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Summary

The transcription and translation products of two avian
acute leukemia viruses, avian erythroblastosis virus (AEV) and
avian myeloblastosis virus (AMV), were examined.

AEV is defective in virus replication and requires the
presence of a helper virus to produce infectious progeny.
AEV-transformed nonproducer cells were found to contain no pro-
teins participating in virus replication. Instead, nonproducer
cells were found to contain a 75,000 dalton gag-related po-
lyprotein (p75) which contains the pl9 region of the gag gene
at its amino terminus. Two-dimensional tryptic peptide mapping
indicated that p75 contained novel peptides in addition to
those derived from pl9. p75 was found to be a phosphoprotein
containing a phosphoserine residue. Two-dimensional tryptic
phosphopeptide maps of pl9 and p75 were identical, indicating
that all phosphorylation of AEV p75 occurs in the gag portion
of the molecule. Unlike many other transforming proteins, AEV
P75 was not found to be a protein kinase using the immune com-
plex protein kinase assay.

AEV nonproducer cells were found to contain two viral-
related RNA species of 28 S and 21 S. Both RNA species contain
the AEV unique sequences and the "strong stop" region of the
viral genome, as detected by cDNA hybridizatin. In addition to
the 28 S RNA, which is the genomic RNA of AEV, the 21.S
subgenomic RNA was incorporated into the virus particle. In
vitro translation of specific size classes of AEV virion RNA

demonstrated that the 28 S RNA encodes p75, and that the 21 S
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RNA encodes two proteins of 46,000 and 48,000 daltons. These
two proteins, p46 and p48, were not immunoprecipitated by an-
tisera directed against the gag, pol or env gene products.
Two-dimensional tryptic peptide mapping indicates these two
proteins are closely related to each other.

An antiserum specific to the unique sequences in AEV p75
was prepared by immunizing chickens that had regressed from
erythroblastic leukemia induced by a temperature-sensitive mu-
tant of AEV, AEVts34. This antiserum did not cross-react with
p46/p48 indicating that these proteins are not related to AEV
p75. This antibody was used in immunofluorescent staining of
AEV-transformed rat cells and staining was obeserved in the
cellular membrane, cell ruffles, and in a perinuclear or-
ganelle.

The possible role of p75 and p46/p48 in oncogenic
transformation by AEV is discussed.

AMV is a replication-defective acute leukemia virus.
Nonproducer clones of AMV-transformed myeloblasts contain
pr1809397P°Ll  £/96939 .14 the individual gag proteins pl9,
p27, pl2 and pl5. The genome of AMV is 34 S and it produces a
subgenomic mRNA of 21 S. This RNA contains the "strong stop"
region, the AMV-specific sequences, and the 3' C region. As in
the case of AEV, the genomic RNA and the subgenomic RNA of the
virus both were incorporated into the virus particle. In vitro
translation of AMV virion RNA identified three AMvV-specific
proteins of 56,000, 48,500, and 47,000 daltons. The 56,000 and
the 48,500 dalton proteins were encoded by 20-22 S RNA, which

is the same size as the AMV subgenomic RNA. The 47,000 dalton
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protein was encoded by 22-24 S RNA. 7mGTP was found to block

translation of the 56,000 and 48,500 dalton proteins but not
the 47,000 dalton protein, indicating that the 56,000 and
48,500 dalton proteins are translated from capped RNAs but the
47,000 dalton protein is not. These three proteins are not im-
munoprecipitated by antisera directed against the gag, pol or
env gene products. Two-dimensional tryptic peptide mapping had
indicated that these three proteins were not related to pr76989

env, the glycosylated envelope

or to the env gene product gPr92
precursor to gp85 and gp37. And antiserum prepared by immuniz-
ing rabbits with purified AMV ATPase did not precipitate the
56,000, 48,500 or 47,000 in vitro translation products of AMV

virion RNA. This antiserum did, however, immunoprecipitate AMV

ATPase-related polypeptides from AMV-transformed myeloblasts.
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Nomenclature of Viral Genes and

Transformation-Specific Sequences

The following names were agreed upon at the 1980 RNA
Tumor Virus Meeting at Cold Spring Harbor:

env gene encoding gp85 and gp37
erb specific sequences of AEV
gag gene encoding pl9, p27, pl2 and pl5

mac or myc specific sequence of avian myelocytomatosis viruses

myb specific sequence of avian myeloblastosis viruses
onc general term for oncogenic sequence

pol gene encoding reverse transcriptase

ras specific sequence of rat-derived sarcoma virus
src gene encoding pp60SXC

Endogenous cellular homologue of a transforming gene is known
as c-onc, e.g., c-erb, c-ras, c-src
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A. Review of Avian RNA Tumor Viruses

Taxonomy. The RNA tumor viruses or oncoviruses are

members of the Retroviridae (Fenner, 1976; Mathews, 1979). The

Retroviridae are enveloped RNA viruses which replicate via a

DNA intermediate as a result of possessing the novel enzyme
RNA-dependent DNA polymerase. There are three subfamilies of

Retroviridae: Oncovirinae (the RNA tumor viruses), Lentivirinae

(Maedi and visna viruses), and Spumavirinae (the foamy virus

group) . The RNA tumor viruses are the most extensively studied
of these three groups, primarily as a result of the interesting
neoplastic diseases they cause in their hosts. The virus par-
ticle is about 100 nm in diameter and consists of a helical nu-
cleocapsid core enclosed in a core shell of viral proteins,
which is in turn enclosed in a lipoprotein envelope. The en-
velope contains protruding spikes which are the envelope
glycoproteins gp85 and gp37. The protein core and shell
comprise the gag proteins pl9, p27, pl2, and pl5. Two
positive-sense, capped polyadenylated RNA molecules, attached
in a head to head dimer (Kung et al., 1975), are present in the
virion core along with a number of small RNAs (Erikson and
Erikson, 1970; Erikson and Erikson, 1971) and 10-20 molecules

of reverse transcriptase.

Genomic structure. The genomes of all RNA tumor viruses

have three genes required for the production of infectious pro-
geny virus: gag, pol, and env. The gag gene codes for the
internal structural proteins pl9, P27, pl2 and pl5. The pol

gene codes for the enzyme reverse transcriptase and the env



gene codes for the envelope glycoproteins gp85 and gp37. The
order of the genes has been determined by mapping the RNase

T.-resistant oligonucleotides from various strains of viruses

1
and their mutants (for a review see Wang, 1978) and the order

is 5'-gag-pol-env-3' (see Figure 1). Transforming genes, such

as the src gene of Rous sarcoma virus (RSV), are not required
for replication of the virus and are thus lost very easily if
there is not a constant selection pressure to keep them (Vogt,
1971). There is a sequence at the 3' end of all avian RNA tu-
mor viruses, known as c¢ for common, which is a highly conserved
sequence. This sequence contains termination codons in all
reading frames (Czernilofsky et al., 1980a). This region, how-
ever, does carry important functions since it contains a promo-
tor site, a poly(A) addition signal, and the initiation site

for plus (+) strand DNA synthesis (see below).

The virus life cycle. The life cycle of the virus begins with

the adsorption of the virus to the cell surface which is fol-
lowed by penetration of the cell membrane. Adsorption is a
nonspecific ionic interaction that does not involve the viral
envelope glycoproteins. Penetration, however, is a very
specific process involving interaction of the envelope
glycoprotein and specific cellular receptors (Crittenden,
1968). Host range specificity of avian RNA tumor viruses is
apparently controlled by penetration (Hanafusa, 1975; Vogt,
1977), and it is considered to be determined by the presence of
the cellular receptor for the specific virus envelope subgroup.

The virus subgroup is determined by the viral envelope
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28S  mG—-""" —— —+—(A)200
Pre2e"
————————————— src
21S  'mG~---"—" == '—r——’—(A)zoo
peosfc
Avian Leukosis Virus
Q ol env
35S TmGH—a——E +—(A)200
Pr7699
ag A pol env
(358)  TmGm—am— P2, —(A)200
Prig09°9-pe!
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FIGURE 1. Genomic structure of avian sarcoma virus and
avian leukosis virus. The structure of their mRNAs and
their primary translation products. RNA sequences removed
by splicing are 1nd1c§ted by broken lines. The putative
mRNAs for Pr1809297POlhave not been directly identified.
The indicated splice between the gag and pol genes is
suggested by data indicating that there are multiple term-
ination codons between the gag and pol genes, and by
sequencing data indicating gag and pol are in different
reading frames. (Figure courtesy of W.S. Hayward.)



glycoprotein, and all viruses can be divided into one of seven
subgroups (A - G) based upon host range on genetically resis-
tant cells, serum neutralization, and interference with focus-
formation by RSV of specific subgroups (Hanafusa, 1975; Vogt,
1977) .

Penetration is followed by uncoating, release of the viral
RNAs and synthesis of the viral DNA intermediates. Viral DNA
is synthesized by reverse transcriptase using tRNATrp, which
binds near the 5' end of the viral RNA, as a primer for the
reaction (Dahlberg et al., 1974; Taylor and Illmensee, 1975;
Harada et al., 1975; Haseltine et al., 1977). Synthesis of the
negative strand continues by jumping to the 3' end of either
the same or another RNA subunit (Haseltine et al., 1976).
Various models have been proposed to explain the mechanism in-
volved in the jumping step (Bishop, 1978; Gilboa et at., 1979).
This process is more complicated than just a simple jump be-
cause the linear double-stranded DNA product contains direct
repeats at each termini (Hsu et al., 1978; Shank et al., 1978)
which contain sequences from both the 5' and 3' ends of the
viral genome. This direct terminal repeat has been named the
large terminal repeat (LTR). Plus strand synthesis begins be-
fore complete synthesis of the negative strand and therefore it
must be discontinuous (Varmus et al., 1978). Two double-
stranded DNA intermediates are found in virus-infected cells: a
closed circular form and a linear form (Varmus et al., 1978).
There are two forms of the closed circular viral DNA containing

either one or two copies of the LTR (Shank et al., 1978; Hughes

et al., 1978).



Integration of the viral DNA into the host cell chromo-
somal DNA then takes place; however, the details of this step
are not well understood at this time. The integrated provirus
is colinear with the viral genome. Integration of the proviral
DNA occurs at random sites in the host cell chromosomal DNA
(Battula and Temin, 1977; Battula and Temin, 1978; Shank et
al., 1978; Hughes et al., 1978; Keshet et al., 1979; Shimotommo
and Temin, 1980). The integration of the provirus, however,
does involve a specific mechanism in which a direct repeat of a
short sequence of 4-6 bases is generated at each end of the
provirus (Shimotohno et al., 1980, Shimotohono and Temin, 1980;
Majors and Varmus, 1981; Ju and Skalka, 1980; Hishinuma et al.,
1981). It has been suggested that the provirus integrates and
functions in a manner analogous to insertion sequences and oth-
er transposable elements (Ju and Skalka, 1980; Temin, 1980;
Hishinuma et al., 1981).

The structure of the integrated provirus has been exten-
sively studied by restriction mapping and sequencing of molecu-
larly cloned proviral DNA. The DNA contains & sequence of ap-
proximately 350 bases which is repeated at both ends of the
provirus (Fig. 2). This long terminal repeat (LTR) consists of
three definite segments: U3 (the 3' unique sequences), R (the
short terminal repeat of the genome) and U5 (derived from the
5' end of the virus genome) (Ju and Skalka, 1980; Tarmamoto et
al., 1980a; Yamamoto et al., 1980b).

DNA sequencing has revealed several interesting regions
within the LTR including the presumed viral promoter (Yamamoto

et al., 1980a; Yamamoto, et al., 1980b; Sutcliffe et al., 1980;
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FIGURE 2. Nucleotide sequence of portions of RSV DNA
involved in initiation of transcriptional and poly(A)
addition. Positions corresponding to the capped and
polyadenylated nucleotides of genomic RNA are indicated.
Sequences apparently providing signals for capping and
poly (A) addition are the Hogness box (H) and the AATAAA
signal (pA). (Figure courtesy of W.S. Hayward.)
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Shimotohuo et al., 1980; Van Beueren et al., 1980, Czernilofsky
t al., 1980a; Dhar et al., 1980; Ju and Skalka, 1980; Benz et

al., 1980; Majors and Varmus, 1981). The promotor is an AT-
rich sequence approximately 30 nucleotides upstream from the
cap site, and is located in relatively the same position as the
Hogness box in a number of prokaryotic genes (see Ziff, 1980).
Although several gene transcription units lack a Hogness box
(Fiers et al., 1978; Reddy et al., Flavell et al., 1979; Baker
et al., 1979), at least some systems show an absolute require-
ment for it (Wasylyk et al., 1980). A second interesting se-
quence, AATAAA, which is thought to code for cleavage and
poly(A) addition (Proudfoot and Brownlee, 1976), is also in the
LTR.

The integrated provirus serves as the template for the
synthesis of all viral mRNAs and these transcripts undergo the
usual posttranscriptional modifications including capping,
splicing, poly(A) addition, and methylation. The synthesis and
processing of viral mRNAs has recently been reviewed (Hayward
and Neel, 1981). The size and genetic content of viral mRNAs
has been determined by hybridization with gene-specific cDNA
probes (Hayward, 1977; Weiss et al., 1977). The various mRNAs
produced by several viruses are shown in Figure 1. RAV-2-
infected cells contain mRNAs of 35 S and 28 S. The 35 S mRNA
is translated to produce the gag and pol gene products, and the
21 S mRNA is translated to produce the env gene products.

Cells infected with the Schmidt-Ruppin strain of Rous sarcoma

virus contain mRNAs of 35 S, 28 S, and 21 S, which encode the

gag and pol gene products, the env gene products, and the src



gene product, respectively. It is not clear whether there ex-
ist processing differences between those mRNAs which act as
genomes for progeny virions and those which encode the gag and
pol gene products. It is also not clear whether the mRNAs
translated to produce pr76929 and Pr180gag_p01 are identical.
As noted above, the gag gene codes for the internal struc-
tural proteins of the virion. There are four gag proteins,
pl9, p27, pl2 and pl5 which are named by their molecular
weights as determined by gel filtration (Fleissner, 1971).
These four proteins are produced by cleavage of a precursor po-
lyprotein pr76929 (Vogt et al., 1975). The order of the four
gag proteins in pr76929 apparently is NH

<2 3
(Vogt et al., 1975; Shealy and Ruckert, 1978; Shealy et al.,

-pl9-p27-pl2-pl5-COO0OH

1980). The gag protein pl5 apparently contains a proteolytic
activity capable of specifically processing Pr769%9 to the in-
dividual gag proteins (Vogt et al., 1979). Protein pl2 is
phosphorylated (Lai, 1976) and is found in association with the
virion RNA (Davis and Reuckert, 1972; Quigley et al., 1972;
Fleissner and Tress, 1973). pl9 is also a phosphoprotein (Lai,
1976; Erikson et al., 1977) and it is also apparently bound to
the genomic RNA of the virion (Sen and Todaro, 1977). Recent-
ly, it has been suggested that pl9 may play a key role in the
processing of viral mRNAs by binding to double-stranded RNA re-
gions and allowing specific cleavages by RNase III (Leis et
al., 1978; Leis et al., 1980). The p27 protein is believed to
comprise the core shell of the virion (Bolognesi et al., 1973;
Stromberg et al., 1974). Nearest neighbor analysis of the pro-

teins in intact virions with the reversible cross-linking agent



dithiobispropionimidate demonstrated that only homotypic mul-
timers of the gag proteins could be detected (Pepinsky et al.,
1980), indicating a highly ordered structure in the virion core
and shell.

The primary product of the pol gene is thought to be
pr1go9a9-pol (Opperman et al., 1977; Hayman, 1978), but a
precursor-product relationship between Prl8ogag-p01 and reverse
transcriptase has not been firmly established. Pr18Ogag-p°1 is

immunoprecipitated from labeled cell lysates with antisera

directed against either gag or pol specific determinants

(Opperman et al., 1977; Hayman, 1978). The mature form of re-
verse transcriptase found in the virion consists of two subun-
its of 95,000 and 65,000 daltons (Moelling et al., 1971; Gibson
and Verman, 1974). All of the methionine- and cysteine-labeled
tryptic peptides of the smaller d subunit of reverse transcrip-
tase are present in the larger B subunit of reverse transcrip-
tase. The B subunit, however, does contain two methionine-
labeled tryptic peptides not present in the d subunit (Retten-
mier, 1979). All of the B subunit peptides are present in
pr1go939-pol (Rettenmier, 1979). The d subunit is derived from
the B subunit by proteolytic cleavage (Gibson and Verma, 1974).
Cleavage of the B subunit with pl5 yields the d subunit plus a
32,000 dalton protein (p32) that has a specific DNA endo-
nuclease activity (Grandgenett et al., 1978; sSchiff and
Grandgenett, 1978; Vogt et al., 1979; Moelling et al., 1980).
The d subunit, which is derived from the amino terminal portion

of the B subunit, (Schiff and Grandgenett, 1978; Copeland et

al., 1980; Eisenman et al., 1980), possesses both the polym-
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erase and the RNase H activities (Grandgenett et al., 1973;
Verma, 1975). Prlsogag—pol is processed by pl5, but the pro-
ducts of this cleavage were not identifiable (Vogt et al.,
1979; Moelling et al., 1980).

pr76929 is produced by in vitro translation of genomic
length viral RNA (Beemon and Hunter, 1977; Paterson et al.,
1977; Pawson et al., 1976; Purchio et al., 1977; von der Helm
and Duesberg, 1975). In vitro translation of approximately
full length viral RNA also directs the synthesis of a 180,000
dalton gag-pol fusion product (Weiss et al., 1978; Philipson et
al., 1978; Murphy et al., 1979), which can also be identified
by direct immunoprecipitation of labeled cell extracts (Opper-
man et al., 1977). As stated above, the mRNAs coding for
pr76929 ang pr1go929-Pol may or may not be identical. Weiss et
al. (1978) found at least two termination codons between the
gag and pol gene sequences. Recent sequencing data of D.
Schwartz and W. Gilbert (quoted in Hayward and Neel, 1981) in-
dicates that the gag and pol genes are separated by a region
containing multiple termination codons between the two genes
and that these two genes are in different reading frames. Thus
one would expect that there must be different processing
mechanisms involved in the production of the mRNAs which code
for pr76929 ang pri1go929-Pol,

The env gene products gp85 and gp37 are translated from a
subgenomic mRNA (21 S in the case of RAV-2 and 28 S in the case
of nondefective RSV). Immunoprecipitation of lysates from
virus-infected cells labeled with either 35S—methionine or

radiolabeled-N-acetylglucosamine demonstrates the major env



-11-

env (England et al., 1977; Buchhagen and

precursor is gPr92
Hanafusa, 1978; Moelling and Hayami, 1977). Immunoprecipita-
tion with anti-gp85 antiserum of virus-infected cells treated
with either 2-deoxyglucose or tunicamycin identified a protein
of 56,000-58,000 daltons which is the unglycosylated precursor
to gPr92 (Diggelman, 1979; Stohrer and Hunter, 1979). The pre-
cursor, gPr92env is then cleaved to yield the viral glycopro-
tein complex (VGP) which is composed of one molecule of both
gp85 and gp37 linked by disulfide bonds (Leamson and Halpern,
1976; Klemenz and Diggelman, 1978; Shealy and Ruckert, 1978).
In vitro translation of 21 S RAV-2 env mRNA or 28 S SR-RSV env
mRNA yields a protein of 62,000-64,000 daltons which is immu-
noprecipitable with anti-gp85 antiserum (Pawson et al., 1980;
Anderson et al., 1980). The larger size of the in vitro trans-
lation product versus the in vivo labeled unglycosylated pre-
cursor presumably reflects the presence of a signal sequence
which has not yet been removed from the in vitro translation
product.

The 21 S src mRNA of Rous sarcoma virus has been translat-
ed in vitro to yield p60src (Purchio et al., 1977; Beemon and
Hunter, 1978; Purchio et al., 1978). There is currently no

src

evidence for the processing of pp60 and it does not appear

that there is a "signal sequence" at the amino-terminus of the
Src protein based upon the putative amino acid sequence of
src

Pp60 as determined by DNA sequencing (Czernilofsky et al.,
1980b) .

A virus which lacks one or more of these three genes, gag,

pol, and env, is said to be defective because it is not able to
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produce infectious virus particles. Examples of defective
viruses include the Bryan str