X-ray film strips were ana-

lyzed at 590 nm on a spectrophotometer equipped
with a gel scanner.

This conclusion is supported by pulse-chase
studies of virus-infected cells. A protein that
comigrates with virion pl5(E) is present in rela-
tively large amounts in pulse-labeled cells com-
pared with intracellular p12(E). The relative
amounts of pl2(E) increase during chases at the
apparent expense of p15(E) (21; Fig. 8 of refer-
ence 11). Furthermore, pl2(E) is found in larger
amounts than pl5(E) in virions released from
infected JLS-V16 or JLS-V5 cells.

p12(E), a protein distinct from phosphopro-
tein p12. Some confusion arose when we re-
ported that a protein in the p12 region of SDS
gels shared peptide sequences with the glyco-
protein precursor Pr2a+b (la). The confusion
was amplified when Aaronson and colleagues
reported that the p12 protein eluting from the
guanidine hydrochloride-agarose column be-
tween p15 and plO was present in a 65,000-

Fraction Number

FIG. 7. Ion-exchange chromatography of tryptic
digests of arginine- and lysine-labeled pl5(E) and
p12(E).
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FIG. 8. Ion-exchange chromatography of tryptic
digests of methionine-labeled pl2 and p12(E). Both
p12 (A) and p12(E) (B) were isolated by guanidine
hydrochloride-agarose column chromatography.
They were further purified by SDS-PAGE and auto-
radiographed, and the bands were cut out and
minced into small pieces. The proteins were extracted
in 0.1% SDS in 0.05 M NH4HCO3 (pH 8.5) at 370C
for 18 to 22 h. The proteins were then precipitated,
oxidized, and treated with trypsin by the procedure of
Vogt et al. (31). The samples were then applied to a
Chromo Bead P ion-exchange column (1 by 23 cm) as

described in the text. The proteins were labeled with
[35S]methionine.
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p12 protein (termed pl2), kindly supplied by C.
J. Scherr of the National Cancer Institute.
Such antisera precipitated gag precursors Pr3
(80,000 daltons) and Pr4 (z=65,000 daltons), but
not the glycoprotein precursor Pr2a +b
(z-90,000 daltons). This sharply contrasted with
our tryptic mapping data (la), which clearly
showed that a p12 protein [pl2(E)], isolated by
SDS-PAGE, shared a methionine-containing
tryptic peptide fraction with Pr2a +b, but which
was not present in gag precursors Pr3 and
Pr4. As indicated above, the gag p12 or phos-
phoprotein p12 of RLV is not solubilized by
denaturation in SDS-PAGE sample buffer at
100°C. The net result is that p12 does not comi-
grate with pl2(E) unless it is first isolated on a

guanidine column (see Fig. 13 and 14).
We then set out to compare the p12 proteins

that are easily separated by guanidine hydro-
chloride-agarose column chromatography. We
first established by radiolabeling experiments
that p12 and pl2(E) contained methionine. The
two "pl2" preparations, each labeled with me-

thionine, were purified as follows. [35S]methio-
nine-labeled virus was denatured in 8 M guani-
dine at 100°C for 5 min and applied to a guani-
dine hydrochloride-agarose column (9).
The profile was similar to that shown in the
experiment described in the legend to Fig. 12A
(solid line). The void-volume reaction and the
p12 peak were pooled separately, dialyzed ex-

tensively versus 0.05 M NH4HCO3, and lyophi-
lized. The residue was denatured in SDS-PAGE
sample buffer, and the samples were fraction-
ated on 11.25% polyacrylamide gels. The void-
volume fraction contained p15(E) and p12(E)
(neither one being phosphorylated; see Fig. 14).
The p12 region of the column contained a phos-
phoprotein (see Fig. 13). The methionine-con-
taining tryptic peptides of these two proteins
were compared (Fig. 8). The results showed
that p12 contained only an acidic methionine-
containing tryptic peptide fraction that eluted
in the ion-exchange flow-through eluate (Fig.
8A), whereas p12(E) contained a more neutral
methionine-containing tryptic peptide (Fig.
8B). Variable amounts of acidic flow-through
material were present in pl2(E). An analysis of
the total amino acid-labeled tryptic maps of the
two p12 preparations showed vast differences.
The p12 eluting between p15 and plO from the
guanidine hydrochloride-agarose column (see
Fig. 12A, dashed line) contained mostly acidic
tryptic peptides that eluted in the flow-through
fraction, and one basic tryptic peptide fraction
was detected (Fig. 9). This basic peptide was

also present in the gag precursor Pr4 (Fig. 9).
Peptide maps of pl2(E) (Fig. 7) and p12 (Fig. 9)
showed large differences, indicating that the

300'
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FIG. 9. Ion-exchange chromatography of tryptic
digests of amino acid-labeled p12 and Pr4. The pro-
teins were labeled with a mixture of amino acids
supplemented with arginine and lysine, purified,
and digested with trypsin as described in the text.

two proteins are vastly different in chemical
structure. We have previously shown, (1) that
p12 shares tryptic peptides with gag precursors
Pr3 through Pr5 (z80,000 to 55,000 daltons).
Thus, the two pl2 proteins have different pep-
tide sequences, and they originate from differ-
ent precursors, one [pl2(E)] from the env
precursor and the other (pl2) from the gag
precursor.

Analysis of viral proteins by two-dimen-
sional gel electrophoresis. In an effort to better
separate e t two p12 proteins, we fractionated
the viral proteins by the two-dimensional gel
procedure of O'Farrell (22). This procedure con-
sists of electrophoresis through an isoelectric
focusing medium in the first dimension fol-
lowed by SDS-PAGE in the second dimension.
The results yielded a number of interesting
findings. Surprisingly, p30 exhibited a large
amount of charge heterogeneity, much more so
than p15, p12, and plO. Fourteen to fifteen
spots, ranging from pH 6 to pH 7+, were ob-
served in the p30 molecular weight range (Fig.
10). Similar charge heterogeneity has been
observed with VP-1 protein of simian virus
40 (23). The structural protein VP-1 satellite
bands were in part attributed to in vivo altera-
tions (23). The p15(E) region had about four
species, three of which have the same molecu-
lar size. p15 had one major species migrating in
the pH 7 region; plO had one species in the
pH 7+ region. The p12 region contained one
major species at pH 7, a few minor ones be-
tween pH 6.5 and 7, and a faint p12 species
detectable in the pH 5 region. This latter minor
species was found to be phosphoprotein p12,
whereas those at about pH 7 were attributable
to p12(E). This was determined by analyzing
the guanidine hydrochloride column void-vol-
ume fraction [containing p15(E) and p12(E)]
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FIG. 10. Two-dimensional electrophoresis of RLV labeled with '4C-amino acids, supplemented with
[14C]arginine and [14C]lysine. The procedure is described in the text and is the method of O'Farrell (22). The
mixture of ampholines used was 4 parts of the pH 5 to 7 and 1 part ofpH 3 to 10, yielding a pH range from
slightly below pH 5 to greater than pH 7. The origin is at the right of the figure.

and the p12 fraction (Fig. 11A and B). It is clear
that the p12 protein species migrating on the
guanidine column between p15 and plO mi-
grates in two-dimensional gels in the p12 re-
gion, with an isoelectric point of pH 5 (Fig.
liB), and that the p12 protein [p12(E)] remain-
ing in the void volume of the guanidine column
had an isoelectric point above pH 7 (Fig. 11A).
Figure 11A shows some material from the void
volume in p15(E) and p12(E) molecular weight
range that remained at the origin of the first-
dimension isoelectric focusing gel. This was not
the case when intact virus was analyzed di-
rectly (Fig. 10). Thus, the void-volume aggre-
gate apparently was not entirely solubilized
during the first-dimension analysis. These re-
sults indicate that p12 is an acidic protein,
whereas p12(E) is more neutral.
Phosphoprotein p12 and non-phosphoryl-

ated p12(E). Since murine type C p12 proteins
have been reported to be phosphorylated (24),
we examined the possibility that p12 is phos-
phorylated, as is suggested by its low isoelectric

point. In these studies we took advantage ofthe
fact that RLV p12 contains methionine,
whereas p15 and plO are methionine-free (Fig.
12A). Virus was separately labeled with a
[3H]arginine-lysine mixture and with
[35S]methionine. Appropriate amounts of each
purified virus preparation were mixed to-
gether, denatured, and analyzed by chromatog-
raphy on a 6 M guanidine hydrochloride-aga-
rose column (Fig. 12A). The results clearly
showed that p15 and plO lacked methionine,
whereas p12 contained methionine. The pres-
ence ofmethionine in p12 and its absence in p15
and plO allowed us to determine whether p12 is
phosphorylated. In this experiment RLV was
labeled separately with [3H]methionine and
[32P]PO4 and then mixed together in suitable
proportions. The virus preparation was treated
differently than usual prior to chromatography
on the guanidine column. In this case virus was
incubated for 2 h in 0.5% Triton X-100 contain-
ing 25 ,ug of pancreatic RNase per ml. This
procedure hydrolyzes the 32P-labeled viral
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RNA, but also results in some proteolysis (not
dependent upon the presence of RNase) since
virion Pr4 (the gag precursor of -65,000 dal-
tons) is specifically destroyed by this treatment
(11). Analysis of the RNase-treated preparation
by guanidine hydrochloride-agarose column
chromatography gave the profile shown in Fig.
12B. 32p radioactivity was present in the void-
volume fraction and in the p12 region (the lat-
ter as two peaks) as well as in the low-molecu-
lar-weight fraction (less than 10,000). Since p15
and plO do not contain methionine and p12
does, [3H]methionine and 32p peaks in the p12
region must be p12 proteins. The smaller peak
may result from proteolysis of the higher-mo-

lecular-weight gag precursor protein Pr4. We
note that p30 appears intact and lacks 32p radio-
activity, as do p15 and plO.

Fractions from the void-volume peak and the
major p12 peak were pooled, respectively, and
analyzed on 11.25% SDS-polyacrylamide gels
(Fig. 13 and 14). The results showed that the
major p12 peak eluting from the guanidine col-
umn in fractions 96 to 101 was homogeneous
and contained radioactive phosphorous (Fig.
13). p15(E) and p12(E) from the void-volume
fraction of the column were resolved by SDS-
PAGE, and neither contained radioactive phos-
phorous (Fig. 14). The minor p12 peak from
fractions 102 to 108 of the guanidine hydrochlo-

's m.
5E

* c 2E

L] ;2

6.5 7 7+
pH

FIG. 11. Two-dimensional electrophoresis of the guanidine hydrochloride-agarose column chromatogra-
phy-purified void and p12 regions. The virus was labeled with 14C-amino acids supplemented with
[14C]arginine and ['4C]lysine. (A) is the void fraction, and (B) is the p12 region that elites between p15 and
plO. The column fractions were dialyzed against 0.05 M NH4HCO3 (pH 8.5) and lyophilized. The two-
dimensional procedure is described in the text and is the method ofO'Farrell (22). The origin is at the right of
the figure.
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FIG. 12. Guanidine hydrochioride-agarose col-
umn chromatography of labeled virus. In (A) one
virus preparation was labeled with f3H]arginine and
[3H]lysine and the other was labeled with
[35S]methionine, and the two were mixed in appro-
priate amounts. In (B) one virus preparation was
labeled with [3H]methionine and the other was la-
beled with [32P]P04, and the two were mixed in ap-
propriate amounts. The latter preparation was pre-
treated prior to chromatography with 0.5% Triton X-
100 and pancreatic RNase, as stated in the text.
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FIG. 13. SDS-polyacrylamide gel of p12 region
from a guanidine hydrochloride-agarose column.
p12, labeled with [3H]methionine and [32P]PO4 and
isolated from the guanidine hydrochloride-agarose
column above, was electrophoresed on an 11.25%
SDS-polyacrylamide slab. After slicing into 1-mm
cross-section strips, each gel slice was treated with 5
ml ofNCS-based counting fluid (20) and analyzed.

ride column (Fig. 12B) migrated on SDS gels
slightly faster than did the major p12 peak and
also contained 32p radioactivity (not shown).
These data indicate that p12 is phosphorylated,
confirming earlier work of others (24), and that
p15(E) and p12(E) are not phosphorylated.

DISCUSSION
The results presented in this paper provide

strong evidence that RLV glycoprotein gp69/71
and a non-glycosylated viral protein termed
pl5(E) are formed by synthesis and cleavage of
a 90,000-molecular-weight glycosylated precur-
sor that we have identified as Pr2a+b. Similar
results by others (7, 25) have confirmed our
initial findings (la, 21).
SDS-PAGE patterns of viral proteins labeled

with radioactive glucosamine and fucose
showed that gp69/71 is readily labeled, but no
evidence was found for the incorporation of la-
bel into proteins migrating in the pl5(E) or
pl2(E) region of the gel (10, 21). Thus, pl5(E)
and pl2(E) appear to have little or no carbohy-
drate.
The data presented in this paper and in our

earlier reports (la, 21) have made it possible for
us to propose a model (Fig. 15). In this model
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FIG. 14. SDS-polyacrylamide gel of void region
isolated from a guanidine hydrochloride-agarose col-
umn. The void region, labeled with [3H]methionine
and [32P]P04 and isolated from the guanidine hydro-
chloride-agarose column above, was electrophoresed
on an 11.25% SDS-polyacrylamide slab gel. After
slicing into 1-mm cross-section strips, each gel slice
was treated with 5 ml of NCS-based counting fluid
(20) and analyzed.

Virus-specific mRNA
ITranslation and glycosylation

gp69/71 pl5E
Pr2ao- b 2HN COOH

| Cleavage and glycosylotion

gp69/71 + pl5E
I Cleavage

p12 E
FIG. 15. Model showing the order of the env pro-

teins within the precursor Pr2a+b and the subse-
quent cleavage pattern from this precursor to com-
plete env proteins.
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gp69/71 and p15(E) exist in tandem in Pr2a+b.
We have tentatively ordered the two proteins
within Pr2a+b by using the drug pactamycin.
Treatment of cells with 5 x 10-7 M pactamycin
allows preferential labeling of the C-terminal
ends of growing nascent polypeptide chains (5,
28, 30) by inhibiting the initiation of new poly-
peptide chains while allowing elongation to
proceed. The results (Fig. 5 and 6) indicate that
p15(E) is C terminal to gp69/71.

Viral protein p15(E) has been reported to be
present on the virion surface (8). Thus, the
antigenic sites of p15(E) exposed on the virion
envelope are sufficient to mediate immunopre-
cipitation of intact virus (7, 8). High-titer anti-
serum against this protein, however, does not
strongly neutralize virus (8). p15(E) has simi-
larities to a protein termed HA2 associated with
the envelope of influenza virus (16). HA2 is a
subunit of influenza virus hemagglutinin and is
poorly glycosylated in comparison to the second
subunit HA1 (16). Furthermore, HA2, like
p15(E) and p12(E), aggregates in guanidine hy-
drochloride (16), and both HA1 and HA2 are
derived from a common precursor (13, 17).

It is not at all clear why there are two poly-
peptides in the precursor fraction Pr2a+b as
well as in the mature viral glycoprotein. Our
initial tryptic mapping studies indicate that
Pr2a is very similar to Pr2b. The same can be
said for gp69 and gp7l (L. J. Arcement, unpub-
lished data). The observed minor differences in
the tryptic digest ion-exchange profiles of Pr2a
and Pr2b may not be attributable solely to gly-
cosylation differences because the glucosamine-
labeled tryptic peptides of these glycoproteins
elute in the void volume of the cation-exchange
column under the conditions employed (Arce-
ment, unpublished data).
Strand and August (27) originally isolated

and purified the RLV glycoprotein gp69/71.
This material is treated by them as a single
protein. Our results suggest that only the gp7l
is labeled with fucose (21; Naso, unpublished
data), suggesting that the only difference be-
tween gp69 and gp7l is the degree and amount
of glycosylation. Our tryptic peptide mapping
results are also consistent with this interpreta-
tion. Our peptide mapping results also show
that relatively small but significant amounts of
p15(E) can be present in the gp69/71 region of a
polyacrylamide gel. We have also observed that
the intensity ofthe gp69/71 region in an autora-
diogram varies from experiment to experiment
(21) when labeling infected cells with radioac-
tive methionine. These data together with the
fact that different preparations of anti-gp69/71
serum vary in their ability to recognize p15(E)
suggest that p15(E) can become variably associ-

ated with gp69/71 during isolation of proteins.
Viral glycoprotein gp45 (6, 19) was not stud-

ied in this report. In our hands this glycopro-
tein is present in small but variable amounts in
virions, and it is labeled to a minor extent with
radioactive glucosamine (10, 20, 21). Long-la-
beled virus (16 h with ['4C]glucosamine) had a
significant peak of gp45 (10), whereas 5- to 6-h
glucosamine-labeled virus contained little or no
gp45 (21). McLellan and August (18) could not
convincingly detect gp45 on the virus envelope,
whereas gp69/71 was readily observed. Mole-
cules of 45,000 molecular weight were observed,
but they appear to be minor components and
were precipitated by anti-gp69/71 serum (18).
Other studies have indicated that gp45 may be
a subglycosylated form of gp69/71 (H. Mar-
quardt and S. Oroszlan, Fed. Proc. 35:1610,
1976).
Another interesting finding in these studies

is the existence of two viral p12 proteins. One
viral protein (pl2) is acidic, having an isoelec-
tric point of about pH 5, and it is phosphoryl-
ated; the other [pl2(E)] has a more neutral
isoelectric point and is not phosphorylated. We
have termed the acidic phosphoprotein p12 and
the neutral protein pl2(E) because of its rela-
tionship to p15(E). We have been able to sepa-
rate the two p12 proteins by chromatography on
6 M guanidine hydrochloride-agarose columns.
p12 elutes between p15 and plO, whereas pl2(E)
elutes in the void volume of the column as an
aggregate. However, p12 is not readily ob-
served in the SDS-PAGE system, except for
minor amounts in the 17,000-molecular-weight
region. This minor component can readily be
observed with 32P-labeled virus. If virus is
treated with NP-40 and RNase prior to SDS-
PAGE, minor amounts of this phosphoprotein
migrate in the pl2(E) region of the gel (W. L.
Karshin, unpublished data). Also, p12 isolated
by chromatography on guanidine hydrochlo-
ride-agarose columns migrates in the same re-
gion as pl2(E) on SDS gels (Fig. 13 and 14). The
question remains as to why large amounts of
p12 are obtained by guanidine hydrochloride-
agarose column chromatography, whereas di-
rect SDS-PAGE of virions yields little p12. Pos-
sibly p12 is incompletely solubilized or dena-
tured by treatment with SDS-mercaptoethanol
at 100°C, whereas the conditions of the guani-
dine hydrochloride column are capable of de-
naturing p12.

Viral protein p12 is present in the gag pre-
cursor polyproteins Pr3, Pr4, and Pr5 (1),
whereas pl2(E) shares tryptic peptide se-
quences with pl5(E) and env precursor Pr2a+b
(la, 2, 21). Our results (Fig. 7 and reference 11)
indicate that pl2(E) is a cleavage product of
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p15(E). The importance of this cleavage in
virus structure or function is not known.
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