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RNA and protein of the defective avian acute leukemia virus CMII, which
causes myelocytomas in chickens, and of CMII-associated helper virus (CMIIAV)
were investigated. The 'RNA of CMII measured 6 kilobases (kb) and that of
CMIIAV measured 8.5 kb. By comparing more than 20 mapped oligonucleotides
of CMII RNA with mapped and nonmapped oligonucleotides of acute leukemia
viruses MC29 and MH2 and with mapped oligonucleotides of CMIIAV and other
nondefective avian tumor viruses, three segments were distinguished in the
oligonucleotide map of CMII RNA: (i) a 5" group-specific segment of 1.5 kb which
was conserved among CMII, MC29, and MH2 and also homologous with gag-
related oligonucleotides of CMIIAV and other helper viruses (hence, group
specific); (ii) an internal segment of 2 kb which was conserved specifically among
CMII, MC29, and MH2 and whose presence in CMII lends new support to the
view that this class of genetic elements is essential for oncogenicity, because it
was absent from an otherwise isogenic, nontransforming helper, CMIIAV; and
(iii) a 3’ group-specific segment of 2.5 kb which shared 13 of 14 oligonucleotides
with CMIIAYV and included env oligonucleotides of other nondefective viruses of
the avian tumor virus group (hence, group specific). This segment and analogous
map segments of MC29 and MH2 were not conserved at the level of shared
oligonucleotides. CMII-transformed cells contained a nonstructural, gag gene-
related protein of 90,000 daltons, distinguished by its size from 110,000-dalton
MC29 and 100,000-dalton MH2 counterparts. The gag relatedness and similarity
to the 110,000-dalton MC29 counterpart indicated that the 90,000-dalton CMII
protein is translated from the 5 and internal segments of CMII RNA. The
existence of conserved 5" and internal RNA segments and conserved nonstructural
protein products in CMII, MC29, and MH2 indicates that these viruses belong to
a related group, termed here the MC29 group. Viruses of the MC29 group differ
from one another mainly in their 3 RNA segments and in minor variations of
their conserved RNA segments as well as by strain-specific size markers of their
gag-related proteins. Because (i) the conserved 5" gag-related and internal RNA
segments and their gag-related, nonvirion protein products correlate with the
conserved oncogenic spectra of the MC29 group of viruses and because (ii) the
internal RNA sequences and nonvirion proteins are not found in nondefective
viruses, we propose that the conserved RNA and protein elements are necessary
for oncogenicity and probably are the onc gene and onc gene products of the
MC29 group of viruses.

CMII is an avian acute leukemia virus (18)
that causes myelocytomatosis in chickens (24,
25) and also transforms fibroblasts in tissue cul-
ture (17). Avian acute leukemia viruses carry
one known genetic function, termed the onc gene
for oncogenic cell transformation (18). The onc
gene of these viruses has not been defined ge-
netically because defectiveness in all three rep-
licative genes of RNA tumor viruses (3-5, 17, 20,
21) has hindered recombination and deletion

analyses relying on additional genetic markers.
Such deletion analyses were essential in defining
the genetic elements of nondefective Rous sar-
coma virus (RSV) (31-33). However, biochemi-
cal analyses of the RNAs of several strains of
avian acute leukemia viruses MC29 (10, 26; P.
H. Duesberg, K. Bister, and C. Moscovici, Virol-
ogy, in press) and MH2 (10a, 13) have distin-
guished two sets of sequences about 40% of
which are specific and 60% of which are related
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to genes of helper independent avian tumor vi-
ruses and termed group specific. In MC29 the
specific sequences map between 2.5 and 4.5 on
a map of 5.7 kilobases (kb) from the 3’ end of
the RNA and are flanked by a 5’ and a 3’ group-
specific RNA segment. The 5’ group-specific and
the internal MC29-specific segment code to-
gether for a nonstructural protein of 110,000
daltons (3, 26). Three of the eight large RNase
T)-resistant oligonucleotides that define the spe-
cific segment of MC29 RNA have also been
found, although not mapped, in MH2 RNA (10a,
13) and this RNA also codes for a nonstructural,
gag gene-related protein which measures
100,000 daltons (20, 30a).

By analogy with the transforming src gene of
RSV, the specific sequences of MC29 and MH2
were hypothesized to be necessary for or iden-
tical with the onc genes of these viruses because
they are, like src (31), unrelated to viral repli-
cative genes (10, 26). Similarity between the
specific nucleotide sequences and the oncogenic
spectra of MC29 and MH2 supported this hy-
pothesis (10a, 13).

To extend and refine the notion of a related
class of specific sequences, defined as being un-
related to nondefective helper viruses, in differ-
ent strains of avian acute leukemia viruses, we
have identified and analyzed RNA and protein
of CMII and also of its associated helper virus
CMIIAV for comparisons with MC29 and MH2.
CMII was selected because its oncogenic spec-
trum is distinct from, but overlaps with, those of
MC29 and MH2 (16, 17, 24, 25). Because of the
close relationships observed among the three
acute leukemia viruses (see below), RNAs were
compared at the level of shared RNase T;-re-
sistant oligonucleotides. This method gives up-
per estimates of specific sequences because it
responds to single base changes. Consequently,
sequences referred to below as conserved are
very closely related. Sequences referred to as
nonconserved at the oligonucleotide level are
known to be at least distantly related if com-
pared by the less sensitive method of RNA-
complementary DNA hybridization used in ear-
lier studies (10, 11, 26, 30). Related sequences of
acute leukemia viruses and nondefective helper
viruses, which were identified by hybridization
or by shared oligonucleotides, were termed
group specific, following the published definition
(11, 26).

Here we have analyzed the composition and
map order of the RNase T-resistant oligonucle-
otides of CMII RNA and have identified a
90,000-dalton gag-related, nonstructural CMII
protein. By comparing mapped oligonucleotides
of CMII with mapped and unmapped oligonu-
cleotides of acute leukemia viruses MC29 and
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MH2 and with mapped oligonucleotides of
CMIIAV and other nondefective avian tumor
viruses, the oligonucleotide map of CMII RNA
was divided into three segments: (i) a 5’ group-
specific segment that was conserved among
CMII, MC29, and MH2, and also homologous
with gag-related sequences of helper viruses; (ii)
an internal segment that was conserved specifi-
cally among CMII, MC29, and MH2; and (iii) a
3’ group-specific segment nonconserved among
CMII, MC29, and MH2 at the oligonucleotide
level, but homologous in 13 of 14 oligonucleo-
tides with CMIIAV and including env oligonu-
cleotides of other nondefective viruses of the
avian tumor virus group. The gag relationship
and analogy with the 110,000-dalton MC29 coun-
terpart suggested that the 90,000-dalton CMII
protein is translated from the 5 and internal
segments of CMII RNA.

The conserved nature of their 5" and internal
RNA segments and of the nonstructural, gag
gene-related proteins encoded by these se-
quences indicates that CMII, MC29, and MH2
are a closely related group, termed the MC29
group. The members of the MC29 group differ
mainly in their 3’ RNA segments and in minor
variations of their conserved RNA segments and
by strain-specific size markers of the gag-related
proteins, 90,000 (CMII), 100,000 (MH2), and
110,000 (MC29) daltons.

MATERIALS AND METHODS

Cells and viruses. Avian myelocytomatosis virus
strain CMII was originally isolated in West Germany
in 1964 (24, 25). It was propagated here in quail cell
cultures either together with its original helper virus
as CMII(CMIIAV) complex or after superinfection
with ring-necked pheasant virus (RPV) of subgroup F
as CMII(CMIIAV + RPV) complex. The MC29 quail
nonproducer cell line Q8 and the MC29(RPV)-infected
quail cells obtained by superinfection of Q8 with RPV
have been described before (3). MH2(MH2AV)-in-
fected quail cells have also been described previously
(13). A laboratory strain of MC29(MCAV-A and B)
was obtained from C. Moscovici (Duesberg et al.,
Virology, in press).

Preparation, gel electrophoresis, and oligo-
nucleotide analyses of radioactive viral RNA.
CMII(CMIIAV) or CMII(CMIIAV + RPV)-infected
quail cells were labeled with [*H]uridine or with
H,™PO,, and virus was purified essentially as described
before (10, 12, 31). Preparation of viral 50 to 70S RNA
and conditions of electrophoresis in 2.1% polyacryl-
amide gels followed published procedures (10, 12, 31).
The preparative separation of the 6-kb CMII RNA
and the 8.5-kb helper virus RNA species of the CMII-
helper virus complex was achieved by two different
procedures. (i) Viral 50 to 70S [*’P]JRNA purified by
glycerol gradient sedimentation (10) was heat dena-
tured and subjected to electrophoresis in a 2.1% poly-
acrylamide gel (10, 12). The radioactivity in 1-mm gel
slices was determined by Cerenkov radiation, and
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RNA peaks were eluted from 7 to 12 pooled gel slices
by stirring for 12 h at room temperature in 7.5 ml of
0.4 M LiCl-0.01 M Tris (pH 7.4)-2.5 mM EDTA-0.2%
sodium dodecyl sulfate (SDS) containing 100 pg of
yeast RNA. After pelleting of the polyacrylamide at
15,000 x g, the RNA was ethanol-precipitated after
the addition of NaCl to 0.1 M and freed of soluble
polyacrylamide by sucrose gradient sedimentation
(10). (it) Viral 50 to 70S RNA was sedimented in a 15
to 30% sucrose gradient in 0.05 M NaCl-0.01 M Tris
(pH 7.4)-5 mM EDTA-0.2% SDS by centrifugation in
a Beckman SW41 rotor for 210 min at 40,000 rpm and
20°C. The peak of labeled RNA was separated in a
leading half, termed the 60 to 70S pool, and a trailing
half, termed the 50S pool. Both pools of [**P]JRNA
were subjected to electrophoresis in 1.7% agarose (Bio-
Rad Laboratories, Richmond, Calif.) gels (0.6 by 10
cm) with other conditions as described previously (12).
Electrophoresis was continued at 10 V/cm until a
bromophenol blue marker had migrated 10 cm (~2.5
h). The radioactivity in 1-mm gel slices was deter-
mined by Cerenkov radiation, and the leading half of
the 50S RNA pool was eluted from gel slices as de-
scribed above (see Fig. 2). After pelleting of the aga-
rose at 15,000 X g, the RNA was ethanol-precipitated
for further analysis. Contamination with soluble aga-
rose was negligible.

For the preparation of polyadenylic acid [poly(A)]-
tagged RNA fragments of discrete size classes, mono-
mer RNA species prepared by method i were alkali-
fragmented by incubating two samples for 1 and 4 min,
respectively, in 0.05 M Na,CO; at pH 11 and 50°C.
Fragments were combined, and poly(A)-tagged species
were selected by binding to oligodeoxythymidylic acid-
cellulose (31). Fractionating into different size classes
was by sedimentation in a 10 to 25% sucrose gradient
in 0.01 M NaCl-0.01 M Tris (pH 7.4)-1 mM EDTA-
0.1% SDS in a Beckman SW41 rotor for 7 h at 40,000
rpm and 20°C. Alternatively, native 50S RNA pre-
pared by method ii was heat-dissociated, and poly(A)-
containing RNA fragments present as nicked RNA
subunits in the 50S complex, as well as intact 6-kb
RNA, were selected and fractionated into size classes
as described above. Preexisting nicks in 50S RNA
complexes obtained from virus harvested at 6- to 8-h
intervals (7, 9) obviated the need for chemical degra-
dation. Fingerprinting of RNase T,-resistant oligonu-
cleotides of [**P]JRNAs prepared by methods i and ii
was by electrophoresis at pH 3.5 and homochromatog-
raphy on DEAE-cellulose as described before (31, 32),
with the modification that Cellogel strips (Kalex Sci-
entific Co., New York, N.Y) were used for the electro-
phoresis.

Radiolabeling of cells, immune precipitation
of intracellular viral proteins, and polyacryl-
amide gel electrophoresis. Labeling of cells with
[**SImethionine, preparation of detergent extracts,
and immune precipitation with antisera directed
against whole Nonidet P-40 (Shell Chemical Co.)-dis-
rupted virus (Prague strain of RSV-C) or against the
major nonglycosylated (gag-related) structural pro-
tein p27 (anti-p27 serum) were carried out essentially
as described before (3). The anti-p27 serum used also
contained weak activity against the gag protein p19
(M. Hayman, personal communication). The antise-
rum against the viral glycoproteins (anti-gp85 serum)
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was prepared by D. Bolognesi and was obtained from
G. S. Martin. The immune complexes were precipi-
tated by goat antiserum to rabbit immunoglobulin
(Antibodies, Inc., Davis, Calif.) as a second antibody
(3). Alternatively, the protein A-containing bacterium
Staphylococcus aureus was used as an immune com-
plex adsorbent (22). Briefly, 250 ul of clarified cellular
detergent extract was incubated with 1 to 2 pl of the
specific antiserum, and after 60 min at 0°C 20 to 40
pl of a freshly prepared 10% suspension of the form-
aldehyde-fixed S. aureus in lysis buffer (0.5% Nonidet
P-40-0.5% sodium deoxycholate-50 mM NaCl-25 mM
Tris, pH 8.0) was added. After 30 min at 0°C, the
bacteria were pelleted at 1,200 X g for 10 min and
washed three times in lysis buffer. The pellet was
resuspended in 50 ul of sample buffer (10% glycerol-
5% B-mercaptoethanol-3% SDS-0.005% bromophenol
blue-0.06 M Tris, pH 6.8) and heated to 100°C for 2
min. After pelleting of the bacteria at 2,000 X g for 15
min, the supernatant was used for electrophoresis.
Immune precipitates were analyzed by electrophoresis
on 6 to 18% linear polyacrylamide gradient slab gels,
using the discontinuous SDS-Tris-glycine system (23)
as described previously (3). Electrophoresis was at 18
mA for 6 h. Gels were stained with 0.5% Coomassie
blue in 50% methanol-10% acetic acid (vol/vol) for 20
min and destained overnight in 30% methanol-10%
acetic acid. They were then dehydrated with two
changes of dimethyl sulfoxide for 1 h, treated with 20%
2,5-diphenyloxazole in dimethyl sulfoxide (wt/vol) for
2 to 3 h, rehydrated with water for 1 h, and dried
under vacuum at room temperature. Kodak X-Omat
XR-5 X-ray film was used for fluorography (6).

RESULTS

Identification of CMII and CMIIAV RNA.
Two pseudotypes of CMII were propagated on
quail cells for analyses of viral components: one
was a CMII(CMIIAV) complex derived from the
original isolate after several passages in chicken;
the other was the same virus complex superin-
fected with RPV of subgroup F. Both CMII-
infected quail cultures displayed a transformed
phenotype that was similar in morphology to
that described for MC29-infected quail cells (3,
5). After labeling cultures with [*HJuridine, virus
was purified and 50 to 70S viral RNA was pre-
pared by published procedures (3, 10, 31). Virus
yield, measured by production of [*HJuridine-
labeled virus with a buoyant density of 1.16 to
1.19 g/ml (3, 10), was about 10 times higher in
the culture superinfected with RPV than in the
culture infected with CMII(CMIIAV) alone.
The 50 to 70S ['H]JRNAs of CMII pseudotypes
were mixed with [*C]RNA standards of MC29
pseudotypes, and after heat dissociation of 50 to
70S RNA dimers two distinct RNA monomer
species were resolved by electrophoresis in 2.1%
polyacrylamide gels (Fig. 1A and B). One of
these coelectrophoresed with the 8.5-kb RPV
RNA standard of MC29(RPV), and the other
had an electrophoretic mobility that was slightly
lower than that of the 5.7-kb MC29 RNA stan-
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F1G. 1. Simultaneous electrophoresis of CMII and
MC29 RNAs. (A) A mixture of 50 to 70S [*HJRNA
of CMII(CMIIAV) propagated in quail cells and
[ CJRNA of MC29(MCAV-A and B) (Duesberg et al.,
Virology, in press) was heated to 100°C for 45 s and
subjected to electrophoresis in a 2.1% polyac-
rylamide gel for 5 h at 8 V/cm as described (12).
(B) Electrophoresis as above of [*HJRNA of
CMII(CMIIAV + RPV) propagated in quail cells
together with [“CJRNA of MC29(RPV) (10).

dard (10). The 8.5-kb RNA components of CMII
pseudotypes are thought to be the RNAs of the
original CMIIAV helper virus of CMII in Fig.
1A and a mixture of CMIIAV with RPV in Fig.
1B. By analogy with the RNAs of MC29 and
MH2 pseudotypes studied previously, the
smaller RNA component of CMII pseudotypes
is thought to be the genome of the defective
CMII virus. Based on its electrophoretic mobil-
ity relative to those of the 5.7-kb MC29 and 8.5-
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kb RPV RNA standards, its molecular weight
was estimated to be 6 kb (2). Hence, the appar-
ent molecular weight of CMII is different from
those of MC29 and MH2 RNAs, which are in-
distinguishable if compared electrophoretically
(10a, 11, 13, 14). The ratio of 6-kb CMII to 8.5-
kb helper virus RNA was higher in the
CMII(CMIIAV) complex (Fig. 1A) than in the
complex superinfected with RPV (Fig. 1B).
However, because the yield of CMII virus was
at least 10 times higher after superinfection with
RPV, this pseudotype was used for many anal-
yses.

Specific and group-specific oligonucleo-
tides of CMII and CMIIAV RNAs and com-
parison with those of MC29 and MH2. We
have used shared RNase T -resistant oligonucle-
otides to investigate whether the RNA of CMII
shares specific sequences with the RNAs of
acute leukemia viruses MC29 and MH2 and with
nondefective viruses of the avian tumor virus
group, particularly the helper virus CMIIAV.
CMII RNA was either prepared electrophoreti-
cally from acrylamide gels as a 6-kb RNA mono-
mer (Fig. 1) or as a native 50S RNA dimer
complex. By the second method, the native 50
to 70S RNA complex of CMII(CMIIAV + RPV)
RNA was fractionated first by sedimentation
into a leading half, termed the 60 to 70S pool,
and a trailing half, termed the 50S pool, and
each pool was further fractionated by electro-
phoresis in 1.7% agarose gel. It can be seen in
Fig. 2 that the peak of the 50S RNA pool had a
higher electrophoretic mobility than that of the
60 to 70S pool. RNA from the leading two-thirds
of the 50S peak was eluted as described for the
preparation of RNA from acrylamide (10, 26).
After ethanol precipitation, it could be used
directly for fingerprinting, thus eliminating the
sedimentation step necessary to remove soluble
acrylamide from RNA prepared by the former
method. CMII RNA prepared by either method
was <20% contaminated by degraded helper vi-
rus RNA migrating with denatured 6-kb RNA
or by forward trailing helper virus RNA com-
plexes migrating with native 50S CMII RNA
complex as judged from the relative molarity of
helper virus oligonucleotides in fingerprints of
CMII RNA (see below, Fig. 3). The yield of 6-kb
CMII RNA prepared as monomer was about 10
to 25% of the total 50 to 70S RNA applied to a
gel, varying with the integrity of the RNA and
the ratio of 6- to 8.5-kb species in the starting
material. The yield of 50S CMII RNA complex
prepared from agarose gels was 30 to 50%. The
difference is due to the presence of nicked RNA
species in the 50S RNA complex (7, 9) that are
not recovered if 6-kb RNA monomer species are
prepared. Therefore, it was advantageous to use
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F1c. 2. Preparative separation of native 50 and
70S RNAs of CMII(CMIIAV + RPV) [*P]JRNA
by electrophoresis. CMII(CMIIAV + RPV) 50 to 70S
[**P]RNA (12.5 X 10° cpm) was purified by sedimen-
tation in a 15 to 30% sucrose gradient in 0.05 M
NaCl-0.01 M Tris (pH 7.4)-5 mM EDTA-0.2% SDS
by centrifugation in a Beckman SW41 rotor for 210
min at 40,000 rpm and 20°C (not shown). The leading
half (@) and the trailing half (A) of the 50 to 70S
RNA peak were pooled and subjected to parallel
electrophoreses in separate 1.7% agarose gels as de-
scribed in Materials and Methods. Electrophoresis
was at 10 V/cm until a bromophenol blue marker
had migrated 10 cm in both gels (2.5 h). The radio-
activity in 1-mm gel slices was determined by Ceren-
kov radiation. Both gels were plotted on the same
graph.

50S RNA for oligonucleotide mapping based on
analyses of poly(A)-tagged RNA fragments (see
below). Since about 30% of heat-dissociated 50S
CMII RNA consisted of poly(A)-tagged mono-
mer species which had a size distribution suita-
ble for mapping, about 10 to 15% (30% of 30 to
50%) of the starting 50 to 70S RNA was available
for mapping. By contrast, only 1 to 2.5% of the
starting 50 to 70S RNA is available for mapping
if intact 6-kb RNA (recovered at 10 to 25% yield
from 50 to 70S RNA) is alkali-degraded and
poly(A)-tagged fragments are selected at a 10%
yield (31).

The RNase T,-resistant oligonucleotides of
CMII RNA prepared as 50S RNA from
CMII(CMIIAV) were autoradiographed after
two-dimensional fingerprinting as shown in Fig.
3A. The same fingerprint was obtained when
CMII RNA was prepared as a 6-kb electropho-
retic species from CMII(CMIIAV + RPV) (not
shown). On the basis of their autoradiographic
intensities and quantitations (not shown; 1, 31),
over 20 oligonucleotides of 6-kb CMII RNA were
present at equimolar ratios and therefore were
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probably from the same RNA species. The com-
position of these RNase T -resistant oligonucle-
otides, in terms of their RNase A-resistant frag-
ments, is reported in Table 1. The Table reflects
a summary of identical data obtained from CMII
RNA prepared from CMII(CMIIAV) and
CMII(CMIIAV + RPV). Minor oligonucleo-
tides, also detectable in the fingerprints of CMII
RNA, had homologous counterparts in helper
virus RNA (see below, Fig. 3B). They are labeled
with three-digit numbers in Fig. 3A and are
thought to reflect the expected contamination of
CMII RNA by helper virus RNA.

A fingerprint of 8.5-kb CMIIAV RNA, pre-
pared electrophoretically from a 50 to 70S
CMII(CMIIAV) RNA mixture (Fig. 1), is shown
in Fig. 3B. On the basis of their autoradiographic
intensities, all unique, large oligonucleotides
were present at equimolar ratios and hence were
probably from the same RNA species. CMIIAV
oligonucleotides shared with CMII RNA were
labeled with the same single- and double-digit
numbers as their CMII counterparts. CMIIAV-
specific oligonucleotides were identified by
three-digit numbers (Fig. 3B). RNase A-resist-
ant fragments of these oligonucleotides are re-
ported in Table 1. Coincident compositions of
some of these CMIIAV oligonucleotides were
derived from two other sources, either as shared
homologs from CMII RNA (see Fig. 3A and
Table 1) or as CMIIAV-specific oligonucleotides
after subtracting RPV oligonucleotides (10) from
a mixture obtained from 8.5-kb RPV and
CMIIAV RNAs prepared from CMII(CMIIAV
+ RPV) RNA (not shown).

A comparison shows that CMII RNA shared
18 of 25 oligonucleotides with CMIIAV RNA
and 13 with MC29 RNA, some of which are also
shared with MH2 RNA. Six oligonucleotides
shared between CMII and CMIIAV (no. 7, 14,
16, 22, 24, and C oligonucleotides) were also
shared between CMII and the other acute leu-
kemia viruses (Table 1).

Comparing the oligonucleotide maps of
CMII, CMIIAV, and MC29. To determine
whether CMII oligonucleotides related to non-
defective helper viruses and to acute leukemia
viruses MC29 and MH2 occupy specific map
locations, oligonucleotide maps of CMII and
CMIIAV RNAs were prepared. The location of
a given oligonucleotide relative to the 3’ poly(A)
end of the RNA was deduced from the size of
the smallest poly(A)-tagged RNA fragment from
which it could be isolated to construct the oli-
gonucleotide maps shown in Fig. 5. Poly(A)-
tagged CMII RNA fragments were prepared
either from electrophoretically prepared and al-
kali-degraded 6-kb RNA (Fig. 1) or from heat-
dissociated 50S CMII RNA (see above, Fig. 2).
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Homochromatography
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Fic. 3. Autoradiographs of RNAse T\-digested 6-kb (A) and 8.5-kb (B) [**P]JRNA species of CMII(CMIIAV)
after two-dimensional electrophoresis-homochromatography (fingerprint analysis). (A) The 50 to 70S RNA of
CMII(CMIIAV) was sedimented as described in the legend of Fig. 2. The peak of labeled RNA was then
separated into a leading (60 to 70S) half and a trailing (50S) half. Further purification of the 50S component
by agarose gel electrophoresis could here be omitted because, as a result of the initial excess of 6-kb RNA in
the total 50 to 70S RNA complex (Fig. 1A), the 50S RNA recovered was <25% contaminated with helper virus
RNA. The 508 RNA (~7 X 10° cpm) was digested with RNAse T), and the digest was resolved by electrophoresis
and then homochromatography on DEAE-cellulose as described (31, 32). (B) The 6-kb and 8.5-kb RNA species
of heat-dissociated 50 to 708 CMII(CMIIAV) [®P]RNA (~4.5 X 10° cpom) were separated by electrophoresis in
polyacrylamide. RNA peaks were identified by Cerenkov radiation and were eluted from pooled gel slices as
described in Materials and Methods. The 8.5-kb RNA was then subjected to fingerprint analysis as for Fig.
3A. The large oligonucleotides were numbered and their RNase A-resistant fragments are listed in Table 1.
Identical oligonucleotides found in the T, digests of the 6-kb and the 8.5-kb RNAs were given the same number
in both fingerprints. Oligonucleotides found in 8.5-kb helper virus RNA that are not shared with 6-kb CMII

RNA were given numbers of the 100 series.

Fragments were fractionated according to size
by sucrose gradient sedimentation, and discrete
size classes were fingerprinted (Fig. 4). Frag-
ments obtained by both methods gave the same
results. The oligonucleotide map constructed
from the data shown in Fig. 4 and other data not
shown is depicted in Fig. 5A. The oligonucleotide
map of MC29 RNA derived recently (26; Dues-
berg et al., Virology, in press) is placed next to
it for direct comparison. On the basis of oligo-
nucleotide homology with acute leukemia vi-
ruses MC29 and MH2, and with the helper vi-
ruses CMIIAV (Fig. 5B) and other nondefective
avian tumor viruses, the oligonucleotide map of
CMII could be divided roughly into three major
segments. (i) A 5’ group-specific segiient was
defined by a 5’ cap and four internal oligonucle-
otides between 4.5 and 6 kb from the 3’ poly(A)
coordinate. It shared three of its internal oligo-

nucleotides with an equivalent segment of MC29
RNA. At least two of these oligonucleotides had
unmapped homologs in MH2 RNA (Table 1;
13). In addition, these four internal oligonucle-
otides (no. 14, 16, 17b, and 22) were also shared
with nondefective CMIIAV (Fig. 5B) and other
helper virus RNAs (Table 1), and one (no. 16)
was identical with a gag gene oligonucleotide of
nondefective Prague RSV (10, 26). Because of
its relationship to nondefective viruses of the
avian tumor virus group, this segment was
termed group specific, like its counterpart in
MC29 (26). The cap oligonucleotide of CMII was
not the same as that of the MC29 RNA used
here as standard. However, other MC29 variants
have since been isolated which have the same
class I cap oligonucleotide as CMII (Duesberg
et al., Virology, in press). (ii) An internal CMII-,
MC29-, and MH2-specific segment was defined
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TaBLE 1. Composition of RNase T)-resistant oligonucleotides of 6-kb CMII RNA and 8.5-kb CMIIAV RNA
and homologs in other viruses

Spot no. Spot no.
CMII CMIIAV RNase A digestion products® MC29 MH2 RPV
6 kb 8.5 kb 5.7 kb 5.7 kb* 8.5 kb
1 2U,3C,G,2AC,AU,3AAC 1 4a
2 2 4U,4C,G,3AC,2AAC,2AAU
3 3 8U,6C,G,2AC,2AU,AAC,AAU AU
4-cap 4-cap 4U,4C,G,3AC,3AU,m’GpppGmC*
5 5 6U,8C,G,2AC,2AAU
6 6 5U,9C,2AC,AU,AACAAG (5)
7 7 3U,5C,AC,AAU,A;CALG 5
8 2U,8C,3AU,AG,A;U 6
9 9 4U,6C,G,3AC,AU
10 3U,8C,AC,AAG 7b 9
11 U,3C,AC,AG,AAU,A,C 8b 10
12 U,4C,2AC,AU,AG,AAC 12
13 13 2U,5C,3AC,AAG 18
14 14 4C,G,2AC,AC 13
15 15 4U,5C,G,3AC,AU 8
16 16 4U,6C,AAG,AC 9 11 5
17a 17a 2U,3C,AU,AG,2AAU
17b 17b 5U,8C,G,AU
18 18 4U,4C,G,2AU AU
19 19 4U,C,G,2AC,AU,AAU 137
20 4U,3C,G,AC,2AU,AAU 15
22 22 4C,3AC,AG 26 26 23
23 U,5C,2AC,AAG 120
24 24 4U,3C,G,AU,AAU 18
C C G,AC,AU,AAU,A;C C C C
101 C,G,AC,A.C,A;C
102a 4C,2AC,AU,AG,AAC
102b 4C,2AC,AU,ALG
103 4U,2C,G,3AU,AAU
104 7U,5C,G,AU 12
105 5U,9C,G,AC,AU,A;C
106 3U4C,G,2AC,AU,A;N
107 2C,AU,AG,A;N
108 U,C,G,2AU,AAU
109 2C,AC,AG,A;U
110 3U,3C,AC,AU,AG

“ Elution of RNase T)-resistant oligonucleotides from DEAE cellulose, RNase A digestion and electrophoretic

analysis of the digests have been described (31).

» MC29 oligonucleotides have been described (10, 26; Duesberg et al., Virology, in press).
“ MH2 oligonucleotides have been described (10a, 11, 13).

“ Numbered as previously reported (10).
¢ Cap oligonucleotide of class I (34).
/Tentative identification.

by six oligonucleotides mapping between 2.5 and
4.5 kb and shared all six oligonucleotides with
an equivalent segment of MC29 RNA (26; Dues-
berg et al., Virology, in press). Three of these
oligonucleotides had unmapped homologs in
MH2 RNA (Table 1; 13). No oligonucleotide of
this RNA segment was related to any known
nondefective avian tumor virus. Thus, this seg-
ment appears specific for avian acute leukemia
viruses CMII, MC29, and MH2. (iii) A 3’ group-
specific segment extended to 2.5 kb from the 3’
poly(A) end and was defined by 14 oligonucleo-
tides including the highly conserved C oligonu-

cleotide (10, 11, 31) near the poly(A) end. It
shared 13 of these with CMIIAV and other
nondefective avian tumor viruses (Table 1, Fig.
5B), thus identifying this segment as group spe-
cific. CMII oligonucleotides no. 9 and 24 of this
segment had env gene homologs in Schmidt-
Ruppin RSV (no. 4) (32) and in Prague RSV
(no. 18) (33), respectively. This suggests that the
3’ segment of CMII, like its MC29 equivalent
(26; Duesberg et al., Virology, in press), contains
env gene-related sequences.

CMII and CMIIAV are isogenic in group-
specific sequences. Several cloned stocks of
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Homochromatography

Electrophoresis

F1G6. 4. Autoradiographs of RNase T-digested poly(A)-containing fragments prepared from 6-kb CMII
RNA after fingerprint analysis. The 6-kb [**P]RNA of CMII was prepared electrophoretically from 50 to 708
CMII(CMIIAV + RPV) RNA (~32 X 10° com) as described for Fig. 1 and 3 and was alkali-fragmented.
Poly(A)-containing fragments were isolated by binding to oligodeoxythymidylic acid-cellulose (Materials and
Methods). They were then fractionated according to size by sedimentation in a 10 to 25% sucrose gradient in
0.01 M NaCl-0.01 M Tris (pH 7.4)-1 mM EDTA-0.1% SDS in an SW41 Beckman rotor for 7 h at 40,000 rpm
and 20°C. Six RNA pools with average sedimentation coefficients of 28S (A), 26S (B), 21S (C), 18S (D), 13S (E),
and 6S (F) were collected and analyzed by fingerprint analysis as described in Fig. 3. Oligonucleotides with
identical composition, as determined by RNase A digestion, are given the same number in all fingerprints.
Alternatively, fingerprint analysis of poly(A)-tagged fragments of 6-kb CMII RNA was carried out by heat
dissociation of the 50S component of CMII(CMIIAV + RPV) [*’P]RNA prepared as described in Fig. 2,
followed by selection of poly(A)-containing RNA fragments and fractionation in different size classes, as
described above. The same oligonucleotide map was obtained by both methods.

MC29 and MH2 have been compared to cloned
stocks of MC29-associated (MCAV) and MH2-
associated viruses (MH2AV) for oligonucleotide
homology (10a, 11, 13; Duesberg et al., Virology,
in press). Although homology was observed in
all of these cases, their related, group-specific
sequences, defined primarily by RNA-comple-
mentary DNA hybridization, did not share sig-
nificantly more homologous oligonucleotides
than the group-specific sequences of MC29 or
MH2 and those of several other nondefective
viruses. Hence, a given cloned helper virus, pre-

sumed to be derived from the original isolate,
did not appear more closely related to the re-
spective acute leukemia virus than many other
helper viruses studied. In contrast, a much closer
relationship appears to exist between the group-
specific sequences of CMII and CMIIAV. All
five 5’ group-specific and 13 of the 14 3’ group-
specific oligonucleotides of CMII have CMIIAV
homologs in equivalent map positions (Fig. 5B).
The only difference, i.e., between oligonucleotide
no. 102a and 12, may be due to a point mutation
in one of the RNAs, because the composition of
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F16. 5. Comparison of the oligonucleotide maps of (A) 6-kb CMII RNA and 5.7-kb MC29 RNA and (B) 6-kb
CMII RNA and 8.5-kb CMIIAV RNA. (A) Oligonucleotides found in 6-kb CMII RNA were ordered according
to the size of the smallest poly(A)-tagged RNA fragment from which they can be isolated (Fig. 4). When the
relative order of oligonucleotides is uncertain, they are shown in parentheses. The resulting oligonucleotide
map of CMII is compared with the map of 5.7-kb MC29 RNA prepared from MC29(RPV) RNA (11, 26;
Duesberg et al., Virology, in press). Oligonucleotides identical in composition (Table 1) are linked by solid
lines, and RNA sequences shared between the two viruses are in a hatched background. Division of the MC29
and CMII oligonucleotide maps into 3 group-specific, MC29-, CMII-, and MH2-specific, and 5’ group-specific
segments is indicated in the margin. (B) The oligonucleotide maps of 6-kb CMII and 8.5-kb CMIIAV RNAs
(prepared as described for CMII RNA [data not shown]) are compared. Oligonucleotides identical in
composition are linked by solid lines, and two closely related ones are linked by a dotted line. The CMII-
specific RNA sequences are shown on a hatched background in the CMII map, and CMIIAV RNA sequences
not present in CMII RNA are shown on a hatched background in the CMIIAV map. Oligonucleotide markers

for the gag, pol, and env genes of avian tumor viruses (see text and references 32 and 33) are depicted in
italics.

these two oligonucleotides appears to be very
similar (Table 1).

Two contiguous segments of CMIIAV oligo-
nucleotides are not present in CMII RNA. These
include a conserved pol oligonucleotide, no. 107
(no. 20b in PR RSV) (33), and a conserved env
oligonucleotide, no. 105 (no. 6 in PR RSV) (33).
Two oligonucleotides shared between CMIIAV

and CMII, i.e, no. 13 and 6, map in between the
two RNA segments only present in CMIIAV
RNA. One of them, no. 6, is closely related to a
highly conserved pol oligonucleotide, no. 4, of
PR RSV (33). Hence, the RNA of replication-
defective CMII may be viewed as the product of
two deletions of the CMIIAV RNA and the
insertion of the CMII-specific sequences in place
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F16. 6. (A) Virus-specific protein synthesis in (1) CMII(CMIIAV)-infected quail cells, (2) MC29-nonproducer
clone Q8, (3) MC29-nonproducer clone Q8 superinfected with RPV, and (4) MH2(MH2AV)-infected quail cells.
Cells were pulse-labeled for 60 min with [*S]methionine (50 pCi/ml), and detergent extracts were prepared.
Immune precipitations were carried out with (a) normal rabbit serum and (b) anti-whole virus serum, with
goat anti-rabbit immunoglobulin G as the second antibody. The immune precipitates were analyzed by
electrophoresis on a 6 to 18% gradient SDS-polyacrylamide gel (3). Exposure time of the fluorograph was 24
h. (B) Analysis of virus-specific protein synthesis with specific antisera. (1) CMII(CMIIAV)-infected quail cells
and (2) MC29-nonproducer Q8 cells were labeled and extracted as in Fig. 6A. Immune precipitates were
formed with (a) normal rabbit serum, (b) anti-whole virus serum, (c) anti-glycoprotein serum, and (d) anti-p27
serum. Staphylococcus aureus was used as immune complex adsorbent. Electrophoresis was as in Fig. 6A.
Exposure time of the fluorograph was 15 h.

of the deletion near the 5’ end in CMIIAV RNA. virus particles (not shown; 3, 19, 26). The

Identification of a nonstructural, gag
gene-related 90,000-dalton CMII protein.
Because of the close relationship between the 5’
gag-related and internal CMII-MC29-specific
RNA segments of CMII and MC29, it may be
argued that the two viruses are variants differing
mainly in their 3’ group-specific segments. Stud-
ies with MC29 have shown that the 5 gag-
related and internal MC29-specific RNA se-
quences are translated into a 110,000-dalton gag
gene-related nonstructural protein. An analo-
gous 100,000-dalton protein was found in MH2-
infected cells. In addition to their size, these
proteins have other strain-specific, diagnostic
markers, including serological properties (3, 19,
20, 26, 30a).

A gag gene-related protein of the same size
class was also found in cells transformed by
CMIL. Figure 6A compares by electrophoresis
the proteins precipitated with antibody against
disrupted Rous virus from CMII-infected quail
cells to those from MC29- and MH2-infected
quail cells. It can be seen that a 90,000-dalton
protein was present in CMII-cells that is smaller
than the 110,000-dalton protein of MC29 (3, 26)
and the 100,000-dalton protein of MH2 (20, 30a).
This protein was not observed in cells infected
only with nontransforming helper viruses, nor
was it detected as a major component in

CMII(CMIIAV)-producing cells used in these
experiments also contained helper virus coded
Pr180 gag-pol, Pr76 gag, and p27 gag proteins,
as did MC29 and MH2 virus-producing cells
analyzed in parallel (Fig. 6) (3, 15, 19, 27, 28).
The gag gene relationship of the 90,000-dalton
CMII protein is demonstrated in Fig. 6B. Like
the MC29 110,000-dalton protein, the CMII
90,000-dalton polypeptide was immunoprecipi-
tated by antisera against whole virus or gag-
specific antiserum raised against the gag pro-
teins p27 and pl9. It was not precipitated by
antiserum against the viral glycoproteins, which
only precipitates the precursor Pr95 of the env
proteins (19); neither was it precipitated by nor-
mal rabbit serum. Other protein bands observed
on the gels include host-cell proteins nonspecif-
ically precipitated by normal as well as immune
serum and intermediate products of the process-
ing of the Pr76 gag precursor (3, 15, 19).

We conclude that the gag-related protein of
CMII is analogous to the 110,000-dalton MC29
and 100,000-dalton MH2 proteins, but distinct
by a strain-specific size marker. It appears prob-
able that the 90,000-dalton CMII protein is also
a nonstructural protein like its MC29 and MH2
counterparts, because such proteins are not
found in viruses or in cells infected by nondefec-
tive avian tumor viruses.
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DISCUSSION

MC29 group of acute leukemia viruses.
The present analysis of CMII provided the oli-
gonucleotide composition of a third (after MC29
and MH2) and the oligonucleotide map of a
second (after MC29) avian acute leukemia virus.
This made it possible to compare oligonucleotide
homology of three and gene order of two avian
acute leukemia viruses. These comparisons have
shown that CMII, MC29, and MH2 share highly
conserved 5 gag-related, and internal CMII-,
MC29-, and MH2-specific RNA segments. The
notion of conserved 5’ and internal segments in
CMII, MC29 (Fig. 5), and MH2 RNAs is con-
sistent with evidence that they code for the
conserved, nonstructural, gag-related proteins
of these viruses. The gene coding for the 110,000-
dalton MC29 protein was shown previously to
map in the 5’ group-specific and internal-specific
segment of MC29 RNA (26). Our finding of gag-
related oligonucleotides in the 5 segment of
CMII RNA and of gag-related determinants in
the 90,000-dalton CMII protein indicates that
this protein also maps in the 5 half of CMII
RNA. The presence of the CMII-gag oligonucle-
otide no. 16 in MH2 and MC29 suggests that the
100,000-dalton MH2 protein also maps in the 5’
half of MH2 RNA. Hence, all three gag-related
proteins form a conserved class sharing gag-
related and presumably non-gag-related deter-
minants, RNA map location, and nonstructural,
possibly transforming function (26; see below).
This is consistent with recent evidence that the
90,000-dalton CMII and 110,000-dalton MC29
proteins share gag-related as well as specific
tryptic peptides (M. Hayman, personal commu-
nication). The conserved nature of their 5 and
internal RNA segments and of the gag gene-
related proteins encoded by these sequences in-
dicates that CMII, MC29, and MH2 are a closely
related group, which, based on the prototype
MC29, is termed the MC29 group of acute leu-
kemia viruses. These viruses have also been
grouped together on the basis of shared onco-
genic properties (16). However, because there
are significant overlaps among the oncogenic
spectra of the viruses of the MC29 group and
other avian acute leukemia viruses, such as avian
erythroblastosis virus, and even avian sarcoma
viruses (29), a biochemical definition as pro-
posed here appears preferable to one based on
biological markers.

The viruses of the MC29 group differ from
one another mainly in their 3 RNA segments
and only in minor variations of their conserved
5 and internal RNA segments. Further work
will be necessary to explain such aspects of the
nature of the strain-specific markers of gag-re-
lated, nonstructural proteins of the MC29 group

J. VIROL.

as, for example, whether their apparent size
differences reflect differences in their gag gene-
related or in their CMII-MC29-MH2 virus-spe-
cific sequences.

Transforming onc gene of the MC29
group of viruses. Our comparisons of three
independent isolates of the MC29 group of vi-
ruses, CMII, MC29, and MH2, indicate that
their 5 gag-related RNA segments and their
internal, specific RNA segments are highly con-
served, whereas their 3’ RNA segments are ge-
netically variable. We have previously shown,
studying MC29, that the 5’ gag-related and in-
ternal, specific RNA segments of these viruses
function as a genetic unit that codes for a gag-
related, non-virion protein (26). Our compari-
sons of the gag-related, nonvirion proteins of
MC29, CMII, and MH2 indicate that these pro-
teins are physically and serologically conserved,
which is in accord with the conserved nature of
their RNA templates. It follows that the con-
served viral genetic unit that consists of the 5’
gag-related and internal RNA section and that
codes for a gag-related, nonvirion protein cor-
relates with the closely related oncogenic spectra
of these viruses (16). Therefore, it is probable
that this genetic unit is necessary for transfor-
mation and is possibly the onc gene of these
viruses. This is further supported by the fact
that in the case of CMII, part of the genetic unit,
i.e., the internal, specific RNA sequence, is the
only contiguous RNA sequence that is not
shared with nontransforming CMIIAV.

The genetic variability among the 3’ group-
specific RNA segments of the MC29 group of
viruses (see also Duesberg et al., Virology, in
press) suggests that these RNA segments might
play an indirect or no role in cell transformation.
This view is consistent with the observation that
in CMII, the 3 RNA segment is isogenic with
that of the nontransforming helper virus
CMIIAV. The presence of oligonucleotides re-
lated to the env genes of nondefective viruses in
the 3’ RNA segments of CMII (Fig. 5) and MC29
(26; Duesberg et al., Virology, in press) provides
a genetic basis for explaining the variability of
these RNA segments by recombination with the
env genes of helper viruses.
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