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Radiolabeled tryptic peptides of the gag and pol gene products of avian
oncoviruses were examined. This analysis included Rous-associated virus 2 struc-
tural proteins and the Pr769'9 and P180gag-pol proteins in Rous-associated virus 2-
infected chicken embryo cells. The methionine- and cysteine-containing tryptic
peptides of virion internal structural proteins were present in both Pr76saI and
P180gag-P°I, suggesting that there was no loss ofgag gene-coding sequences during
the generation of P180gag-°1". No overlap ofgag andpol gene structural information
was detected. Analysis ofintermediates in the processing of Pr76Fas and translation
inhibition mapping with pactamycin yielded the following order of structural
proteins within the Rous-associated virus 2 Pr76Iag precursor: NH2-p19-p12-p27-
p15-COOH. The gag and pol sequences missing in the endogenous gs+ P120
protein of uninfected gs+ chicken cells were identified by comparison with those
of Rous-associated virus 2 P180gag-P°l.

The internal structural proteins of avian leu-
kosis-sarcoma viruses (ALSV) are cleaved from
a 76,000-dalton polypeptide (Pr76sa9) (25) en-
coded by the gag gene (2) near the 5' end of the
genome. Attempts to determine the order of
individual gag proteins in the Pr76Iag precursor
have yielded the following result: NH2-p19-
(p12,p27)-p15-COOH, in which the relative or-
der of p12 and p27 has not been firmly estab-
lished (24, 25). Viral RNA-dependent DNA po-
lymerase, the product of the pol gene (2), is
apparently derived from a 180,000-dalton poly-
protein (P180gag9P°)) containing the polymerase
subunit (molecular weight 92,000) and most or

all of the gag proteins (9, 17). The a subunit of
the polymerase is formed by proteolytic cleavage
of the ,B subunit (5). Several lines of evidence
indicate that Pr76sas and P180gag-P°I are synthe-
sized from an mRNA(s) similar or identical to
the 35-39S genomic RNA of the virus (10, 15,
18, 20, 26, 28, 29). It has been hypothesized that
P180gag-j°l is produced either by suppression of
the normal gag gene terminators at some low
frequency during translation of Pr76sa` (19) or as
the result of "splicing" out those terminators to
generate a second mRNA encoding P180gag-P°'
(28).
Certain replication-defective ALSV also pro-

duce polypeptides containing at least some gag
gene-related information. The endogenous
ALSV gs antigen found in uninfected gs+ chicken
embryo cells is a 120,000-dalton polyprotein, des-
ignated gs+ P120, with partial sequences of both

gag and pol gene products (3). In the present
study we have examined the polypeptides spec-
ified by the nondefective ALSV gag and pol
genes. Tryptic peptide mapping was used to
study the individual virion proteins and their
precursors. Analysis of intermediates in the
processing of Pr76sas and translation inhibition
mapping with pactamycin support the following
order of structural proteins in Pr769'9: NH2-p19-
pl2-p27-p15-COOH. Comparison of the tryptic
peptides in the exogenous viral P180gag,9-1 and
the endogenous gs+ P120 revealed that p15 and
some polymerase sequences were missing in gs'
P120.

MATERIALS AND METHODS
Cell culture and viruses. The preparation and

maintenance of chicken embryo cell cultures were as
previously described (7). C/E embryos used for the
growth of virus were of the gs-h- phenotype (negative
for both ALSV gs antigen and endogenous subgroup
E chicken helper factor) (8). Subgroup B Rous-asso-
ciated virus 2 (RAV-2) was used in all experiments.
Chicken embryo cells were infected as secondary cul-
tures and transferred two or three times before isotopic
labeling. The gs+ P120 protein was immunoprecipi-
tated from SPAFAS gs+hH cells.

Isotopic labeling, virus purification, and prep-
aration of cell extracts. For the preparation of ra-
diolabeled virus, confluent cultures of RAV-2-infected
cells were incubated in Eagle minimal essential me-
dium containing Earle balanced salts and 2% bovine
serum with the following modifications for the indi-
cated isotopes. (i) A mixture of 15 uniformly "4C-la-
beled L-amino acids (New England Nuclear NEC-445:
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PEPTIDES OF ALSV gag AND pol PROTEINS 103

Ala, Arg, Asp, Glu, Gly, His, Ile, Leu, Lys, Phe, Pro,
Ser, Thr, Tyr, Val) was used at a concentration of 20
uCi/ml in medium containing only 5% the normal
quantities of unlabeled amino acids. (ii) L-t[S]methi-
onine (1,270 Ci/mmol; Amersham Corp., Arlington
Heights, Ill.) at 100 iLCi/ml in methionine-free medium
was used. (iii) L-[3S]cystine (350 Ci/mmol; New Eng-
land Nuclear Corp., Boston, Mass.) was used at 100
juCi/ml in cystine-free medium which contained only
25% of the normal amount of methionine. Cultures
were incubated for two successive 12-h intervals in
radioactive medium, followed by a 12-h incubation in
complete medium. Virus was purified from the super-
natants at 40C as follows. Culture fluids were clarified
by centrifugation at 8,000 x g for 10 min. The super-
natant was then centrifuged through a layer of 20%
(wt/wt) sucrose in TEN buffer (10 mM Tris [pH 7.4]
-1 mM EDTA-150 mM NaCl) onto a cushion of 60%
(wt/wt) sucrose in TEN at 25,000 rpm for 2.5 h in a
Beckman SW27 rotor. The material at the interface
between the 20 and 60% sucrose was diluted threefold
in TEN and layered on top of a 10-ml, linear 50 to 15%
sucrose gradient in TEN in a Beckman SW27.1 cen-
trifuge tube. The linear gradient was centrifuged for
18 h at 25,000 rpm, and the material banding at a
density of 1.16 g/ml was diluted in TEN, centrifuged
into a pellet at 100,000 x g, and stored at -70°C before
electrophoresis.

For the preparation of cell extracts, RAV-2-infected
gs-h- cultures or uninfected gshH cells in 100-mm
tissue culture plates were incubated for 2.5 h in me-
dium containing either [3S]methionine or [3S]cys-
teine at a concentration of 400 uCi/ml. The mono-
layers were then washed twice with ice-cold TG buffer
(25 mM Tris [pH 7.4]-135 mM NaCl-5 mM KCI-0.4
mM Na2HPO4-5.5 mM glucose) and lysed in 1 nil of
modified RIPA buffer (6) (50 mM Tris [pH 7.4]-150
mM NaCl-1 mM EDTA-1% Triton X-100-1% sodium
deoxycholate-0.1% sodium dodecyl sulfate [SDS])
containing 1% Trasylol (a general protease inhibitor;
FBA Pharmaceuticals, New York, N.Y.). Lysates were
centrifuged at 100,000 x g for 20 min, and the super-
natants were stored at -70°C before immunoprecipi-
tation.

For pactamycin mapping experiments, RAV-2-in-
fected cell monolayers were incubated in medium con-
taining 5 x 10-' M pactamycin for 15 s before addition
of radioisotope. Medium containing pactamycin and
400 ltCi of [3S]methionine or [3S]cysteine per ml was
added for 15 min and then the cells were washed and
lysed in modified RIPA buffer. Pactamycin was a gift
from the Upjohn Co., Kalamazoo, Mich.

Immunoprecipitation. Monospecific rabbit anti-
sera raised against avian myeloblastosis virus (AMV)
p27 and p19 proteins were kindly provided by V. M.
Vogt. Cell extracts were incubated with a mixture of
these antisera (1:20 final dilution of each antiserum)
for 10 min at 22°C followed by 30 min at 4°C. Four
serum volumes of Staphylococcus aureus protein A-
Sepharose CL 4B (a 50% [vol/vol] slurry in modified
RIPA buffer; Sigma Chemical Co., St. Louis, Mo.) was
added and mixed for 30 min at 4°C to adsorb immune
complexes by the method of Kessler (13). After five
washes in modified RIPA buffer, the immune complex-

Sepharose pellet was suspended in 70,ul of gel sample
buffer (62.5 mM Tris [pH 6.7]-10% glycerol-3% SDS-
100 mM dithiothreitol-0.01% bromophenol blue) and
heated to 95°C for 2 min. The supematant was col-
lected, and the pellet was washed with another 70 id
of sample buffer. Supernatants were combined before
SDS-gel electrophoresis. The a and ,B subunits of viral
RNA-dependent DNA polymerase were purified by
immunoprecipitation from radiolabeled RAV-2 using
a rat anti-AMV DNA polymerase serum generously
supplied by R. C. Nowinski.

SDS-polyacrylamide slab gel electrophoresis.
Polyacrylamide slab gels (30:0.8, acrylamide:bis-acryl-
amide) containing 0.1% SDS were prepared using the
discontinuous buffer system described by Laemmli
(14). Virus pellets were dissociated in 62.5 mM Tris
(pH 6.8)-2% SDS-50 mM dithiothreitol-10% sucrose
with 0.001% bromophenol blue as tracking dye. Sam-
ples were heated to 95°C for 2 min and then loaded
into the gel slots. After electrophoresis at 12 mA, gels
were stained with 0.05% Coomassie brilliant blue in
25% 2-propanol and 7% acetic acid and destained in
10% 2-propanol and 7% acetic acid. Gels were dried
and exposed to Dupont Cronex 2DC safety film for
autoradiography.

Tryptic peptide analysis of proteins. Radiola-
beled proteins were separated by SDS-polyacrylamide
gel electrophoresis and located by autoradiography.
The appropriate gel slices were excised with a razor
blade, washed twice in 10% methanol, and lyophilized.
Performic acid (a 19:1 mixture of formic acid [88%]:
hydrogen peroxide [30%] kept at 22°C for 1 h) was
added to each gel slice for 1 h at 4°C to oxidize the
proteins. The gel slices were lyophilized twice and
then incubated for 16 h at 37°C in 0.6 ml of 50 mM
ammonium bicarbonate buffer (pH 8.0) with 30 ug of
L-(tosylamido 2-phenyl)ethyl chloromethyl ketone-
treated bovine trypsin (252 U/mg; Worthington Bio-
chemical Corp., Freehold, N.J.). Recovery of radioac-
tivity from the gel slices was about 70%. Supernatants
of the samples were removed and lyophilized twice.
The tryptic peptides were analyzed in two dimensions
on cellulose-coated, thin-layer plates (10 by 20 cm;
EM Laboratories, Elmsford, N.Y.). Electrophoresis
was done in the first dimension for about 20 min at
1,000 V in acetic acid-formic acid-water (15:5:80, pH
1.9) and was monitored using a mixture of 2% Orange
G and 1% acid fuchsin as marker dyes as previously
described (4). After the plates had dried, ascending
chromatography in the second dimension was carried
out in 1-butanol-pyridine-acetic acid-water (65:50:10:
40, vol/vol). Dried plates were exposed to Dupont
Cronex 2DC film for autoradiography. To quantitate
the amount of radioactivity in the [3S]methionine- or
[35S]cysteine-labeled spots, the corresponding areas of
the cellulose layer of the plate were scraped into
scintillation vials and radioactivity was measured us-
ing a toluene-based scintillant containing 10% NCS
tissue solubilizer (Amersham Corp.).

RESULTS
Analysis of RAV-2 internal structural

proteins. Figure 1 shows the electrophoretic
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FIG. 1. Autoradiogram showing the separation by
SDS-polyacrylamide gel electrophoresis of RAV-2
virion proteins labeled with (A) mixed '4C-amino
acids, (B) [35Slmethionine, and (C) [3S]cysteine. Ap-
proximately 50,000 cpm was loaded into each lane of
a 12% polyacrylamide slab gel, and the autoradi-
ogram was exposed for 3 days.

separation in an SDS-polyacrylamide gel of
RAV-2 virion proteins (1) labeled with the indi-
cated amino acids. Densitometry scanning ofthe
autoradiogram allows quantitation of the radio-
isotope incorporation in each protein. The
amount of radioactivity in a particular protein
was dependent on the isotope used for labeling.
For example, relative to the incorporation of
mixed 14C-amino acids or [35S]methionine, the
glycoproteins gp85 and gp35 and the nonglyco-
sylated structural proteins p19 and p12 were

more efficiently labeled with [3S]cysteine than
were proteins p27 and p15. Estimates of the
molar ratios and numbers of methionine and
cysteine residues per molecule of the individual

gag proteins were calculated from densitometry
tracings (Table 1). The results suggest that p12
contains relatively little methionine, but, like
p19, it is rich in cysteine. These findings are

consistent with previously published data on the
amino acid compositions of these proteins (11).
The molar ratios of RAV-2 gag proteins were

similar to those obtained for RAV-61 by Mosser
et al. (16), except that we found less p12 in
virions of RAV-2.

Tryptic peptide analysis of individualgag pro-
teins labeled with '4C-amino acids, [3S]methio-
nine, or [3S]cysteine was performed, and the
results are shown in Fig. 2 through 5. The 'IC-
labeled tryptic peptides that were also labeled
with [3S]methionine or [35S]cysteine are indi-
cated in panels A and D of each figure. The
methionine- and cysteine-containing peptides
have been designated in a manner similar to that
used by Vogt and co-workers (25), i.e., the num-
ber of the protein from which the peptide was

derived, followed by a letter denoting the amino
acid used for labeling (M for methionine, C for
cysteine), and then an individual number-e.g.,
27M1, 27M2, 27C1, etc. The unique identity of
the methionine- and cysteine-containing tryptic
peptides of each protein was established by ex-

periments in which the samples were mixed
before peptide analysis (data not shown). Since
there was no overlap of the sets of [3S]methio-
nine- and [35S]cysteine-labeled tryptic peptides
for any protein, there was apparently no meta-

TABLE 1. Incorporation of radioisotopes into
RAV-2 internal structural proteins during

metabolic labelinga

Molar Relativeno.of Relative no of
Protein ratio in methionine cysteine resi-

virionsb residues/mole- dues/moleculeccule'
p27 100 2.7 1.0
p19 31 2.0 3.0
p15 53 4.0 1.4
p12 21 1.0 3.0

aDetermined by integrating the area under the
peaks of individual proteins in a densitometer tracing
of the autoradiogram in Fig. 1. Similar results were
obtained by slicing and counting the gels.

b Estimated by dividing the radioactivity in '4C-
amino acids in the individual protein by its molecular
weight as determined by gel filtration in 6M guanidine
hydrochloride (1). The value for p27 is arbitrarily set
at 100.

'Estimated by dividing the radioactivity incorpo-
rated with [tS]methionine or [3S]cysteine by the
apparent molar ratio of the protein. The values for
p12 labeled with [3S]methionine and p27 labeled with
[3S]cysteine are arbitrarily set at 1.0.

J. VIROL.
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FIG. 2. Two-dimensional analysis of tryptic peptides derived from RAV-2 p27 protein labeled with (A)
mixed "4C-amino acids, (B) [35S]methionine, and (C) [3S]cysteine. Samples were spotted in the lower left
corner of each panel; the origin is marked with an "X". Electrophoresis (TLE) atpH 1.9 was done from left
to right, followed by ascending chromatography (TLC) from bottom to top. The 14C-peptides that were also
labeled with [3Slmethionine or [3S]cysteine are marked with arrows in (A). Panel D is a schematic diagram
showing all 14C-peptides (0), as well as the specific methionine- (0) and cysteine-containing ((i peptides.
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FIG. 3. Tryptic peptide analysis of the RAV-2pl9 protein. See legend to Fig. 2 for details.

bolic transfer of 3S between these amino acids
under our labeling conditions.

Tryptic digestion of radiolabeled proteins was
done under conditions of excess enzyme. Pep-
tides eluted from the gel slices were analyzed in
two dimensions by thin-layer electrophoresis
and chromatography on cellulose-coated glass

plates. We could detect no qualitative differ-
ences in the tryptic maps when enzymatic diges-
tion was continued for longer periods of time.
Virtually all of the radioactivity was separated
in the fingerprints, with little retained at the
origin or spread along the axes. In general, the
background was greater in the maps of proteins
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FIG. 4. Tryptic peptide analysis of the RA V-2p15 protein. See legend to Fig. 2 for details.
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labeled with [35S]methionine than those labeled
with "4C-amino acids or [35S]cysteine. We have
designated only those [35S]methionine-labeled
spots that were also labeled with mixed 14C-
amino acids. The additional background spots
may be partially digested intermediates of the
authentic methionine-containing tryptic pep-
tides.
We have not designated one p19 spot which

was labeled both with mixed '4C-amino acids
and [35S]methionine (Fig. 3A and B). This pep-
tide was sometimes not seen in the tryptic di-
gests of p19, and, when present, the amount of

[35S]methionine in this spot was always less than
20% of that recovered in any of the other three
p19 peptides (labeled 19M1, 19M2, and 19M3 in
Fig. 3B). Based on the amount of 35S radioactiv-
ity recovered in these spots, the additional spot
may be related to the 19M1 peptide. However,
at the present time we cannot exclude the pos-
sibility that this peptide was a unique methio-
nine-containing p19 peptide which was not effi-
ciently recovered from the gel slice.
We have designated two methionine-contain-

ing p15 spots as 15M2 peptides (Fig. 4B). We
believe that one ofthese spots was an incomplete
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digestion product of the other for the following
reasons. (i) The relative intensities of these two
spots varied from one digest to the next, but the
sum of the [3S]methionine counts recovered
from these spots in Pr769'9 was consistent with
there being one methionine between them (see
below). (ii) We have found a structural protein
marker distinguishing the p15 of RAV-7 from
that of other ALSV (21), and the only detectable
difference in the tryptic peptide maps of RAV-7
and other viruses was in the spots labeled 15M2.
On the other hand, chymotryptic digestion of
p15's yielded three methionine-containing pep-
tides of which only one differed between the
RAV-7 p15 and other viral p15's (C. W. Retten-
mier and H. Hanafusa, manuscript in prepara-
tion). Therefore, we believe that there are fea-
tures of the p15 amino acid sequence near this
methionine residue which render complete
digestion with trypsin difficult even under con-
ditions of 50- to 100-fold enzyme excess.
There were several 3S-spots retained near the

origin in the p12 cysteine maps (Fig. 5C). We
have refrained from designating these peptides
because the pattern and relative intensity of the
spots was variable in our fingerprints of p12. At
present we do not know whether these were
unique p12 peptides or incomplete digestion
products of this protein. Shaikh and co-workers
(23) observed that p12 is not easily eluted from
gel slices. These 3S-spots appeared to be related
to p12 because a similar pattern was also seen
with [3S]cysteine-labeled Pr769aC (see Fig. 7).
Studies on Pr76SaS. Vogt et al. (25) have

shown that the individual ALSV gag proteins
are generated by proteolytic cleavage of a com-
mon precursor polypeptide Pr76gU. We have
examined the RAV-2 Pr769'9 in an effort to map
the locations of the structural proteins. UAV-2-
infected chicken embryo cells were labeled with
either [3S]methionine or [3S]cysteine for 2.5 h
and lysed in buffer containing 1% Triton X-100,
1% sodium deoxycholate, and 0.1% SDS. The
gag-related polypeptides were precipitated from
the cell extract with a mixture of rabbit anti-p27
and anti-p19 sera using Sepharose-bound S. au-
reus protein A as an immunoadsorbent. The
immunoprecipitates were analyzed by SDS-gel
electrophoresis and autoradiograms of the
[3S]methionine-labeled proteins are shown in
Fig. 6. Virus-specific proteins identified in the
cell extracts are labeled in the margin of Fig. 6.
These include the polyprotein P180gag-pol, struc-
tural protein precursors Pr769ag, PI-6ga6(,Pr)ag
and Pr329ag, as well as the mature virion proteins
p27 and p19. Pulse-chase experiments (data not
shown) demonstrated that the gag precursors
were, in fact, processed into mature RAV-2
structural proteins. Like previous investigators
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FIG. 6. Electrophoretic separation in (A) 10% and
(B) 7.5% polyacrylamide gels of [35S]methionine-la-
beled, gag-related polypeptides immunoprecipitated
from RAV-2-infected cells. The migration of molecu-
lar weight standards is marked in the left margin of
each lane: rabbit myosin (200,000), Escherichia coli
,8-galactosidase (120,000), phosphorylase a (94,000),
bovine serum albumin (68,000), ovalbumin (43,000),
and chymotrypsinogen A (26,000). Virus-specific pol-
ypeptides are indicated in the right margin of each
lane. The remainder of the proteins in the autoradi-
ogram are apparently contaminating host cell pro-
teins because they are also precipitated by nonim-
mune rabbit serum (not shown).

(3, 9, 25), we found several cellular proteins
contaminating the immunoprecipitates. The
most prominent of these were two bands having
molecular weights of about 200,000 and 45,000,
which we believe were chicken myosin and actin,
respectively. These cellular proteins were also
seen in immunoprecipitates using nornal rabbit
serum and did not have tryptic peptides in com-
mon with ALSV gag proteins (data not shown).

Tryptic peptide analyses of [3S]methionine-
and [3S]cysteine-labeled Pr769'9 are shown in
Fig. 7. The peptides of individual gag proteins
were identified by experiments in which Pr769'9
peptides were mixed with tryptic peptides of the
structural proteins (data not shown) and are
marked in Fig. 7. All of the major methionine-
and cysteine-containing tryptic peptides in
Pr769`9 were identified in one of the virion struc-
tural proteins. The autoradiogram of the [3S]-
methionine-labeled tryptic map in Fig. 7A is
somewhat overexposed to show the background
radioactivity; some of the minor spots were also
seen in the maps of an individual gag protein,
especially p27 (see Fig. 2B), and their intensity
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FIG. 7. Autoradiograms of two-dimensional tryptic fingerprints of RAV-2 Pr769'0 labeled with (A)
[35S]methionine and (B) [35Slcysteine. The tryptic peptides of individual gag proteins are identified in each
panel. An arrow in (B) marks the spot that comigrates with 35SO4.

relative to the major spots was about the same
in the fingerprint of the precursor. Quantitation
of the radioactivity in the Pr769'9 tryptic pep-
tides generally reflected the intensity of the spot
in the map of the corresponding virion protein.
An exception was the 15M3 peptide which was

prominently labeled in the virion p15 fingerprint,
but in which little radioactivity was detected in
the Pr769'9 map. We do not know the reason for
this. In general, the results are consistent with
the interpretation that a single methionine was
present in each methionine-containing tryptic
peptide. Often those Pr769'9 peptides having low
recoveries of radioactivity were derived from
proteins with several background spots in their
individual maps; we therefore believe that the
background was incompletely digested material.
Based on the recovery of radioactivity in [tS]-
cysteine-labeled spots, there appeared to be one

cysteine residue in each of the tryptic peptides
labeled in Fig. 7B except for the 19C1 peptide
which apparently contained two. A group ofp12-
related S-spots was seen near the origin of the
cysteine map of Pr769'9. Some radioactivity that

comigrated with 'SO4 was detected (Fig. 7B),
suggesting that some free sulfate was released
from cysteine residues during performic acid
oxidation of the protein. However, the amount
of 3S lest as sulfate in the Pr769`9 maps did not
seem to significantly interfere with quantitation
of the spots (see Table 2).
Order of structural proteins in Pr76sas.

The antibiotic pactamycin preferentially in-
hibits the initiation of protein synthesis and can
therefore be used in pulse-labeling experiments
to map the order of peptides in a protein. At 15
s after the addition of 5 x 10-7 M pactamycin,
we labeled RAV-2-infected cells with [3S]me-
thionine or [tS]cysteine for 15 min. Pr769'9 was
immunoprecipitated from the cell extracts and
digested with trypsin, and the amount of radio-
activity recovered in the individual tryptic pep-
tides was determined (Table 2). The results with
the [3S]methionine-labeled extract indicated
that p15 is located closest to the carboxyl ter-
minus of the precursor because most of the
radioactivity was detected in the 15M peptides.
The 27M2 peptide also contained a significant

J. VIROL.
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TABLE 2. Relative recovery of radioactivity in
tryptic peptides ofRAV-2 Pr769' labeled with

[36S]methionine or [3SJcysteinea
% of control

Ratio of radio- radioactivity
Peptide spot activity re- recovered in

covered relative the pactamy-
to other spots cin-treated

sampleb
19M1 1.OC <0.5
19M2 0.8 <0.5
19M3 LOc <0.5
12M1 0.8 <0.5
27M1 0.6 <0.5
27M2 0.7 4.6
15Mi 0.7 2.7
15M2 0.8 13
15M3 0.4 18
19C1 1.7 <3
12C1 0.8 <3
12C2 0.8 18
1203 0.7 9
12C4 0.7 <3
12C otherd 2.0 5
27C1 1.0c 33
15C1 1.Oc 28
Free 'SO4 in the 0.3 <3

cysteine maps
a Recovery based on triplicate samples of spots

scraped from cellulose-coated thin-layer plates as de-
scribed in the text.

b Conditions for labeling cultures in the presence of
5 x 10-7 M pactamycin were as described in the text.
Pr76m was immunoprecipitated from the cell extracts
and isolated by SDS-polyacrylamide gel electropho-
resis. Total incorporation of radioactivity into Pr769"
was reduced in the pactamycin-treated culture by 90%
with [3S]methionine and 75% with [tS]cysteine rela-
tive to the control.

c An arbitrary value of 1.0 represents 273 ± 5 cpm
for a [3S]methionine-labeled spot and 96 ± 3 cpm for
a [3S]cysteine-labeled spot.

d Includes all three or four spots that migrate close
together near the origin in the two-dimensional pep-
tide maps.

amount of radioactivity, suggesting that p27 is
adjacent to p15. In the [ S]cysteine-labeled
sample, about 30% of the control counts was
recovered in the 27C1 and 15C1 peptides, less in
the 12C peptides, and none was detected in the
19C1 peptide. Therefore, translation inhibition
mapping with pactamycin indicates that the or-
der of structural proteins in the RAV-2 Pr765m
is NH2-p19-p12-p27-p15-COOH.
The order of structural proteins in the precur-

sor was confirmed by peptide mapping of inter-
mediates in the metabolic processing of Pr769"
(Fig. 6). The results for the [3S]methionine- and
[3S]cysteine-labeled intermediates are shown in
Fig. 8 and indicate that p15 peptides were miss-
ing in both Pr665'9 and Pr60g'g. The methionine-

and cysteine-containing p19 and p12 peptides
were present in the RAV-2 Pr32sas precursor.
These results, together with the pactamycin
mapping data, support the processing scheme
for Pr769'9 shown in Fig. 9.
Tryptic peptide analysis of P180gsg-P°I and

gs8 P120. Viral gag and pol sequences are rep-
resented in a 180,000-dalton polypeptide de-
tected in avian oncovirus-infected cells (9, 17)
and by in vitro translation of viral RNA (15, 18,
20, 28). Although a definitive precursor-product
relationship has not been demonstrated for
P1809'9-1" and the polymerase (17), to date, no
other forms of the pol gene product have been
found in infected cells. P1809"9-P°" also appears to
be similar to a protein specified by endogenous
viral information in certain chicken cells. Eisen-
man et al. (3) have shown that the gs antigen in
uninfected gs+ chicken cells is a 120,000-dalton
polyprotein, gs+ P120, which is immunoprecipi-
tated both by anti-p27 serum and anti-viral
DNA polymerase serum; this antigen is not de-
tected in gs- chicken cells.

In the present study, methionine- and cys-
teine-containing tryptic peptides of RAV-2
P180'g-P°' and gs+ P120 were compared with
those of the individual RAV-2 structural pro-
teins and polymerase subunits. The results of
this analysis are shown in Fig. 10, where polym-
erase peptides are marked with ap and the gag-
related peptides are designated by the number
of the structural protein in which they are pres-
ent. The polymerase fi subunit had two [35S]-
methionine-labeled tryptic peptides (designated
p' in Fig. 10) that were not detected in the a
subunit; the two subunits shared all cysteine-
containing tryptic peptides (data not shown).
Analysis of the RAV-2 P180gag-°l revealed that
all of the Pr769s9 and polymerase peptides re-
solved in our fingerprints were present in this
polyprotein. Three of the most prominent
[35S]methionine-labeled spots in the map of
P180gag-P°j resulted from comigration of polym-
erase tryptic peptides with the gag peptides
19M2, 19M3, and 12M1-15M1. However, none
of the gag or pol cysteine-containing peptides
were observed to migrate together in the finger-
prints.
The gs+ P120 protein contained many of the

tryptic peptides found in the RAV-2 P180gag-PJl.
However, p15-specific peptides and some polym-
erase peptides were missing in the maps of gs+
P120. A similar result has been reported by
Eisenman et al. (3). On the basis of these finger-
prints, there appears to be extensive homology
between the tryptic peptides of exogenous viral
P180gag-5'l and the gs+ P120 specified by endog-
enous viral information in chicken cells. This is
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FIG. 8. Autoradiograms of[35SJmethionine- (upperpanels) and [35S]cysteine-labeled (lowerpanels) tryptic
peptides of intermediates in the processing ofPr769'J. The individualpeptides are marked in each panel. See
the text regarding the methionine-containing spot which has not been designated in Pr329"9.

methionine- and cysteine-containing tryptic
peptides of RAV-2 gag proteins comigrate with
peptides of the corresponding proteins of endog-
enous virus RAV-0 (Rettenmier and Hanafusa,
manuscript in preparation).

DISCUSSION
In the present study we prepared tryptic pep-

tides of RAV-2 internal structural proteins with
an interest toward studying precursor polypep-
tides and polyproteins that contain gag se-
quences. The numbers of methionine- and cys-
teine-containing tryptic peptides obtained for
each protein were consistent with the amino acid
compositions of these proteins (11). Vogt et al.
(25) observed similar numbers of methionine-
containing tryptic peptides in their analysis of
AMV structural proteins. We used a slightly

different numbering system to designate our

tryptic peptides because we are not certain
which of the peptides resolved by our two-di-
mensional mapping technique correspond to
AMV peptides separated by cation-exchange
chromatography. However, the methionine- and
cysteine-containing peptides ofgag proteins are

generally conserved in the avian oncoviruses
(Rettenmier and Hanafusa, manuscript in prep-
aration). Thegag proteins ofRAV-2 are synthe-
sized as part ofa common precursor polypeptide,
but different amounts of each protein are pack-
aged into virions (Table 1). This selectivity in
the assembly process probably reflects a speci-
ficity in the role of each structural protein in the
virus particle.
We have used two approaches to establish the

order ofstructural proteins in the RAV-2 Pr76m.
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Pr76 AMV precursors (25). However, in contrast to
19 12 27 15 the AMV results, we found that the RAV-2

NH2 Pr32CH contained p12 peptides in addition to p19
sequences. Vogt et al. (25) did not identify the
[3S]methionine-labeled p12 peptide in the AMV
Pr32m. They did, however, detect an extra me-
thionine-containing tryptic peptide in this pre-

Pr66 cursor. Some evidence for this extra peptide isr__,_ also seen in Fig. 8 of the present study. The
pl9 pl2 p27 | I origin of this spot is not known because it was

not detected in the tryptic fingerprints of other
gag precursors or mature virion proteins. Com-
paring the recovery of radioactivity in the pep-
tides of Pr329'9, the extra spot may represent a
partial digestion product of the authentic 12M1

Pr6O peptide. The order of NH2-p19-p12-p27-p15-
p19 p12 p27 COOH for the RAV-2 Pr769'9 deduced from our

experiments is the same as the order derived
from antigenic analysis of avian viral gag gene
products in nonproducer mammalian cells (22).
We were able to resolve gag- and pol-specific

tryptic peptides in P180ga"'-. Weiss and co-
Pr32 workers (28) recently postulated that P180f'f-1"

I 19 p1 1 27 may be generated by translation of a "spliced"P19 P12 _________X mRNA which is similar in size to the 35-39S
genomic RNA, but which has the normal gag
gene terminators removed. All of the mature
virion gag-specific, methionine- and cysteine-
containing tryptic peptides that were detected
in our fingerprints were also found in P180gag-P°l.
Therefore, if a splicing event does take place to

i[l] form a separate mRNA forP180919-1i, it appar-
ently does not delete any coding sequences for

FIG. 9. Proposed scheme forprocessing ofthe Pr76 the gag proteins that can be detected by labeling
Lg gene product. with these two amino acids. However, it should

be acknowledged that the resolution of the
rst, infected cells were treated with pactamy- 12M1, 15M1, and the comigrating polymerase
i and pulse-labeled with [3S]methionine or peptide is insufficient to make a definitive state-
S]cysteine, and the radioactivity recovered in ment regarding this point. Although there was
ch tryptic peptide of Pr769'9 was compared some overlap of gag and pol methionine-con-
th the control. The results were consistent taining tryptic peptides in our fingerprints of
th an order of NH2-p19-p12-p27-p15-COOH. P180-""', in general, our results do not support
hen Vogt and co-workers (25) employed this the suggestion of Hizi et al. (12) that structural
oproach with [3S]methionine labeling, they ar- protein p15 and at least part of p12 are also
led at the same order, but there was uncer- present in the polymerase. The order of gag
inty regarding the relative positiqn of p12 and proteins places p12 between p19 and p27, and,
'7. Because little [3S]methionine or [3H]leu- therefore, p27 is located between p12 and the
ie was incorporated into the virion p12, pre- polymerase sequences. Furthermore, although a
Dus studies which compared the radiolabeling polymerase peptide comigrated with the 15M1
mature viral structural proteins after pacta- and 12M1 peptides in our maps, methionine-
ycin treatment did not resolve the relative containing polymerase peptides did not migrate
der of p12 and p27 (24, 25). with the 15M2 or 15M3 peptides, and there was
The second approach was to carry out peptide no apparent overlap of cysteine-containing gag
kalysis of the intermediates in Pr769&9 process- and pol tryptic peptides.
g. The p19, p12, and p27 peptides were present As has been previously reported by Eisenman
precursors Pr669`9 and Pr60g&g, but the p15 et al. (3), the gs+ P120 protein was shown to
,ptides were absent. This result is the same as contain many gag and pol sequences present in
wat previously reported for the corresponding the nondefective viral P180gag&-l'. However, the
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FIG. 10. Two-dimensional analysis of [36S]methionine- (upper panels) and [35Slcysteine-labeled (lower
panels) tryptic peptides of RAV-2 Pr76"g, RAV-2 P1809'g-P, and gs' P120. In each autoradiogram, the
individual gag peptides are marked with the number of the structural protein in which they are found.
Polymerase tryptic peptides common to both the a and ,B subunits of the enzyme are labeled with p; those

peptides present in theft subunit, but absent in the a subunit, are indicated by p'. At the right is a schematic
diagram of P1809'-,"' showing the gag- (0) and pol-specific (0) spots, as well as those peptides (e) that

comigrate in our two-dimensional fingerprints. Peptides that are missing in gs+ P120 are marked with arrows
in the schematic diagram.

gs+ P120 lacked p15 and some polymerase pep-
tides. The simplest interpretation of these data
is that the RNA encoding gs+ P120 contains a
deletion encompassing the 3' portion of the gag
gene and extending into the 5' portion of the pol
gene. This hypothesis is consistent with the no-
tion that gs+ P120 in uninfected gs+ chicken cells
is translated from the endogenous viral 31S
RNA, in which a similar deletion has been

mapped (27). The proposed structure of gs+ P120
assumes a single continuous deletion ofgag and
pol information rather than multiple smaller
deletions in the two genes (3). There is some
circumstantial evidence to support this model.
Preliminary data based on pactamycin mapping
(24) indicate that the a subunit of the polymer-
ase is comprised of the amino terminal se-

quences of the subunit. Therefore, a continu-
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ous deletion extending from the 3' end of gag
into the 5' end of pol would be expected to
remove sequences found in both polymerase
subunits, but to leave intact those sequences
unique to the fi subunit at the 3' end of the pol
gene. Examination of Fig. 10 reveals that this is
the case. The methionine-containing polymerase
peptides that were absent in gs+ P120 were
among those common to both the a and,B sub-
units. Similarly, the two unique [3S]methionine-
labeled /3 peptides (designated p' in Fig. 10),
which were missing in the a subunit, were pres-
ent in gs+ P120.
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