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We have purified two low-molecular-weight polypeptides from the Prague C strain of Rous sarcoma virus
and have identified these as products of the gag precursor Pr76 by protein sequencing and by amino acid
analysis. Both polypeptides are derived from a stretch of 22 amino acids within Pr76 that separates p19 and
p10. We refer to this region as p2. Together the two cleavage products form the entire p2 region. The junctions
of p19 with the amino-terminal fragment of p2 and of plO with the carboxy-terminal fragment of p2 define two
new processing sites within the gag precursor, Tyr-155-His-156 and Gly-177-Ser-178. Both polypeptides are
major cleavage products of Pr76 that occur in Prague C Rous sarcoma virus at an estimated 1,000 copies per
virion. They also are prominent components of avian myeloblastosis virus. The combination of gel filtration and
reverse-phase high-pressure liquid chromatography, which was used for the isolation of the two fragments of
p2, resolved over a dozen other low-molecular-weight polypeptides from avian sarcoma and leukemia viruses
that previously were undetected. This technique thus should serve as a useful procedure for further
characterization of viral components.

In avian sarcoma and leukemia viruses (ASLV) the gag
precursor polyprotein Pr76 is processed proteolytically into
the five mature proteins (p19, plO, p27, p12, and p15) that
form the internal structure of the virus particle. Of these
products, p19 is associated with the viral envelope (9, 15),
plO is within the space between the membrane and core (16),
p27 forms the core shell (4, 24), and p12 is within the core
associated with RNA in a ribonucleoprotein complex (4, 6).
The location of p15, the protease responsible for cleaving the
viral polyproteins during assembly (7, 26), is unknown.
Proteolytic processing of the gag precursor also generates
minor cleavage products such as pl9f (22) and p23 (17) that
are less well characterized and that vary in amount in
different viruses and virus preparations. Both pl9f and p23
are related proteins that differ from p19 only at their carboxy
termini. pl9f is a 10-kilodalton (kDa) proteolytic fragment
derived from the amino-terminal portion of p19, and p23 is
an incomplete processing product of Pr76 that contains all of
p19 plus p2 (25; see below).
At two positions within the gag precursor-the junctions

of p19 (carboxy terminus at amino acid 155; 25) with plO
(amino terminus at amino acid 178; 13) and p27 (carboxy
terminus at amino acid 479; 1) with p12 (amino terminus at
amino acid 489; K. S. Misono, F. S. Sharief, and J. P. Leis,
Fed. Proc. 60:1611, 1980)-the ends of the mature proteins
are not contiguous with each other, but are separated by
short stretches of amino acids. The region between p19 and
p10, which we refer to as p2, is composed of 22 amino acid
residues. To determine the fate of this polypeptide in the
mature virus, we used a combination of gel filtration and
high-pressure liquid chromatography (HPLC) to isolate
small polypeptides from virus particles, which then were
characterized by amino acid analysis and by protein se-
quencing. In this report we describe the isolation and char-
acterization of two polypeptides derived from the p2 region,
a cysteine-rich fragment from its amino terminus and a
proline-rich fragment from its carboxy terminus. Both are
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prominent species that occur in roughly equimolar amounts
in mature virus particles. Based on their presence in both
avian myeloblastosis virus (AMV) and the Prague C strain of
Rous sarcoma virus (PrC-RSV), we infer that they are major
cleavage products of the ASLV gag precursor polyprotein
generated during virus maturation.

MATERIALS AND METHODS

Virus. Chicken embryo fibroblasts infected either with
PrC-RSV or with AMV were grown as monolayers at 39°C in
Dulbecco modified Eagle medium containing antibiotics
(penicillin, 50 U/ml; streptomycin, 50 ,ug/ml) and 10% fetal
calf serum. Metabolically labeled viruses were purified from
the supernatants of infected cells as described previously
(17). Unlabeled AMV from leukemic chicken plasma was
obtained from Life Sciences Inc. Unlabeled PrC-RSV, in the
form of a concentrated suspension from supernatants of
virus-infected cell cultures, was obtained from the Biological
Carcinogenesis Branch of the National Cancer Institute.
Proteins were identified by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) as previ-
ously described (16).

Carboxymethylation of viral proteins. For each analysis
presented, viral proteins were first carboxymethylated with
iodoacetic acid. Briefly, each preparation of virus was
suspended at a protein concentration of 5 mg/ml in 200 p.l of
reducing solution (6 M guanidine hydrochloride, 0.2 M
N-ethylmorpholine acetate [pH 8.6], 5 mM dithiothreitol)
and incubated at 37°C for 2 h. Fresh iodoacetic acid was
added to a final concentration of 10 mM (from a lOx stock
solution in 0.2 M N-ethylmorpholine), and the samples were
incubated at 23°C for 30 min in the dark. Unreacted reagent
was quenched with 25 mM dithiothreitol. In instances where
protein was to be labeled simultaneously, the reduced prep-
aration was first exposed to 250 p.Ci of iodo[3H]acetic acid
(193 mCi/mmol; New England Nuclear Corp.) for 10 min,
and then iodoacetic acid was adjusted to a final concentra-
tion of 10 mM for the remainder of the reaction period.
HPLC analysis. Viral proteins were subjected to reverse-
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phase HPLC at 39°C using the specific loading and elution
conditions described for each individual application. Bound
components were eluted with 100-min gradients at a flow
rate of 1.4 ml/min. For each analysis, 200 0.5-min fractions
were collected and either analyzed directly by scintillation
counting or stored at -20°C for subsequent analysis. The
two HPLC columns that were used in these analyses, C4
(Vydac; catalog no. 214TP54) and C18 (SpectraPhysics,
octadecylsilyl; catalog no. A2351-040), are both 0.46 cm
(inside diameter) by 25 cm.

Protein sequence analysis. Samples containing either 1
nmol of peptide or 50,000 cpm of peptide in combination
with 3 nmol of an unlabeled carrier protein were subjected to
amino-terminal sequence analysis by sequential Edman deg-
radation on an Applied Biosystems 470A gas-phase se-
quencer in the presence of polybrene. Phenylthiohydantoin-
amino acids from each cycle were analyzed by reverse-phase
HPLC on a 5-,um cyano column (25 by 0.46 cm; IBM
Instruments, Wallingford, Conn.) as described (12). The
column effluent was monitored spectrophotometrically at
both 254 and 313 nm. For radioactive polypeptides, each
cycle of the Edman degradation was subjected to scintilla-
tion counting.

RESULTS
Reverse-phase HPLC analysis of ASLV proteins. The major

proteins in ASLV are the structural proteins that are derived
from the gag and env genes. The five internal structural
proteins (gag proteins) account for about 80% of the total
viral protein, while the two surface glycoproteins (env pro-
teins) make up about 20%. When carboxymethylated pro-
teins from PrC-RSV were resolved by reverse-phase HPLC
on a C4 column, we obtained the simple absorbance profile
shown in Fig. 1A. Proteins from each of the peak fractions
were identified by SDS-PAGE. The five major peaks, desig-
nated c, d, f, g, and h in Fig. 1A, contain the five gag
proteins p12, plO, p15, p19, and p27, respectively. Peak e
contains gp85. Other prominent peaks-i (p19), j (p19), and
k (p27)-are chromatographic variants of peaks g and h,
which vary in relative intensity from analysis to analysis.
They are indistinguishable from the major peaks by SDS-
PAGE. In fact, by gel analysis each of the three peaks for
p19 was found to contain both the phosphorylated and
unphosphorylated forms of the protein as well as the two
related cleavage products, pl9f and p23. gp37 was not
identified as a component of any of the prominent peaks.

A214 values for each of the peaks that were identified in
Fig. 1 are summarized in Table 1. Correcting both for the
splitting of p27 and p19 into multiple peaks and for the
appropriate size adjustments of the absorbance values of the
individual peaks, we conclude that p27, p19, p15, and pl2
were recovered roughly in equimolar amounts. On the other
hand, the single peak for plO contained only 0.5 mol equiv-
alents of protein. Similar estimates were obtained for plO
from histidine-labeled AMV (described in a later section).
Since all five gag proteins are equimolar when virus is
analyzed by SDS-PAGE (16), a likely explanation for the
observed discrepancy is that other unidentified peaks exist
for p10.

In addition to the five major gag proteins, proteolytic
processing of the gag precursor also should generate a
22-amino acid polypeptide that within the precursor spans
the region between the carboxy terminus of p19 (25) and the
amino terminus of plO (13). We have designated this region
provisionally as p2. The predicted amino acid sequence of
p2, based on DNA sequencing (19), contains three cysteine

residues, which is 20% of the cysteines in Pr76. Thus p2
should be a major component of virus that is labeled meta-
bolically with radioactive cysteine, even though by size it
accounts for only 3% of the precursor. We have used this
apparent enrichment from cysteine labeling to aid in the
identification and purification of p2 from intact virus. Figure
1B shows the distribution of radioactivity when car-
boxymethylated proteins from [35S]cysteine-labeled PrC-
RSV were subjected to reverse-phase HPLC. Fractions
were quantitated by scintillation counting. The single large
peak, peak c, contains p12, the major cysteine-containing
protein in Pr76. The relative sizes of the other peaks also are
consistent with their cysteine content. This result is readily
apparent from Table 1, where the observed and predicted
values for the cysteine content of each of the viral structural
proteins are summarized.

In the column profile from cysteine-labeled PrC-RSV, a
single new peak (designated a in Fig. 1B) was consistently
observed. We have shown by amino acid analysis and by
protein sequencing (see below) that this peak contains a
fragment of p2. A corresponding peak was observed in the
absorbance profile from unlabeled virus (Fig. 2A), but was
minor by its absorbance. Using the values summarized in
Table 1, we infer that the cysteine-rich fragment of p2 is a
major cleavage product of gag precursor, since relative to
other gag proteins it occurs in virus at approximately 0.5 mol
equivalents.

Purification of low-molecular-weight polypeptides. We used
a combination of gel filtration chromatography and reverse-
phase HPLC to isolate low-molecular-weight proteins from
PrC-RSV. Before chromatography, viral proteins were la-
beled and carboxymethylated with iodo[3H]acetic acid. Fig-
ure 2A shows the elution profile from gel filtration chroma-
tography in which viral proteins were resolved on an A.5M
resin in 6 M guanidine hydrochloride. Portions of fractions
were subjected to SDS-PAGE, and the proteins were visu-
alized either directly by Coomassie staining (Fig. 2B) or by
fluorography (Fig. 2C). The peak fractions for gp85, p27,
p19, p15, and p12 were fractions 40, 44, 50, 57, and 59,
respectively. In these analyses plO was not identified, pre-
sumably because it does not contain cysteine (13) and does
not stain well with Coomassie blue (16). From fractions 65
through 100, no low-molecular-weight proteins were de-
tected by SDS-PAGE.
By contrast, over a dozen different low-molecular-weight

polypeptides were detected when the same gel filtration
fractions were analyzed by reverse-phase HPLC. They were
characterized initially by their A214 and A280 and by
carboxymethyl-[3H]cysteine content. HPLC profiles from
nine serial sets of gel filtration fractions are presented in Fig.
3. Chromatographs at the left show A214, and those at the
right show the distribution of radioactivity from the same
chromatography fractions. For each analysis the designated
gel filtration fractions (from fraction 75 to 95) were combined
and loaded directly on a C18 column. Bound components
were eluted with a gradient of acetonitrile from 0 to 75% in
25 mM ammonium acetate (pH 6.5).
The molar amounts of each of the polypeptides detected

were estimated, using their apparent size based on gel
filtration and their relative absorbance. For two components
in particular, one containing cysteine but having no A280
value (peak a in profiles 86 through 92) and one having an
A280 value but no cysteines (peak b in profiles 86 through 92),
we estimate that they both occur at approximately 1,000
copies per virion. Thus they were assumed to be products of
the gag gene. These numbers agree with molar estimates
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FIG. 1. HPLC analysis of PrC-RSV proteins. Preparations of PrC-RSV, which were carboxymethylated with iodoacetic acid before

analysis, were subjected to reverse-phase HPLC on a C4 column. Proteins were eluted with a gradient of acetonitrile from 0 to 75% in 0.1%
trifluoroacetic acid. (A) Elution profile from unlabeled virus (50 ,ug), monitored at 214 nm. (B) Elution profile from [35S]cysteine-labeled virus.
In Table 1 the observed data are summarized quantitatively.
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TABLE 1. Quantitation of data from Fig. 1

No. of
Peak Protein amino A214 M ysteino.aof M

acidsa cysteines cpm

gag
polypeptides
a p2a 9(10) 0.53 0.6(0.5) 2(3) 1,000
b p2b 11 0.69 0.6 0 0
c p12 89 9.3 1.0 6 10,800
d plO 62 3.2 0.5 0 0
f p15 124 11.3 0.9 1 1,200
g p19 155 11.5 0.7 4 3,600
h p27 240 21.0 0.8 1 1,500

env
polypeptides
e gp85 341 5.9 0.2 14 4,300

gp37 198 7
Other peaks

i p19 155 4.2 0.2 4 0
j p19 155 3.9 0.2 4 540
k p27 240 5.5 0.2 1 827
a Numbers are predicted from the DNA sequence of PrC-RSV (19).
b Numbers are calculated from amino acid sequence and A214 readings.

Values listed are moles relative to p12.
c Numbers are derived from the analysis of carboxymethylated,

[35S]cysteine-labeled viral proteins. For all values listed, a background of 500
cpm was subtracted.

taken from HPLC profiles of intact virus in Fig. 1. The other
low-molecular-weight peptides that were detected occur at
much lower copy numbers and remain to be characterized
further.
The two prominent low-molecular-weight polypeptides

were purified to apparent homogeneity with a second re-
verse-phase HPLC step. Peak fractions from the initial run
were combined, diluted 1:2 with water, and acidified with
trifluoroacetic acid. They then were loaded directly onto a
C4 column, and bound components were eluted with a
gradient of acetonitrile from 0 to 75% in 0.1% trifluoroacetic
acid. For the two major peaks described above, we obtained
the profiles shown in Fig. 4. Figure 4A is the chromatograph
from the major cysteine-containing fragment. All of the
tritium label eluted with the single peak at fraction 34. This
peptide does not have an A280 value. Figure 4B shows the
profile derived from the other fragment. It has an A280 value
but does not have cysteine counts associated with it.
Primary structure of the p2 polypeptides. The cysteine-

containing polypeptide shown in Fig. 4A, p2a, was identified
as a fragment of p2 by amino acid analysis and by protein
sequencing. Before these analyses, two results suggested
that this polypeptide was only part of the region. First, the
fragment eluted from the gel filtration column as if it were 1
kDa rather than the predicted size of 2.4 kDa based on the
sequence of the intact region. Second, the fragment lacked
an A280 value. The p2 region has a tyrosine near its carboxy
terminus. The data in Table 2 summarize the results from
amino acid analysis of the cysteine-rich fragment. The
observed composition agrees exactly with the predicted
composition for a polypeptide derived from the amino-
terminal half of p2. It contains His, Cys, Asx, Thr, Gly, Ala,
and Ile and is devoid of Lys, Arg, Val, Leu, Phe, Pro, Tyr,
and Met. The lower than expected value for cysteine is due
to low recovery of carboxymethyl-cysteine by our hydroly-
sis procedure. In particular the absence of Pro and Tyr,
which are unique markers in p2 for the carboxy-terminal half
of the region, confirm that only a portion of the molecule is

contained in p2a. Low values for Ser and Glu in the analysis
presumably result from contaminants.
To further characterize p2a, it was subjected to amino-

terminal protein sequence analysis, in which phenylthiohy-
dantoin-amino acids in each cycle of the Edman degredation
were analyzed for radioactivity due to tritiated carboxy-
methyl cysteine. The histogram shown in Fig. 5A summa-
rizes these data. Since radioactivity was released in cycles 2
and 8, we conclude that these positions within the polypep-
tide contain cysteine. We infer from this result that the
fragment starts at His-156 in the predicted protein sequence
of Pr76 (19), since such an alignment would place cysteines
at positions 2 and 8. This is the only position in the entire
sequence of Pr76 where two cysteines are separated by six
amino acids. A major implication of this result is that the
amino terminus of p2 is immediately adjacent to the carboxy
terminus of p19 and thus defines precisely a new cleavage
site within the gag precursor, Tyr-155-His-156. From the
sequence analysis we were unable to identify the carboxy
terminus of the peptide; however, based on the amino acid
composition presented in Table 2, we can place restrictions
on its size. We infer that the fragment must stop at or before
the cysteine at position 10 in p2, since it contains Asx (found
only at position 9 in p2), but not two Ala (the second Ala in
p2 is found at position 11). A polypeptide of this size agrees
with the apparent molecular weight of p2a based on gel
filtration analysis.
The primary structure of the second prominent low-

molecular-weight polypeptide, p2b, was also determined
(Fig. 4B). The amino acid composition of this peptide is
shown in Table 2. It contains only seven amino acids, Pro,
Ala, Ser, Thr, Val, Gly, and Tyr, which suggests that it is
derived from the carboxy-terminal half of p2. The fact that
the fragment does not contain cysteine implies that its
sequence does not overlap with the first peptide. To better
evaluate its structure, p2b was subjected to 10 cycles of
protein sequencing. From this analysis we obtained the
sequence Thr-Ala-Ser-Ala-Pro-Pro-Pro-Pro-Tyr-Val, which
agrees exactly with the predicted sequence for the carboxy
terminus of p2. Although we did not sequence to the end of
the peptide, the fragment presumably ends at Gly-177, based
on its amino acid composition. This result implies that the
end of p2 is contiguous with plO and thus defines an
additional cleavage site in the gag precursor Gly-177-Ser-
178.
Together the cysteine- and proline-rich polypeptides make

up the entire p2 region. Their organization with respect to
the gag precursor is shown in Fig. 6. They are major
cleavage products of the gag precursor that are retained in
the mature virus particle. In the preparations of PrC-RSV
that were analyzed, there was no evidence of a polypeptide
that corresponds to the intact p2 region. However, in our
screen for p2, we have not characterized species that occur
at less than 10% of the major gag proteins. The only other
low-molecular-weight cysteine-containing fragment that was
subjected to sequence analysis (fraction 54 in profiles 74
through 79 of Fig. 3) had a blocked amino terminus and thus
presumably is derived from some other protein (not shown).
p2 polypeptides in AMV. To determine whether the proc-

essing pattern for p2 in PrC-RSV is a common phenomena of
ASLV or is specific to that virus strain, we also analyzed by
HPLC the protein component of AMV. As purified from
leukemic chicken plasma, AMV is actually a mixture of
myeloblastosis-associated viruses and AMV itself. These
closely related viruses have been sequenced only partially,
but amino acid analyses (8, 11), immunological properties
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FIG. 3. HPLC chromatographs of low-molecular-weight pro-
teins. Sequential sets of gel filtration samples, which contained
low-molecular-weight components from PrC-RSV, were further
fractionated by reverse-phase HPLC. The gel filtration fractions
indicated in the middle of the figure were combined and loaded
directly onto a C18 column. Bound components were eluted with a
gradient of acetonitrile from 0 to 75% in 25 mM ammonium acetate
(pH 6.5). Profiles at the left (column A) show A214. Profiles at the
right (column B) show the distribution of radioactive polypeptides
from the same sets of fractions.

(3), and existing sequence data for some of the gag proteins
(18) suggest that the proteins from PrC-RSV and AMV and
its helper viruses are all highly conserved. By SDS-PAGE
the apparent sizes of the structural proteins from the two
viruses are virtually identical, except for plO, which mi-
grates anomalously in SDS gels (16).
When [35S]cysteine-labeled AMV (carboxymethylated

with iodoacetic acid) was subjected to HPLC, we obtained
the profile shown in Fig. 7A. The major proteins p12, plO,
gp85, p15, p19, and p27 eluted at exactly the same positions
in the gradient as the corresponding peaks from PrC-RSV.
This result is based on a simultaneous analysis of radioactive

FIG. 2. Gel filtration analysis of PrC-RSV proteins. A 2-mg
sample of virus was carboxymethylated with iodo[3H]acetic acid
and then subjected to gel filtration on an A.5M column (1 by 40 cm)
in 6 M guanidine hydrochloride-0.05 M sodium phosphate (pH
5.4)-10 mM dithiothreitol. Chromatography was preformed at room
temperature with a flow rate of 1 ml/h. Fractions of 0.3 ml were
collected. Samples of fractions were analyzed either directly by

scintillation counting (A) or, after SDS-PAGE, by Coomassie stain-
ing (B) or fluorography (C). For gel analysis, proteins were first
selectively precipitated from the guanidine hydrochloride with
ethanol (16). Lanes b through q correspond to gel filtration fractions
39, 43, 47, 50, 53, 56, 59, 62, 65, 68, 71, 74, 77, 83, 89, and 97,
respectively.
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FIG. 4. Reruns of p2 fragments on HPLC. Fractions containing the major low-molecular-weight peptides detected in profiles shown in Fig.
3 were rechromatographed on a C4 column. Bound components were eluted with a gradient of acetonitrile (0 to 75%) in 0.1% trifluoroacetic
acid. Fractions were monitored both at 214 nm (upper trace, 0.1 full-scale deflection) and at 280 nm (lower trace, 0.01 full-scale deflection).
(A) Column profile of cysteine-rich p2 fragment. (B) Column profile of proline-rich p2 fragment.

AMV with unlabeled PrC-RSV. The single major difference
between the profiles was in the region of the cysteine-rich p2
fragment. Whereas a single [35S]cysteine peak was observed
in the chromatograph from PrC-RSV, three peaks were
observed in the profile from AMV. The first peak coeluted
with the cysteine-containing p2 fragment from PrC-RSV,
while the two other peaks eluted at slightly higher
acetonitnle concentrations. We obtained the same result
with AMV that was isolated from chicken cells grown in
culture and from leukemic chickens.
To decide whether the additional peaks specific to AMV

were also derived from the p2 region, we used HPLC to
analyze radioactive AMV labeled metabolically with histi-
dine. The single histidine in p2 accounts for 10% of all the
histidines in Pr76, and thus, as with cysteine, metabolic
labelings with histidine should generate an apparent enrich-
ment for p2 in virus. When histidine-labeled AMV was
subjected to HPLC we obtained the elution profile shown in
Fig. 7B. The major peak in the chromatograph corresponds
to p15, which is the major histidine-containing gag protein in
ASLV. Likewise, the sizes of peaks corresponding to each
of the other proteins were consistent with their histidine
content. p19, which does not contain histidine (25), was not
detected in the chromatograph. As observed with the cyste-

ine-labeled AMV, there were multiple peaks in the region of
the p2 fragments, suggesting that the peptides in these
additional peaks are derived from the p2 region.
The two largest peaks in the triplet were analyzed by

protein sequencing. In this analysis, proteins from AMV that
were carboxymethylated with iodo[3H]acetic acid were re-
solved by HPLC, and the appropriate peaks were subjected
to sequence analysis. Each cycle was analyzed by scintilla-
tion counting. The histogram shown in Fig. SB is derived
from sequence analysis of the first of the peaks in the
chromatogram. Radioactivity was detected in cycles 2, 8,
and 10. Thus the peak is derived from p2. However, unlike
preparations from PrC-RSV, the protein sequence of the
AMV protein has a phasing problem that is apparent in later
sequencing cycles. As a result of this problem, cycle 9 has
more counts than cycle 8 and cycle 11 is larger than cycle 10.
Such a phasing problem is often caused by a proline in the
peptide sequence and suggests that the AMV peptide may
differ slightly in sequence from the corresponding protein in
PrC-RSV. However, the sequence difference was not signif-
icant enough to change the peptide's elution pattern from
HPLC.
For the second AMV peptide sequenced we obtained the

same histogram that is shown in Fig. SB. Thus, both peaks
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contain the amino terminus of the p2 region. Although we
were unable to determine the source of the heterogeneity,
neither peak appears to be intact p2 since they both lacked
A280. Furthermore, a peak was detected in the absorbance
profile that corresponds to the C-terminal fragment of p2 in
both its elution position and the fact that it has an A280 value.
Based on our results from PrC-RSV and AMV, we conclude
that the proteolytic processing that we have characterized

14 A

12

C 10

x

0I-l

E
0.
.4-

2

I
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

cycle number

6

C') 5

x0 4.
0
I-.x3

E
0 2

L

B

TABLE 2. Amino acid analysis of p2 polypeptidesa

Composition of p2 sequences from:

Amino acid p2a p2b
PrC-RSV PrC PrC-RSV PrC
DNA protein DNA protein

Aspartic acid 1 1.5 0 0.1
Threonine 1 1.2 1 0.9
Serine 0 0.4 1 1.1
Glutamic acid 0 0.3 0 0.2
Proline 0 0 4 3.9
Glycine 2 2.2 1 1.2
Alanine 1 1 2 2
Cysteine 2(3) 1.4 0 0
Valine 0 0 1 1.3
Methionine 0 0 0 0
Isoleucine 1 1 0 0
Leucine 0 0.2 0 0
Tyrosine 0 0 1 0.8
Phenylalanine 0 0 0 0
Histidine 1 0.8 0 0
Lysine 0 0 0 0
Arginine 0 0 0 0

a For amino acid compositions, 250 pmol of each peptide was hydrolized in
6 N HCI (Pierce Chemicals) at 110°C for 24 h in sealed evacuated ampoules
and then analyzed for amino acid content on a Beckman System 6300
analyzer. Values listed are moles of each amino acid per mole of fragment.
Zeros denote values that were less than 0.05. Predicted values based on DNA
sequencing are for the 22-amino acid sequence that extends from the C-
terminus of p19 to the amino terminus of p10.

for p2 is a common pathway in the processing of the ASLV
gag precursor polyprotein.

DISCUSSION
We have purified two low-molecular-weight polypeptides

from PrC-RSV that were identified as fragments of the gag
precursor polyprotein by partial protein sequencing. They
are derived from a stretch of 22 amino acids within Pr76 that
separates p19 and plO. We refer to this region of the
precursor as p2. Together the two polypeptides form the
entire p2 region. The sequences of the two fragments and
their relationship to the gag precursor are summarized in
Fig. 6. p2a is a cysteine-rich nonapeptide from the amino
terminus of p2. It is contiguous with the carboxy terminus of
p19. p2b is a proline-rich dodecapeptide from the carboxy
terminus of p2 and is contiguous with the amino terminus of
plO. From our analyses there was no evidence of an intact
polypeptide in virus that corresponds to the entire p2 region;

P19 P2 PIO
,i

P27 P12 PI5

HCGTAIGCNCATASAPPPPYVG 'SL---

p2 plO

1 2 3 4 5 6 7 8 9 10 11 12 13 14
cycle number

FIG. 5. Sequence analysis of cysteine-labeled p2 from PrC-RSV
(A) and AMV (B). Preparations of HPLC-purified p2, which were

carboxymethylated with iodo['H]acetic acid, were subjected to
protein sequencing. Each cycle was analyzed for radioactivity by
scintillation counting. The histograms shown summarize the results
from these analyses.

HCGTAIGCN(C) TASAPPPPYVG

p2a p2b

FIG. 6. Summary of structural analyses of PrC-RSV poly-
peptides. The top line is a schematic representation of the ASLV
gag precursor polyprotein Pr76. In the diagram, each of the mature
structural proteins is indicated with respect to its position within the
precursor. Below the line, the p2 region has been expanded. The
predicted amino acid sequence for this region, based on the DNA
sequence of PrB-RSV, is shown. Below this sequence are the
protein sequences for the two gag polypeptides, p2a and p2b.
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FIG. 7. HPLC analysis of AMV proteins. Preparations of
carboxymethylated proteins from AMV were subjected to reverse-
phase HPLC on a C4 column as described in the legend of Fig. 1.
Each fraction was analyzed by scintillation counting. (A) Elution
profile from [35S]cysteine-labeled AMV. (B) Elution profile from
[3H]histidine-labeled AMV. The letter designations for each peak
are the same designations as in Fig. 1. a' is the single peak that is
specific to AMV.

however, we have not characterized any species that occur
at less than 10% of the major gag proteins.
The two p2 fragments are major cleavage products of

Pr76, which occur at an estimated 1,000 copies per virion.
Their identification signifies a set of additional processing
events that previously was not recognized. Furthermore, the
junctions of p2 with existing mature gag proteins define two
new cleavage sites within Pr76, the p19-p2 junction (Tyr-His)
and the p2-plO junction (Gly-Ser). The same fragments also
were detected in preparations of AMV, suggesting that they
represent a common cleavage pathway in the maturation of
ASLV gag proteins. However, we were unsuccessful in
attempts to generate the peptides by in vitro processing of
Pr76 with the purified avian protease p15 (not shown).

In addition to the two major low-molecular-weight frag-
ments, some of the p2 amino acid sequences in virus are
retained on longer polypeptides due to incomplete process-
ing of the gag precursor. The most prominent of these
products is referred to as p23, which consists of p19 plus an
extra stretch of amino acid residues at its carboxy terminus
(17). It is likely that p23 contains the entire p2 region (25). In
PrC-RSV, p23 accounts for about 10% of the p19 species,

but in other ASLV, such as recombinants between RSV and
endogenous viruses, p23 can account for as much as 50% of
the p19 species (21). In addition to p23, in several virus
preparations we have detected cysteine associated with a
p10-related polypeptide. This species also must be denived
from p2, since the first cysteine in p27 is 20 kDa into the
protein (unpublished data).
The data for p2 show unequivocably that the previous

assignment of the carboxy terminus of p19 to Tyr-175 (2) is
incorrect. This tyrosine is contained within the proline-rich
fragment of p2 that we sequenced. We had inferred this
result previously from studies in which p19 was analyzed by
carboxypeptidase digestion and by metabolic labeling (25).
Similarly, our present analyses also show that His-156 is in
p2 and not in p19 as previously suggested (2). It is not clear
why all existing amino acid analyses for p19 contain at least
a part of a histidine (2, 8, 11). Perhaps the false readings for
histidine in these analyses result from a modified amino acid
residue within p19 that elutes at the position of histidine in
amino acid analyses.
The p2 region is highly conserved in ASLV. In seven

different viruses that were evaluated by DNA sequencing
(summarized in reference 25), there were only two mutations
in this region that resulted in amino acid changes. Part of the
p2 amino acid sequence is conserved in other retroviruses
apparently unrelated to ASLV. The sequence Pro-Pro-Pro-
Tyr is found in approximately the same location in the gag
precursor of mammalian retroviruses such as murine leuke-
mia virus (23), feline leukemia virus (10), and human T-cell
leukemia virus type I (20) that bear no other sequence
homology to ASLV. It is also found in the avian spleen
necrosis virus (14). However, in none of these other viruses
is there any evidence that small polypeptides are generated
from this portion of the gag gene. Recently it was shown that
the p2 region of the gag gene may be translated in a second
reading frame from a differently spliced mRNA as part of a
12-kDa protein (5). This protein was suggested to function as
a transcriptional regulator. The existence of two functional
proteins translated in different frames from the same portion
of the genome would impose severe evolutionary constraints
on nucleic acid divergence. The unusual conservation of the
Pro-Pro-Pro-Tyr sequence might result from such con-
straints. It is also possible that this amino acid sequence is
conserved because of a cis-acting signal in the nucleic acid
sequence that encodes it, such as an enhancer sequence.
The approach that we used for isolation of the p2 frag-

ments, i.e., the combination of gel filtration and reverse-
phase HPLC, should prove to be a useful method for the
isolation of other low-molecular-weight components from
virus. In the simple analysis presented, we detected over a
dozen polypeptides from which we analyzed only the two
prominent gag cleavage products. Analysis of the other
components should provide further insight into the process-
ing events involved in virus maturation.
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