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Radioimmunoassays were developed for the 19,000, 15,000, and 12,000 molecu-
lar weight polypeptides of avian myeloblastosis virus and for the 19,000 and
12,000 polypeptides of RAV-0, a subgroup E avian tumor virus. Each polypeptide
was shown to possess both group- and type-specific antigenic determinants, in
contrast to the 27,000 mol wt polypeptide, which contained only group-specific
determinants. The corresponding low-molecular-weight polypeptides of sub-
group A, B, and E viruses were shown to be immunologically indistinguishable.
The findings that low-molecular-weight polypeptides of subgroup C and D
viruses reacted very differently in immunoassays for the respective polypeptides
of avian myeloblastosis virus or RAV-0 suggest that subgroups C and D may have
evolved differently from subgroups A, B, and E.

The development in recent years of radioim-
munoassays for the structural components of
type C RNA viruses has greatly increased the
sensitivity with which these viruses can be
detected. For example, in chicken embryo cul-
tures that are negative by standard complement
fixation techniques, the 27,000 mol wt polypep-
tide of the avian type C RNA virus can be
readily quantitated by radioimmunoassays (3,
16, 17). More recently, immunoassays for two
additional avian type C viral polypeptides of
mol wt 19,000 and 15,000 have been used to
demonstrate their coordinate expression with
the 27,000 mol wt polypeptide in cells of chicken
embryos that lack any evidence of virus release
(4).
Immunoassays for type C viral polypeptides

have also proven very useful in the identifica-
tion of new virus isolates. In particular, im-
munoassays for low-molecular-weight polypep-
tides of several mammalian type C viruses have
been shown to be highly type specific and thus
to provide specific markers for different strains
of the same virus species (14, 15, 18). In the
present studies, the immunological relatedness
of different avian type C viruses was investi-
gated. Competition immunoassays for struc-
tural components of two prototype avian type C
virus strains were developed and used to com-
pare the reactivities of representatives of major
avian virus subgroups.

MATERIALS AND METHODS
Viruses. Avian myeloblastosis virus (AMV), ob-

tained from plasma of infected chickens (16), was
kindly provided by J. W. Beard through the Re-
sources and Logistics Segment, National Cancer In-
stitute. Representative avian leukosis viruses of sub-
groups A and B were provided by P. K. Vogt, as
pseudotypes of the Bryan high-titer Rous sarcoma
virus (BH-RSV) (23). These viruses, designated BH-
RSV(RAV-1) and BH-RSV(RAV-2), were grown in
line 100 C/B and line 100 C/A, respectively. Clonal
stocks of the Prague strain of RSV belonging to
subgroups A (Pr-RSV-A) and C (Pr-RSV-C), obtained
from R. E. Smith (13), and a Carr-Zilber stock of
subgroup D (CZ-RSV-D), supplied by P. K. Vogt (6),
were grown to high titer in fibroblasts of specific
pathogen-free embryos (SPAFAS, Inc). RAV-0, an
endogenous subgroup E avian tumor virus, was grown
in line 100 C/A fibroblasts (5). Tissue culture-propa-
gated virus stocks were shown to be negative for the
presence of virus of other subgroups by standard
host-range and interference assays (23).

Isolation of avian type C viral polypeptides.
Plasma from AMV-infected chickens was clarified by
centrifugation at 10,000 rpm for 15 min, and virus was
pelleted from the supernatant by centrifugation at
25,000 rpm for 1 h. The pellet was resuspended in 1 ml
of 0.01 M Tris-hydrochloride, 1 mM EDTA, pH 7.8,
buffer and the virus was purified by density gradient
centrifugation as previously described (16). A sample
(2 mg) of purified virus was dialyzed against 0.2 M
borate buffer, pH 9.0, and labeled with [3H ]formalde-
hyde at a specific activity of approximately 1 Ci/mg
as described by Velicer and Graves (20). After dialysis
and lyophilization, the labeled preparation was mixed
with 7 mg of unlabeled AMV, disrupted by exposure
to 6 M guanidine hydrochloride (GuHCl) for 30 min at
45 C, and chromatographed on an agarose column (1.5
by 90 cm) (Bio Gel A-5m, 200 to 400 mesh, BioRad
Laboratories, Richmond, Va.) at room temperature at
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a flow rate of 1.5 ml/h in the presence of 6 M GuHCl
according to previously published methods (7). Frac-
tions corresponding to the 19,000, 15,000, and 12,000
mol wt radioactive peaks were dialyzed against 0.01
M Tris, pH 8.0. RAV-0 polypeptides were isolated
from virus obtained from tissue culture fluids using
procedures described above. Molecular weights rela-
tive to standards including Escherichia coli alkaline
phosphatase (40,000 mol wt), carbonic anhydrase
(29,000 mol wt), ,B-lactoglobulin (18,400 mol wt),
lysozyme (14,300 mol wt) and cytochrome c (12,400
mol wt) were determined as previously described (15).

Iodination. Purified viral polypeptides were la-
beled with 125I at specific activities of 10 to 20 ACi/lg
according to the chloramine T procedure of Green-
wood et al. (8).

Radioimmunoassays. A double antibody radio-
immunoassay for the AMV 27,000 mol wt major
structural polypeptide, p27, has been described pre-
viously (16). By using the same methods, competi-
tion immunoassays were developed in the present
study for the 19,000, 15,000, and 12,000 mol wt poly-
peptides of AMV and the 19,000 and 12,000 mol wt
RAV-0 polypeptides. Pig antisera against detergent-
disrupted AMV and goat antisera against RAV-0 and
Pr-RSV-V as well as goat anti-pig immunoglobulin G
and pig anti-goat immunoglobulin G were generously
provided by R. Wilsnack through the Resources and
Logistics Segment, National Cancer Institute.

RESULTS
Reactivities of avian tumor viruses of dif-

ferent subgroups in homologous and heterol-
ogous AMV p27 immunoassays. Studies were
performed to determine whether viruses of dif-
ferent avian tumor virus subgroups could be
distinguished on the basis of type-specific anti-
genic determinants of their p27 polypeptides.
For this purpose, the reactivities of AMV and
representative viruses of each of five avian
tumor virus subgroups were tested in a homol-
ogous immunoassay for AMV p27. This assay
measures the ability of unlabeled antigen to
compete with a limiting concentration of anti-
AMV serum for binding '25I-labeled AMV p27
(16). In addition, each virus isolate was tested
in a heterologous p27 immunoassay in which
antiserum prepared against RAV-0 was used to
precipitate AMV 1251-labeled p27. Each of the
viruses tested, including Pr-RSV-A, BH-
RSV(RAV-2), Pr-RSV-C, CZ-RSV-D, and
RAV-0, reacted comparably to AMV in the
homologous AMV p27 immunoassay (Fig. 1).
Further, no significant differences were de-
tected in the reactivities of any of the viruses in
the heterologous p27 immunoassay (Fig. 1B).
These results indicate a lack of significant
type-specific differences between the p27 poly-
peptides of five major subgroups of avian tumor
viruses.

Isolation and physical analysis of three
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FIG. 1. Comparison of immunological reactivities
of representative avian tumor viruses in AMV p27
immunoassays. Detergent-disrupted viruses were as-
sayed at twofold serial dilutions by measuring their
capacity to compete with 1251-labeled p27 for limiting
antibody (16). The results are expressed as percentage
of the total 125I counts per minute in the antigen-anti-
body precipitate standardized to 100% in the absence
of competing antigen. Reactivity was tested in (A) a
homologous AMV p27 immunoassay utilizing anti-
AMVserum with 125I-labeled AMVp27; (B) a heterol-
ogous avian p27 assay in which antiserum to RAV-O
was used with 1251-labeled AMV p27. The viruses
included: AMV (a); RAV-O (0); Pr-RSV-A (0);
BH-RSV (RAV-2) (A); Pr-RSV-C (0); CZ-RSV-D
(A).

low-molecular-weight AMV structural
polypeptides. In an attempt to isolate three of
the low-molecular-weight AMV structural poly-
peptides, approximately 9 mg of AMV was
subjected to agarose gel filtration in 6.0 M
GuHCl as described in Materials and Methods.
Fractions corresponding to the 19,000, 15,000,
and 12,000 mol wt peaks were pooled, dialyzed
against 0.01 M Tris, pH 8.0, and labeled with
125I at high specific activity (5 to 20 jACi/gg). To
determine the degree of radiochemical purifica-
tion achieved, each 125I-labeled polypeptide was
analyzed by agarose gel filtration in 6.0 M
GuHCl (Fig. 2) and by sodium dodecyl sulfate
gel electrophoresis (data not shown). By each
procedure all three 1251-labeled polypeptides
were found to migrate as single peaks compris-
ing at least 95% of the total radioactivity. The
molecular weights, relative to standards, were
19,000, 15,000 and 12,000. The isolated polypep-
tides were, thus, designated p19, p15, and p12,
respectively, according to convention (1).
Lack of immunological cross-reactivity

between four major AMV structural polypep-
tides. Competition immunoassays were devel-
oped for each of the three newly isolated poly-
peptides analogous to that previously described
for AMV p27 (16). To examine the possibility of
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the p15 immunoassay (Fig. 3). Wherever cross-
reactivity at a low level was detected, the slope

14 of the competition was found to be parallel to
1-3Xq* that exhibited by the homologous competing

antigen. This argues that cross-reactivity was
12 due to minor contamination (less than 2 to 3%)

by other viral polypeptides rather than to

10 _ _
shared immunological determinants among the

10l different polypeptides.
Immunological type specificities of AMV

E 8 low-molecular-weight polypeptides. To test
'It | 4 for possible immunological type specificity of

" l̂lj\p , p19, p15, and p12, the reactivities of AMV and
6 _ representative viruses of five avian tuAnor virus

subgroups were tested in homologous immuno-
|I 4' assays for each polypeptide. The results (Fig. 4)

4_1|t d , _ demonstrate no detectable difference between
~ 'ti; Qthe reactivities of AMV, Pr-RSV-A, BH-RSV-

2 ^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^,_(RAV-2),or RAV-O in each assay. The slopes
2 i O O of the competition curves as well as the extent

<5.O-,+<, of competition achieved with each virus were
indistinguishable. Similar results were obtained

80 88 96 104 112 120 with BH-RSV(RAV-1), another subgroup A
FRACTION NUMBER

FiG. 2. Analysis of AMV p19, p15, and p12 by gel A
filtration chromatography in the presence of 6 M 1

*.
GuHCI. Around 100/K,X counts/mim of 251-labeled
AMVpl9 (0), p15 (A), and p12 (0) were individually \
analyzed on the same agarose column. The results a
from all these experiments are superimposed. Molecu-
lar weights relative to standards were determined as 0
described in Materials and Methods.

antigenic cross-reactivity between different mo- 40
lecular weight AMV polypeptides, all four unla-
beled polypeptides were assayed for their abili-
ties to compete limiting anti-AMV sera for l
binding each I2I-labeled viral polypeptide.The' c '
results summarized in Fig. 3 show that each t- 100z
polypeptide reacted with greatest efficiency in u

its respective homologous assay. The p27 and O

p15 assays were sufficiently sensitive to detect
their homologous unlabeled viral antigens at
concentrations as low as 0.5 to 1.0 ng/ml.
Around 2.0 to 5.0 ng of p19 or p12 per ml was
reuuired for detection in their respective homol- 40

ogous assays. The differences in sensitivities of
the four homologous AMV assays were due to XD
differences in the affinities of the antiserum for
each polypeptide (unpublished observations). 0 0 2
Unlabeled p27 failed to compete in homolo- Or O 2 3 O.1 O 1 2 3

gous -AMV p19, p15, or p2 assays, indicating its COMPETING VIRAL PROTEIN Ibg, ng/rrJ
high degree of immunogical purity and lack of FIG. 3. Immunological cross-reactivity between
antigenic cross-reactivity with any of the other AMV structural polypeptides. Immunoassays meas-
polypeptides. In contrast, at high concentra- ured the ability of unlabeled antigen to competepolypeptidesIncontrast, at high concent- with a limiting concentration of anti-AMV serum
tions unlabeled p19 competed in both p27 and for binding 12"I-labeled AMV (A) p27; (B) p19,
p15 immunoassays. Similarly, unlabeled p15 (C) p15, and (D) p12. The unlabeled viral antigens
exhibited a low level of reactivity in both p19 tested included: AMV p27 (0); p19 (A); p15 (-);
and p12 assays, and p12 reacted very slightly in and p12 (A).
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virus (data not shown). In contrast, Pr-RSV-C, a
representative subgroup C virus, and CZ-
RSV-D, a subgroup D virus, reacted less ef-
ficiently in immunoassays for all three poly-
peptides.
Heterologous immunoassay for avian

tumor virus low-molecular-weight polypep-
tides. It was possible that the lower degree of
reactivity of Pr-RSV-C and CZ-RSV-D in the
homologous AMV p19, p15, and p12 immunoas-
says reflected either a lower concentration of
these polypeptides in subgroup C and D viruses
or loss of antigenicity during preparation or
storage. Too test these possibilities, heterologous
competition immunoassays were developed by
utilizing antiserum prepared against Pr-RSV-C
to precipitate AMV 251_-labeled p19, p15, and

p12. The antiserum would be expected to recog-
nize antigenic determinants shared by the cor-
responding polypeptides of Pr-RSV-C and
AMV. The results in Fig. 5 demonstrate that
viruses of each subgroup tested reacted simi-
larly in heterologous immunoassays for p19,
p15, and p12. These results, thus, argue that the
low reactivities of Pr-RSV-C and CZ-RSV-D in
the homologous immunoassays for AMV p19,
p15, and p12 were due to differences in their
type-specific antigenic determinants rather
than to differences in the concentration of the
polypeptides. These findings do not resolve how
closely the pi9, p15, and p12 antigens of sub-
group C virus are immunologically related to
the respective viral polypeptides of subgroup D.

Reactivities of avian tumor viruses in ho-
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FIG. 4. Analysis of low-molecular-weight AMV polypeptides for type-specific antigenic determinants.
Detergent-disrupted viruses were tested in a homologous AMV immunoassay by utilizing anti-AMV serum in
combination with 1261-labeled AMV (A) p19; (B) p15; and (C) p12. The viruses tested and symbols used are as

described in the legend to Fig. 1.
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FIG. 5. Heterologous group-specific immunoassays for avian tumor virus p19, p15, and p12 polypeptides.
Detergent-disrupted viruses were tested in heterologous immunoassays by utilizing anti-Pr-RSV-C serum in
combination with 1251-labeled AMV (A) p19; (B) p15; and (C) p12. Viruses tested and symbols used are

described in the legend to Fig. 1.
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mologous RAV-0 p19 and p12 immunoassays.
There is evidence that viruses of subgroups A
and B can be isolated from in vivo-propagated
stocks of AMV (10). If these viruses were
present in the AMV stock used here, it might
account for the cross-reactivity subgroup of A
and B viruses in homologous immunoassays for
AMV polypeptides. Since, as shown above,
subgroup E virus, an endogenous virus of
chicken cells (5, 24), was also immunologically
indistinguishable from AMV, immunoassays for
polypeptides of this virus were developed to
further examine the relatedness of subgroups A,
B, E, and AMV. RAV-0, a prototype subgroup E
virus, was first screened by the phenotypic
mixing test (W. Okazaki, H. G. Purchase, and
B. R. Burmester, submitted for publication)
and found to be negative for contamination by
viruses of other subgroups. From around 10 mg
of RAV-0, purified by sucrose density gradient
centrifugation, two polypeptides, p19 and p12,
were isolated by agarose gel filtration as de-
scribed in Materials and Methods. These were
labeled with 125I and shown to be more than 95%
radiochemically pure (Fig. 6) when analyzed by
agarose gel filtration in the presence of 6 M
GuHCl.

Representative viruses of each of the five
avian virus subgroups, as well as AMV, were
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FIG. 6. Analysis by gel filtration chromatography

of 1251-labeled RAV-O p19 (0) and p12 (0) polypep-
tides. Molecular weights were determined as de-
scribed in the legend to Fig. 2.

tested for their reactivities in homologous
RAV-0 p19 and p12 immunoassays. The results,
summarized in Fig. 7, were similar to those
observed with homologous immunoassays uti-
lizing the corresponding AMV polypeptides.
The reactivities of AMV, Pr-RSV-A, BH-
RSV(RAV-2), and RAV-0 were indistinguisha-
ble, whereas Pr-RSV-C and CZ-RSV-D com-
peted less efficiently in both RAV-0 p19 and p12
assays. Additional isolates of subgroups A, C,
and E were examined and shown to have
immunological reactivities indistinguishable
from those of the prototype A, C, and E viruses
tested above (data not shown). These findings
support the conclusion that the type-specific
determinants detected with the prototype vi-
ruses were representative of their respective
subgroups.

DISCUSSION
The immunological reactivities of different

subgroups of avian type C RNA viruses have
been compared in homologous competition im-
munoassays for the p27, p19, p15, and p12
antigens of two prototype viruses, AMV and
RAV-0. The results indicate that p27 is the most
group specific of the four viral polypeptides
examined. Respresentatives of five major sub-
groups were immunologically indistinguishable
in the homologous assay for this AMV polypep-
tide. In contrast, three lower weight viral poly-
peptides, p19, p15, and p12, each demonstrated
type-specific determinants. In these character-
istics, the avian RNA viruses appear analogous
to previously studied mammalian type-C vi-
ruses, where the 27,000 to 30,000 mol wt poly-
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FIG. 7. Analysis of RAV-O p19 and p12 type-
specific antigenic determinants. Detergent-disrupted
viruses were tested for immunological reactivity in
homologous RAV-O immunoassays by utilizing anti-
RA V-O serum in combination with 1251-labeled RA V-O
(A) p19; (B) p12. Viruses tested and symbols used are
described in the legend to Fig. 1.
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peptides have also been shown to be much less
type specific than the lower-molecular-weight
structural polypeptides (15, 18).
Among the avian type C viruses analyzed, the

reactivities of representative subgroup C and D
viruses differed markedly from viruses of sub-
groups A, B, and E in homologous typing
immunoassays utilizing either AMV or subgroup
E 125I-labeled viral antigens. The present find-
ings are consistent with molecular hybridiza-
tion studies indicating a lack of complete
genetic homology between RAV-O and Pr-
RSV-C (11). The fact that the respective p19,
p15, and p12 polypeptides of viruses of A, B,
and E subgroups were immunologically indis-
tinguishable indicates that subgroups A and B
share with subgroup E virus genetic information
coding for identical or at least very similar
low-molecular-weight polypeptides. These sub-
groups do differ markedly from one another in
several characteristics, including host range,
neutralization, and interference (6, 23). All of
these properties, however, could simply reflect
differences between the glycoproteins of their
viral envelope.
Subgroup E virus has been reported to be

chemically inducible from virus-negative
chicken cells (24), and molecular hybridization
studies indicate homology of this virus with
normal chicken cellular DNA (2, 12, 19, 26).
Whereas these findings have provided evidence
for the genetic transmission of this virus, the
origin of avian tumor viruses of the other
subgroups is not as yet known. Subgroup A and
B viruses, whose lower-molecular-weight viral
polypeptides closely resemble those of subgroup
E, could have originated as a result of genetic
change affecting the viral glycoprotein. It is
possible that viruses of subgroups C and D,
because they differ from subgroup E in several
of their polypeptides, either evolved differently
through horizontal transmission, or originated
from different classes of endogenous virus not as
yet indentified. Determination of the degree of
sequence homology between representatives of
each of the major subgroups, both with each
other and with cellular DNA, should help to
resolve these possibilities.
The type-specific determinants present on

low-molecular-weight polypeptides of avian
type C viruses provide useful markers for analy-
sis of genetic recombinants (9, 21, 25). Appro-
priate recombinants could be isolated from
selected parental viruses possessing immuno-
logically distinguishable low-molecular-weight
polypeptides as well as host range and neutral-
ization properties. Determination of the mark-

ers in such recombinants should lead to infor-
mation concerning genetic linkage between dif-
ferent avian tumor viral structural genes.
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