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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 pIg 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 pIg. p75 was found to be a phosphoprotein

containing a phosphoserine residue. Two-dimensional tryptic

phosphopeptide maps of pIg 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 Sand 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

pr180gag-pol, pr76gag, and the individual gag proteins p19,

p27, pI2 and p15. 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 AMV-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 pr76gag
env

or to the env gene product gPr92 , the glycosylated envelope

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

erb

gag

mac or myc

myb

onc

pol

ras

src

gene encoding gp8S and gp37

specific sequences of AEV

gene encoding p19, p27, p12 and pIS

specific sequence of avian myelocytomatosis viruses

specific sequence of avian myeloblastosis viruses

general term for oncogenic sequence

gene encoding reverse transcriptase

specific sequence of rat-derived sarcoma virus

gene encoding pp60src

Endogenous cellular homologue of a transforming gene is known
as £-onc, e.g., £-erb, £-ras, £-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 � proteins p19, p27, p12, and pIS. Two

positive-sense, capped polyadenylated RNA molecules, attached

in a head to head dimer (Kung et �., 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: �, pol, and env. The gag gene codes for the

internal structural proteins p19, p27, p12 and pIS. The pol

gene codes for the enzyme reverse transcriptase and the env



-2-

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 gene� 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 �., 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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Avian Sarcoma Virus

gag pol env src
(A)200395 7mG

""

Pr76Qog

gag
,

pol env src1\

(A)200(395) 7mGI I I
...

",

Pr 180 oog-pol

.,..,.,..,. ................. env src
285 7mGt-o-i----- --- ...

... (A)200
Pr62env

............. ------------ src
(A)200215 7mG�------

p60src

Avian Leukosis Virus

7mG gag env
(A)200355

Pr76 gag

7mGI I
gag ,\ pol env

(A)200(355) ,

._ .. WI ,..

Prl80gag-pol
__

...
---

........ env
215 7mGI""-4- ... ---- "'- ...

_- (A)200
Pr62env

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 indicated by broken lines. The putative
mRNAs for Pr180gag-polhave not been directly identified.
The indicated splice between the gag and poZ genes is
suggested by data indicating that there are multiple term­
ination codons between the gag and poZ genes, and by
sequencing data indicating gag and poZ are in different
reading frames. (Figure courtesy of W.S. Hayward.)
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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

. . Trp h· his synthesized by reverse transcrlptase USlng tRNA ,w lC

binds near the 5' end of the viral RNA, as a primer for the

reaction (Dahlberg et �., 1974; Taylor and Illmensee, 1975;

Harada et �., 1975; Haseltine et �., 1977). Synthesis of the

negative strand continues by jumping to the 3' end of either

the same or another RNA subunit (Haseltine et �., 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 �., 1978; Shank et �., 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 �., 1978). Two double­

stranded DNA intermediates are found in virus-infected cells: a

closed circular form and a linear form (Varmus et �., 1978).

There are two forms of the closed circular viral DNA containing

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

et �., 1978).
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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

�., 1978; Hughes et �., 1978; Keshet et �., 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 �., 1980, Shimotohono and Temin, 1980;

Majors and Varmus, 1981; Ju and Skalka, 1980; Hishinuma et �.,

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 �., 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 e sequence of ap­

proximately 350 bases which is repeated at both ends of the

provirus (Fig. 2). This long terminal repeat (LTR) cons"ists 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

�., 1980a; Yamamoto et �., 1980b).

DNA sequencing has revealed several interesting regions

within the LTR including the presumed viral promoter (Yamamoto

et a1., 1980a; Yamamoto, et �., 1980b; Sutcliffe et �., 1980;
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Cap
,

poly(A)
+

U3 R U5 (gog pol env src) U3 R U5
-m�U�4�.------�';�Z"--·�'�·.�"---��������---�-·;·�'.(���--�,���,,,--�··�,,s�u�u�m�u

.:
.... , + ".

.'

"

�pA . AJA
."" ....

:: ....•
••

0

•••

".

....
.

.....

..
' Cap

. ..... -30 -20 -10 1 '"

: .... , I " .....

i'�GAT ATTGITATTT AAIG TGCCTAGCTCGATACAATAAAC G CCATTTTACCATTCACCACATT':':::"
t -�o + .-210 -1� t
H pA poly(A)

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.)



-7-

5himotohuo et al., 1980; Van Beueren et al., 1980, Czernilofsky
--

--

et �., 1980a; Dhar et �., 1980; Ju and 5kalka, 1980; Benz et

�., 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 �., 1978; Reddy et �., Flavell et �., 1979; Baker

et �., 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 �., 1977). The various- mRNAs

produced by several viruses are shown in Figure 1. RAV-2-

infected cells contain mRNAs of 35 5 and 28 5. The 35 5 mRNA

is translated to produce the gag and pol gene products, and the

21 5 mRNA is translated to produce the env gene products.

Cells infected with the 5chmidt-Ruppin strain of Rous sarcoma

virus contain mRNAs of 35 5, 28 5, and 21 5, which encode the

gag and pol gene products, the env gene products, and the src
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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 pr76gag and prl80gag-pol are identical.

As noted above, the gag gene codes for the internal struc-
I

--

tural proteins of the virion. There are four gag proteins,

p19, p27, pl2 and, pIS 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 pr76gag (Vogt et �., 1975). The order of the four

gag proteins in pr76gag apparently is NH3-pI9-p27-pI2-pI5-COOH
(Vogt et �., 1975; Shealy and Ruckert, 1978; Shealy et �.,

1980). The gag protein pIS apparently contains a proteolytic

activity capable of specifically processing pr76gag to the in-

dividual gag proteins (Vogt et �., 1979). Protein p12 is

phosphorylated (Lai, 1976) and is found in association with the

virion RNA (Davis and Reuckert, 1972; Quigley et �., 1972;

Fleissner and Tress, 1973). p19 is also a phosphoprotein (Lai,

1976; Erikson et �., 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 p19 may playa 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

�., 1978; Leis et �., 1980). The p27 protein is believed to

comprise the core shell of the virion (Bolognesi et �., 1973;

Stromberg et �., 1974). Nearest neighbor analysis of the pro­

teins in intact virions with the reversible cross-linking agent
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dithiobispropionimidate demonstrated that only homotypic mul­

timers of the gag proteins could be detected (pepinsky et �.,

1980), indicating a highly ordered structure in the virion core

and shell.

The primary product of the pol gene is thought to be

pr180gag-pol (Opperman et �., 1977; Hayman, 1978), but a

precursor-product relationship between pr180gag-pol and reverse

transcriptase has. not been firmly established. pr180gag-pol is

immunoprecipitated from labeled cell lysates with antisera

directed against either gag or pol specific determinants

(Opperman et �., 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 �., 1971; Gibson

and Verman, 1974). All of the methionine- and cysteine-labeled

tryptic peptides of the smaller q subunit of reverse transcrip-

tase are present in the larger � subunit of reverse transcrip­

tase. The � subunit, however, does contain two methionine-

labeled tryptic peptides not present in the q subunit (Retten-

mier, 1979). All of the � subunit peptides are present in

pr180gag-pol (Rettenmier, 1979). The q subunit is derived from

the � subunit by proteolytic cleavage (Gibson and Verma,. 1974).

Cleavage of the � subunit with p15 yields the q subunit plus a

32,000 dalton protein (p32) that has a specific DNA endo-

nuclease activity (Grandgenett et �., 1978; Schiff and

Grandgenett, 1978; Vogt et �., 1979; Moe11ing et �., 1980).

The q subunit, which is derived from the amino terminal portion

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

�., 1980; Eisenman et �., 1980), possesses both the polym-
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erase and the RNase H activities (Grandgenett et �., 1973;

Verma, 1975). pr180gag-pol is processed by pIS, but the pro-

ducts of this cleavage were not identifiable (Vogt et �.,

1979; Moelling et �., 1980).

pr76gag is produced by in vitro translation of genomic

length viral RNA (Beemon and Hunter, 1977; Paterson et �.,

1977; Pawson et �., 1976; Purchio et �., 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 �., 1978; Philipson et

�., 1978; Murphy et �., 1979), which can also be identified

by direct immunoprecipitation of labeled cell extracts (Opper-

man et �., 1977). As stated above, the mRNAs coding for

gag gag-polPr76 and Pr180 mayor 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 pr76gag and pr180gag-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 3SS-methionine or

radiolabeled-N-acetylglucosamine demonstrates the major env
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precursor is gpr92env (England et �., 1977; Buchhagen and

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; K1emenz 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-

noprecipitab1e with anti-gp85 antiserum (Pawson et �., 1980;

Anderson et �., 1980). The larger size of the in vitro trans­

lation product versus the in vivo labeled ung1ycosylated 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 �., 1977; Beemon and

Hunter, 1978; Purchio et al., 1978). There is currently· no

i d f th
.

f
src .

eVl ence or e processlng 0 pp60 and lt 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

Pp60src d
.

das etermlne by DNA sequencing (Czernilofsky et �.,
1980b) •

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

pol, and �, 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 strain of RSV (Hanafusa, 1963) and

Fujinami sarcoma virus (T. Hanafusa et �., 1980). The Byran

strain of RSV does not produce the env gene products gp85 and

gp37, and Fujinami sarcoma virus does not produce any of the

normal gag, pol, or env gene products (T. Hanafusa et �.,

1980). Defective viruses require the presence of a

replication-competent helper virus to complement their genetic

defect (s) •

Assembly of the virus particle takes place at the cell

membrane, possibly with the gp85�gp37 complex acting as an or­

ganization site for virus assembly. Reverse transcriptase

binds to the RNA dimers at a site within 100-400 bases from the

5' end of the RNA (Shank and Linial, 1980) and this may be an

important step in the packaging of the viral RNAs. After the

immature virus particle buds through the membrane, several ma­

turational steps take place after budding, including formation

of the 70 S RNA dimers and processing of the gag proteins

(Witte and Baltimore, 1978). The env and pol gene products,

however, are not required for virus assembly since noninfec­

tious virus particles can be formed as in the case of RSV,

which is defective in both pol and env (Hanafusa and Hanafusa,

1971). In summary, the life cycle of the RNA tumor viruses

represents a very effective manner by which a host cell can be

infected and programmed to produce progeny virus for the life

of that cell, without causing the death of that host cell.
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B. Early History of Avian Leukemia: 1850 to 1970, the Age of

pathology.

The first description of human leukemia in 1845 by Craigie

(1845), Bennett (1845), and Vichow (1845) gave birth to a new

field in medical science whose challenges have not diminished

in 135 years since its birth. It was Wilhelm Virchow who in­

troduced the term leukamie to describe a disease condition

"welche sich durch eine progressive und bis zu ganz ungewohnli­

chen Masse anwachsenda Vermehrung der farblosen Korperchen im

Blute charakerisiert," (which is characterized by a progressive

increase, to a very large amount, of the colorless corpuscles

of the blood). The origin and significance of these cells in

the blood of patients was widely discussed. The validity of

their observations is quite amazing in light of the fact that

no cytochemical stains existed at this time. Although the ori­

gin of the leukemic cells was widely discussed, the problem

remained unresolved. By 1856 Virchow had come to believe that

the problem laid in the organs that produced these cells-­

presumably the spleen, liver, and lymph nodes since they were

enlarged in leukemic patients. Virchow proposed that there

were two types of leukemias based upon pathological findings;

lymphatic leukemia and splenic leukemia. The latter term was

modified to myeoid leukemia in recognition of the fact that the

bone marrow is very important in the production of leukocytes

(Neumann, 1870). The development of staining technology by Er­

lich in the 1880's resulted in an accurate description of the

leukocytes present in normal blood and led to the realization



-14-

that there were multiple forms of leukemia.

With a knowledge of human leukemia in the background, it

was not long before cases of leukemia were described in an­

imals. Horses, pigs, dogs, cats, mice, and birds were all re­

ported to have diseases analogous to human leukemia (for a re­

view see: Ellerman, 1921; Olson, 1931; Engelbreth-Holm, 1942).

The first reported case of leukemia in birds was described by

Roloff in 1868. In 1896 Caparoni described histological

changes in three enlarged fowl livers which he diagnosed as

leukemia. Butterfield (1905) and Warthin (1907) both accurate­

ly described leukosis in their works and Warthin notes in his

conclusion; "aleukemic and leukemic forms of lymphocytoma exist

not infrequently in the common fowl, in all respects analogous

to the similar conditions existing in man" (Warthin, 1907).

The pathologies described consisted primarily of the presence

of enlarged livers and spleens, and of a tremendous increase in

the number of leukocytes in the blood. These pathologies were

clearly different from the "infectious leucemia" described by

Moore (1897) which later became known as fowl typhoid fever.

This disease occurs both spontaneously and following experimen­

tal infection with Bacterium sanguinarium and results in a leu­

kocyte count of 100,000 to 200,000 per mm3 (normal is 30,000).

The leukocytes in this disease are polymorphonuclear leukocytes
and there is no infiltration of these cells into any organs of

the body, a common observation in the other leukemias

described.

The first transmission study was reported by Mosler in

1872. In this study, a leukemic patient's blood was injected
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into dogs and rabbits. This study, and the many that followed

(for reviews see: Ellerman, 1921; Opie, 1931; Engelbreth-Holm,

1942), were not successful in demonstrating either homologous

or heterologous transmission of leukemia.

In their epoch studies of 1908, Ellerman and Bang (1908,

1909) demonstrated not only the transmission of leukemia from

one chicken to another by injection of leukemic cells, but also

more incredibly, that the leukemia could be transmitted by

cell-free extracts! These results were met with a wave of ob­

jections that have been detailed by both Ellerman (1921) and

Engelbreth-Holm (1942) in their reviews. Schriddle (1909)

thought that he could produce a leukemic blood picture in birds

following innoculation of chickens with organs from normal

hens, to which Ellerman responded that this was at variance

with all previous work. In addition, Ellerman noted that leu­

kosis was more than just a change in the blood picture, and

that these cells were also present in other organs, such as the

liver. Skiba (1909) objected that the hematopoietic system of

the bird is quite fragile and thus could easily react to a

variety of conditions with a "leukemic" blood picture. He

therefore questioned the leukemic nature of the disease and

whether it was identical with the spontaneous disease observed

on farms. Burckhardt (1912) pointed out there is a very large

increase in the number of leukocytes in birds with tuberculosis

and questioned the whether Ellerman's fowl leukosis was not

really fowl tuberculosis. Ellerman (1921) demonstrated that

he could separate tubercle bacilli from the leukosis agent by

filtration and obtain clean cases of leukosis following infec-
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tion with the filtrate. Finally, Kasarinoff (1910) had shown

that a "leukemic" blood picture could be produced- by various

blood poisons and Henschen (1917) thought that leukosis might

represent an anemia of toxic origin with subsequent involvement

of the myeloid system.

The confirmation of Ellerman and Bang's work by Hirschfeld

and Jacoby (1909) and Schmeisser (1915) clearly substantiated

the infectious, transmissable nature of leukosis and appeared

to rule out objections to this work. The isolation of the Rous

sarcoma virus (1910) and the demonstration that sarcomas could

be produced by a filterable agent (Rous, 1911), provided furth­

er support for Ellerman's research. At this time, however,

leukemia was not considered to be a neoplastic growth and so

this was not taken as supporting evidence by all scientists.

In fact, Ellerman does not even cite the work of Rous in his

book of 1921.

Ellerman was able to isolate at least eight strains of

avian leukosis viruses and his observations, plus those of

several other investigators, lead him to propose that there

were three groups of leukosis viruses (Ellerman, 1921,

Engelbreth-Holm, 1942):

1) Lymphogenous leukemia (Lymphoid leukosis). A pri­

marily "aleukemic" or extravascular disease in which

death generally occurs without clinical manifestations,

but upon autopsy the liver is greatly enlarged (up to

eight times its normal weight). The spleen must also be

.considerably enlarged. Fine or coarse whitish-grey no­

dules corresponding to the lymphocyte infiltration can
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be seen on the surface of these two organs. Infiltra­

tion is also observed, in either the diffuse or the no­

dular type, in the bone marrow, ovaries, intestine,

heart, lungs, thymus and kidneys. It was later real­

ized that the bursa, which usually had atrophied in

adults, was large and often contained numerous tumor

nodules.

2) Myelogenous leukemia. Both aleukemic and leukemic

forms of this disease were recognized and the possibil-

ity that both myelocytic and myeloblastic forms existed

was raised by Ellerman (1921). In this disease the

peripheral blood contains up to 600,000 leukocytes per

mm3 (normal is 30,000 per mm3). There is some enlarge­

ment of the liver (twofold) and the spleen, but the

general picture is one of anemia and somewhat pro-

nounced emaciation. The differences between the

leukemic and aleukemic forms has been stressed by

Mathews (1929), Feldman (1932), Feldman and Olsen

(1933) and Olsen (1940); they believed that the leukem-

ic form was a myeloblastic or granuloblastic leukemia

and the aleukemic form was a myelocytic form, perhaps

analogous to chloroma in man. More recently, the same

opinions have been expressed by Beard and his coworkers

(Beard, 1968; Beard et �., 1970).

3) Erythroleucosis (Erythroblastosis). This group

corresponds to the "intravascular lymphoid form" in

Ellerman's first classification and includes a leukemia

characterized by immature erythroblasts and what Eller-
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man called leukanaemia--a disease which seemed to occur

in alternative passages with erythroblastic leukemia

.

d b the presence of "lym­and which was characterIze y

phoidcytes". The lymphoidcyte was later characterized

as representing an early stage in erythroid development

and renamed "erythrogomes" (Ellerman, 1921). Erythrob­

lastosis is quite acute and death may occur before

clinical manifestations, such as anemia, become evi-

dent. The liver and spleen are enlarged (fourfold)

with a deep reddish-violet surface without any demarca-

tions. The bone marrow, rather than being brown as in

myeloid leukemia, is a unif6rm vivid red and often

semi-liquid.

This classification has remained largely intact, even to the

current day; the only modification being that of Beard and his

coworkers (Beard, 1968) who have stressed the uniqueness of

mye1ocytomatosis. As noted above, this disease may have been

included in the myelogenous leukemia group by Ellerman who

might have missed some of its unique properties. Ellerman did

note that many of his strains caused a variety of leukemias

upon passage and it appeared that "different pictures are thus

produced by one and the same virus" (Ellerman, 1921). The

point will be argued later that clonal virus isolates a�e capa­

ble of inducing a restricted pathological response. The

conversion of myelogenous or erythroblastic leukemia virus to a

lymphatic leukosis virus, however, can now be understood as a

loss of the replication-defective �cute leukemia virus and the

growth of only the replication-competent lymphatic leukosis
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virus.

In the preceding discussion I have not mentioned a disease

first described by Marek (1907), which was evidently not ob­

served by Ellerman. This disease known alternatively as

Marek's disease, neurolymphomatosis, and fowl or range

paralysis, has often been confused with lymphatic leukosis.

Marek's disease can be clearly distinguished from lymphoid leu­

kosis because the disease is characterized by paralysis of the

extremities, caused by infiltration of nerves with lymphoid

cells. Work in the 1960's and 1970's identified a herpes virus

as the causative agent of Marek's disease thus confirming the

different pathological pictures seen in these diseases (for a

review see: Nazarian, 1980).

Following Ellerman's work, very little research on avian

leukosis was carried out until the 1930's. During this time,

apparently all of Ellerman's virus isolates were unfortunately

lost. In the 1930's work began in several different labora-

tories. Much of the research up to 1942 is summarized by

Engelbreth-Holm (1942). In 1935 Engelbreth-Holm and Rothe-

Meyer (1935) published their work on five various virus iso-

lates. One of these strains produced a erythroblastic leukemia

(strain R), whereas a second, strain ES, produced both

erythroblastosis and sarcomas. Both of these strains exist to-
o

day known as strain R and strain ES4. The three other strains,

Tl, AA, and ¢, have all been lost. Strain T1 produced both

erythro- and myeloblastic leukemia whereas both strains AA and

¢ produced erythroblastic leukemia but were difficult to main-

tain.
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It was these authors who first noted the multiple oncogen­

ic potential of what appeared to be a single virus strain,

strain ES. This strain was able to produce both sarcomas and

erythroblastosis, a trait it carried throughout 84 passages in

vivo (Enge1breth-Ho1m and Rothe-Meyer, 1935). They noted its

ability to cause one pathology over another varied with the

route of innocu1ation--sarcomas were produced following in­

tramuscular or subcutaneous innocu1ation, whereas erythrob1as­

tic leukemia was primarily produced following intravenous inno­

cu1ation. They hypothesized that the target cell of ES4 is a

mesenchymal cell at a relatively early stage of differentiation

which could differentiate along either of two different path­

ways, and that the pure erythroblastosis isolates such as

strain R or pure sarcoma viruses such as RSV infect mesenchy­

mal cells at a later stage of differentiation (Enge1breth-Ho1m

and Rothe-Meyer, 1935). Thus they accounted for the multiple

oncogenic potential of a virus in terms of the exact target

cells which the virus is able to infect. To this day this hy­

pothesis has not been clearly tested.

Similar observations on the multiple oncogenic potential

of a strain to produce both erythroblastosis and sarcomas were

described by Stubbs and Furth (1935) with strain 13, and by

Ober1ing and Guerin (1933) with another independent isolate.

Furth (1931) had noted this type of tumor previously, but did

not associate the tumors with the causative agents of transmis­

sible erythro- or myeloid leukemia.

In 1927 Begg described the isolation of a virus from a hen

with a large ovarian tumor which was determined to be an en-
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dothe1ioma. This isolate, named MH2, was found to produce en­

dotheliomas following injection into chickens (Begg, 1927, Mur­

ray and Begg, 1930) and more recently has been found to cause

kidney carcinomas and liver carcinomas (Moscovici et �.,

1977). One strain of MH2 was also found capable of producing a

high incidence of what appeared to be monocytic leukemia (Mos­

covici et a1., 1977).

Furth later described an isolate, strain 2, which was ca­

pable of producing primarily lymphomatosis, mye1ocytomatosis

and endothelioma (Furth 1933, 1934). The production of en­

dothelioma and mye1ocytomatosis is similar to that observed by

Begg (1927) and Murry and Begg (1930). The description of

transmission of lymphomatosis (lymphoid leukosis) was a new

finding, however. Although Ellerman (1921) felt that he had

quite clearly demonstrated the transmissibility of lymphoma­

tosis, the transmissibility of this disease was generally not

as well accepted as the transmission of myeloblastosis or

erythroblastosis (Furth, 1931, Stubbs and Furth, 1931). In

fact, Furth stated in 1931 "the transmissibility of lymphoid

leukosis is thus far unproven and that it occurs as commonly

among uninnocu1ated as among innoculated fowls." Furth's· state­

ment is truer that it appears, since it was some time before

researchers realized that many flocks were congenitally infect­

ed with lymphoid leukosis virus and thus bound to develop the

disease without innocu1ation.

The study of lymphoid leukosis in this country began in

earnest following the establishment of the Regional Poultry
Research Laboratory at East Lansing, Michigan in 1939. In ad-
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dition to beginning a complete study of lymphoid leukosis, the

laboratory began to develop inbred lines of chickens which have

become the basis of current research, just as the development

of inbred strains of mice has been important to other fields of

medical research. A wide variety of pathological lesions are

associated with lymphoid leukosis including: visceral lymphoma­

tosis ("big liver disease"--the hallmark of lymphoid leukosis),

ocular lymphomatosis ("gray eye disease"), osteopetrosis ("big

bone disease"), fibrosarcoma, endothelioma, nephroblastoma,

erythroblastosis and hemorrhaging (for a review see Gross,

1970). A number of field isolates have been studied, but the

most extensively characterized is RPL12 (Burmester, Prickett

and Belding, 1946). Burmester and his coworkers have studied

the effects of the route of innoculation, the volume of innocu­

lum, virus titer, age of the host at innoculation and the

genetic background of the chicken (Gross et �., 1959; Burmes­

ter et �., 1959; Burmester et �., 1960; Gross et al., 1962;

Burmester and Purchase, 1969). Nearly every factor examined

had an effect on the spectrum of tumors observed. Although it

is difficult to draw any specific correlations, it is clear

that visceral lymphomatosis was seen most often following in­

jection with high dilution of virus (Fredrickson et �., 1964).

Other pathologies were generally only seen when high virus

titers were used for infection. In a study of field isolates

from nineteen flocks across the country, Burmester and

Fredrickson (1964) found that there was no correlation between

the incidence of disease and the pathology observed in experi­

mentally infected animals and the breed, age or size of the
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chickens, the type of flock or the pathology seen in the origi- .

nal diseased chicken from which the virus was isolated. The

appearance of lymphoid leukosis in "normal" uninfected birds

was later correlated with the "vertical" transmission of virus

from hen to chick via the egg (Cottral et �., 1954, Burmester

et �., 1955).

Between 1940 and 1965 several very interesting avian

leukemia viruses were isolated. The most important isolate was

avian myeloblastosis virus BAl strain A (AMV) which was

described by Hall et ale in 1941. AMV was isolated from a

chicken with neurolymphomatosis (Marek's disease?) � however,

following passage it produced "erythroblastosis" at high in-

cidence and with a decreasing latency (Hall et �., 1941).

Beard's group adopted the name "erythromyeloblastosis" virus,

later changing the name to myeloblastosis virus. AMV BAl

strain A causes myeloblastosis, osteopetrosis, lymphoid leu-

kosis, and nephroblastomas (Beard, 1963). The virus has been

extensively studied because: (i) the virus caused a high in­

cidence of disease with a short latency, (ii) the virus has a

high titer (often 1010 - loll infectious units/ml plasma and

1010 - 1013 particles/ml plasma), and (iii) because leukemic

cells could easily be grown in vitro. Much of the research

with AMV has been reviewed by Beard (1963) and Moscovici

(1975) •

Three interesting isolates were found in Bulgaria by To­

dorov and his coworkers: MC29, MC3l and E26. MC29 and MC31 are

both reported to have been isolated from chickens with myelo­

cytomatosis and induce myelocytomatosis, liver carcinoma, kid-
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ney carcinoma, as well as endotheliomas and mesotheliomas (Lan­

glois et �., 1969a; Mladenov et �., 1967; Chabot et �.,

1970; Beard et al., 1975; Beard et �., 1976; Beard et �.,

1970). Recent studies of MC29 indicate that it induces

hepato-carcinomas, adenocarcinomas and "soft tissue" sarcomas

in addition to myelocytomatosis (Moscovici et �., 1977). MC31

has not been extensively studied. E26 was reported to cause an

acute "erythroleukemia" within two to four weeks after innocu-

lation of newborn chicks, quail and turkey (Ivanov et �.,

1962). It may also cause myelocytomatosis in guinea fowl

poults (Nedyalkov et �., 1975).

Another strain of virus capable of inducing myelocytoma-

tosis was isolated by Loliger (1964a) in Germany. Following

injection into newborn chicks this isolate was shown to cause

myelocytomatosis in 10% of the birds in 4-12 weeks (Loliger,

1964b, Loliger and Schubert, 1966).

The most recent addition to this collection of viruses is

OKlO, which was isolated from the egg of a leukotic hen during

a field test to determine the effects of l-ad�mantanamine

(Amantadine) on chickens naturally infected with leukosis

(Oker-Blom et �., 1975). Three weeks after intraperitoneal

injection of newborn chicks, tumors were observed in the mesen-

tery, whereas intravenous injection resulted in tumors in the

liver, kidneys and testes (Hortling, 1978).

What can perhaps be best said about these "early" observa­

tions on avian leukemia was that they established the following

thoughts:
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1) Virus capable of transmitting a disease could be iso­

lated from leukemic birds.

2) Such isolates often produced a variety of different

pathologies upon passage, but generally one specific pathology

or group of pathologies can be reproducibly produced by such

isolates following innoculation into new hosts.

3) The latency of disease often decreased with passage.

4) Transmission of the disease was affected by many fac­

tors including age, route of innoculation and genetic back­

ground of the bird.

The age of pathology in the field of avian leukemia

viruses ended in the early 1960s. At this time it was not

clear whether the virus isolates which had been studied for

some thirty years were pure strains or mixtures of several

viruses. Thus it could not be stated whether the multiple on­

cogenic potentials of some virus isolates were the result of

one or several different viruses. The finding that the Bryan

strain of RSV was a mixture of viruses, one of which was able

to induce resistance to transformation by RSV (Rubin, 1960; Ru­

bin and Vogt, 1962; Hanafusa et �., 1964), clearly indicated

that some virus stocks were not as simple as had been en�

visioned. This result had clear implications for virologists
who had assumed they were studying pure strains of avian

leukemia viruses--in order for their studies to become meaning­

ful, they had to use clonal stocks of viruses of a defined na­

ture. This had been accomplished with RSV by working with an

in vitro transformation system utilizing CEF. At this time,

however, no one had developed biological systems for the
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C. Review of Current Research: The Age of Cellular Biology

and Molecular Biology The study of avian leukemia viruses en­

tered the modern age with the development of in vitro systems

in which specific target cells could be transformed by these

viruses. This ultimately allowed the preparation of cloned

virus stocks and the analysis of the cells transformed by these

viruses. In addition, in vitro systems allowed each new

biochemical technique to be applied to the study of the genet­

ics and molecular biology of these viruses.

In a review entitled "Cell transformation by RNA tumor

viruses," Hanafusa (1977) pointed out that there were clear

differences among those viruses which had been referred to as

the avian leukemia viruses. Hanafusa pointed out that the avi­

an RNA tumor viruses could be divided into three groups: the

sarcoma viruses, the acute leukemia viruses, and the lymphoid

leukemia viruses (Table 1). The sarcoma viruses included the

various strains of the Rous sarcoma viruses and several in­

dependent viruses including: Fujinami sarcoma virus (Fujinami

and Inamoto, 1914), Y73 (Kawai et �., 1980), and PRCII (Carr

and Campbell, 1958). These viruses all transform chicken em­

bryo fibroblasts in vitro in 4-7 days and induce sarcoma" forma­

tion in vivo in 5-12 days.

The lymphoid leukosis viruses (LLV) are replication­

competent viruses which are not able to transform any known

target cell in vitro, but in vivo cause lymphoid leukosis as

described above. LLVs include a wide variety of field isolates

of lymphatic leukemia viruses as well as the "helper" viruses

of defective strains of transforming viruses (Vogt and Rubin,



SARCOMA VIRUSES

TABLE 1

AVIAN AND MURINE LEUKEMIA VIRUSES

ACUTE LEUKEMIA VIRUSES LYMPHATIC LEUKEMIA VIRUSES

AVIAN

Rous Sarcoma Virus
Bryan High-Titer Strain
Prague Strain
Schmidt-Ruppin Strain
Harris Strain
Carr-Zilber Strain

Avian Sarcoma Virus B77
Fujinami Sarcoma Virus
Avian Sarcoma Virus PRCII
Avian Sarcoma Virus Y73
Avian Sarcoma Virus URl
Avian Sarcoma Virus UR2

Avian Erythroblastosis Virus
Strain E54
Strain R

Avian Myeloblastosis Virus
E26 Avian Leukemia Virus
Avain Myelocytomatosis Virus

Strain r�C29
Strain OKlO
Strain CMII
Strain MH2

Avian Lymphomatosis Viruses
Strain RPL12

Resistance-Inducing Factors
Rous-Associated Viruses
Another Rous Contaminant (ARL) I

I'V
co

I

MURINE

Moloney Sarcoma Virus
Harvey Sarcoma Virus
Kirsten Sarcoma Virus
Finkel-Biskis-Jinkins

Sarcoma Virus
Gazdar Sarcoma Virus

Friend Spleen Focus-Forming
Virus

Rauscher Spleen Focus-Forming
Virus

Abelson Leukemia Virus

Murine Leukemia Viruses
Gross
Graffi
Moloney
Kirsten
Tewnant

Radiation-Induced Leukemia Virus
LLV Associated with Acute

Leukemia viruses and
Sarcoma viruses

AKR LLV
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1962) and transformation-defective mutants of nondefective Rous·

sarcoma viruses (Biggs et �., 1973; Purchase et �., 1977a).

The latency of the disease is quite long, four to twelve

months. Clone-purified stocks of LLV are still able to induce

a variety of neoplasms in addition to lymphatic leukemia in­

cluding osteopetrosis, nephroblastoma, and erythroblastosis

(Purchase and Gilmour, 1975; Biggs et �., 1973; Purchase et

�., 1977a; Smith and Moscovici, 1969) and in fact it is not

clear whether there is a cloned LLV strain which is capable of

causing only lymphatic leukemia. The earliest detectable

pathological change induced by LLV are observed in the bursa, 4

to 8 weeks after the innoculation of newborn chicks (Purchase,

1976). The target for LLV is apparently a pre-B lymphocyte in

the bursa, since bursectomy of newborn chicks renders them

resistant to LLV (Peterson et �., 1964; Peterson et �., 1966;

Purchase et �., 1977b). In addition, bursectomized chicks can

be made susceptible again by transplanting new bursal cells

into the host (Purchase et �., 1977b). LLV-induced lymphatic

leukemia cells contain IgM on their surface but not IgG or IgA

(Cooper et �., 1974), suggesting that there is a block in the

switch from IgM to IgG or IgA. The results of Neel et al.

(1981) and Payne et�. (1981) suggest that LLV may mediate

lymphocyte transformation via insertion of a viral sequence

which serves as an active promoter resulting in the increased

expression of a normal cellular gene. The elevated expression

of this gene is directly responsible for the transformation of

the cell. In about 85% of birds with lymphoid leukosis, the

sequence which is elevated is related to the virus MC29 {Hay-
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ward et �., 1981).

The acute leukemia viruses differ from LLV in that they do

transform specific bone marrow target cells in vitro and in ad­

dition they cause an acute disease with a latency of 2-4 weeks.

Based upon RNA sequence homology and upon cell markers present

in transformed bone marrow cells, the known acute leukemia

virus isolates have been divided into three groups (see Table

2). The three groups are: the avian erythroblastosis virus

group which contain the erb specific sequences; the avian

myeloblastosis virus group which contain the myb specific se­

quences, and the avian myelocytomatosis virus group which con­

tain the mac specific sequences. cDNA probes specific for

these specific sequences are referred to as cDNAerb, cDNAmyb

and cDNAma�. These properties of the acute leukemia viruses

have been reviewed recently by Graf and Beug (1978) and by Hay­

man (1981). Since it is these viruses that are the subject of

my thesis work, I shall describe what is known about the proto­

type member of each virus subgroup and point out differences

where they are known to exist among the other members of that

subgroup.

1. Avian Erythroblastosis Virus (AEV).

The two members of this group are AEV strain ES4 and AEV

strain R, both isolated by Engelbreth-Holm and his coworkers in

the 1930's (Engelbreth-Holm and Rothe-Meyer, 1935). The ES4

strain has been the most widely studied, and recently the pos­

sibility that strain R and strain ES4 are now the same viruses

has been raised (Hayman et !l., 1979). Infection of CEF with



TABLE 2

AVIAN ACUTE LEUKEMIA VIRUSES

SPECIFIC VIRUS STRAIN TYPE OF NEOPLASM IN PREDOMINANT TYPE OF NEOPLASM COUNTRY OF
SEQUENCE CHICKEN OF ORIGIN PRODUCED BY VIRUS INFECTION ORIGIN

AEV-ES4 Sarcoma and Erythroblastosis and Denmark (1933) I
werb Myelocytomatosis Sarcoma
f-'AEV-R Erythroblastosis Erythroblastosis Denmark (1931) I

AMV-BAI-strain A Neurolymphomatosis Myeloblastosis USA (1941)myb
Bulgaria (1962)E26 Not Known Myeloblastosis,

Erythroblastosis?

MC29 Myelocytomatosis Myelocytomasis, liver Bulgaria (1964)
and Kidney Carcinoma

CMI I Mye1ocytomatosis Mye1ocytomatosis Germany (1964)mac

MH2 Endothelioma Liver and Kidney Carcinoma, England (1927) •

Sarcomas
Monocytic leukemia (?)

OKlO Endothelioma Endothelioma (?) Finland (1975)
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AEV gives rise to discrete foci of transformed cells (Ishizaki

and Shimizu, 1970; Graf et al., 1976a; Graf et �., 1976b) and

plating AEV-infected bone marrow cells in soft agar gives rise

to colonies of erythroblasts (Graf, 1975; Graf et �., 1976a;

Graf et �., 1976b). Analysis of clones isolated in this

manner demonstrated that both strains ES4 and Rare

replication-defective and require the presence of a helper

virus to produce infectious virus (Graf et al., 1976b). Stu­

dies utilizing cloned stocks of AEV produced by superinfection

of NP clones with helper virus confirmed early observations of

Engelbreth-Holm (Engelbreth-Holm and Rothe-Meyer, 1935) that

strain ES was capable of causing both sarcomas or erythroblas-

tosis, depending on the route of innoculation �sed (Graf et

�., 1976a; Graf et �., 1977a). These experiments clearly

demonstrated that a cloned stock of AEV had a multiple oncogen-

ic potential, something not ruled out by the Engelbreth-Holm

studies since it was possible they were studying the effects of

a mixture of viruses with different tropisms.

The RNA of AEV has been extensively analyzed and the

genomic RNA found to be 28 S or 5.5 to 5.7 kb (Bister and Dues-

berg, 1979; Kamahora et �., 1979; Lai et �., 1979, see· Figure

3). Mapping of RNase Tl resistant oligonucleotides (Bister and

Duesberg, 1979; Kamahora et �., 1979) has shown there is 1 kb

at the 5' and 1.5 kb at the 3' end of the virus in common with

the helper virus of AEV, and approximately 3 kb of unique se-

\

quence RNA in the middle of the molecule. Heteroduplex mapping
(Lai et �., 1979) supports these data. The unique region of

AEV is not related to the unique sequences present in MC29 or
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ABC D E

FIGURE 3. Sizing of AEV viral RNA by glyoxal gel,electro­
phoresis. The viral RNA from Schmidt-Ruppin RSV-infected
cells and three independently isolated AEV-transformed
producer clones was labeled with 32p and the poly(A)­
containing RNA isolated. The viral RNAs and marker ribo­
somal RNAs were denatured with glyoxal and separated by
electrophoresis in a 1% agarose gel. Lane A, Schmidt­
Ruppin RSV RNA; lane B, ribosomal .RNA marker RNA; and lanes
C-E, viral �A from three AEV producer clones. Molecular
weight x 10- dalt.ons is indicated on the left.



-34-

AMV by T1 oligonucleotide fingerprinting (Bister and Duesberg,

1979a· Duesberg et al., 1980), nor does cDNAerb hybridize to
'-- --

either fu�V, MC29 or RSV (Bister and Duesberg, 1979; Roussel et

�., 1979). cDNAerb does hybridize to normal cellular DNA of

all higher vertebrates (Roussel et �., 1979), indicating that

there may be a role for these sequences in normal cell

processes. AEV does not contain sequences homologous to the

src gene of Rous sarcoma virus, nor is the £-src gene activated

in cells transformed by AEV (Stehelin and Graf, 1978). The

latter observation is significant because it is possible that

AEV could transform cells by activating the cellular homologue

of another virus' transforming gene rather than utilize its own

transforming gene.

Al though it is not known wha t target cell (s) is

transformed by AEV to yield sarcomas in vivo or transformed fi-

broblasts in vitro, the analysis of the target cell present in

the bone marrow is fairly extensive. The target cell is non-

phagocytic (Graf et �., 1976b), does not have Fc receptors

(Graf et �., 1976b), and can be lysed with rabbit anti-chicken

erythrocyte antiserum in the presence of complement (Graf et

�., 1977b). Recent studies by Gazzolo et�. (1980) indicate

that the bone marrow target cells have a light density (1.060 -

1.065 g/cm3), sediment at a rate of 4.0 - 6.0 mm/h at unit

gravity (a measure of cell size), express an "immature antigen"
at a low level, and express a brain-related antigen at a high

level. These studies suggest the target cell for AEV is a sub­

population of the BFUE (Gazzolo et �., 1980), an early stage
of erythrocyte maturation (Samarut and Bouabdelli, 1980).
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Chickens treated with exogenous "erythropoietin" before infec­

tion with AEV are less susceptible to induction of erythroblas-

tosis and show a decreased incidence of erythroblastosis (Rusov

et �., 1975), further substantiating the claim that AEV'S tar­

get cell is an immature erythroid precursor. Further discus­

sion of this virus' transcription and translation products will

be given in the Results section of this thesis.

2. The avian myelocytomatosis virus group.

This group of viruses includes four independent isolates:

MC29, MH2, CMII and OKlO. These four isolates share sequence

homology as detected by RNase Tl oligonucleotide fingerprinting

(Duesberg and Vogt, 1979; Bister et �., 1980) and by hybridi-

zation with a cDNA probe specific to the unique sequence of

MC29 (Roussel et �., 1979). The MC29-specific sequences have

been named mac and these sequences are highly conserved among

all higher vertebrates (Roussel et �., 1979 and Sheiness et

�., 1980). The prototype of this group is MC29 and the vari-

ous pathologies caused by the virus have been extensively stu­

died (Mladenov et �., 1967; Langlois et �., 1969a; Chabot et

al., 1970; Beard et al., 1975; Beard et �., 1976) and reviewed

(Langlois et �., 1969a; Beard et al., 1970). As stated above

MC29 induces myelocytomatosis, liver and kidney carcinomas, en-

dotheliomas, mesotheliomas, adenocarcinomas and soft tissue

sarcomas (Beard et �., 1970; Beard et �., 1975, Moscovici et

�., 1977). MC29 is able to transform CEF (Langlois and Beard,

1967; Bolognesi et �., 1968) as well as bone marrow cells (To­

dorov and Yakimov, 1967). Graf (1973) noted that two types of
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colonies were produced by MC29-infected CEF plated in soft

agar; one corresponding to a fibroblast target cell and other

to a bone marrow target cell. Further studies by Graf et �.

(1976b) have revealed that MC29 transforms both macrophage and

bone marrow cells and that these target cells in both macro­

phage and bone marrow cells, can be removed by allowing phago­

cytic cells to ingest iron filings and separating them with a

magnet.

MC29-transformed bone marrow cells have fc receptors, are

phagocytic, and express a macrophage specific antigen(s) on

their cell surface (Graf et �., 1977b). A � specific cell

surface marker, detectable by immunofluorescence is expressed

by cells transformed by any virus of this group (Seug et al.,
--

1979). Gazzolo et ale (1979) have further characterized the

bone marrow target for MC29 and MH2. The target cell has a

light density (1.0550 to 1.0760 g/m3), expresses both fc and

complement receptors, and it is phagocytic. They were able to

separate the target cells for AMV and MC29 by sedimentation at

unit gravity (Gazzolo et �., 1979).

The defectiveness of MC29 was demonstrated by Sister et

ale (1977) and Sister and Vogt (1978). NP clones of MC29-

transformed quail cells were isolated. The only viral protein

detectable in these NP cell lines, by immunoprecipitation with

antisera directed against the viral structural proteins, was a

110,000 dalton protein immunoprecipitated by anti-gag antiserum

(Bister et �., 1977). The protein contains p19 and part of

p27 from the gag gene (Sister et al., 1977; Rettenmier et al
-_ __ __ __.,

1979). The virus is defective in�, pol, and env (Sister and
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vogt, 1978).

The viral RNA of MC29 is 28 S or 5.7 kb (Duesberg et �.,

1977; Mellon et �., 1978; Duesberg et �., 1979) with

3' common sequences flanking a contiguous stretch of unique se-

5' and

quences (Duesberg et �., 1977; Mellon et �., 1978; Duesberg

et �., 1979). The virus produces only one mRNA of 28 S

(Sheiniss et �., 1981) which presumably codes for the 110,000

gag-related polyprotein (Mellon et �., 1978). There are no

sequences in MC29 homologous to the src gene of RSV and the ex-

pression of �-src is not enhanced in MC29 transformed cells

(Stehelin and Graf, 1978).

Like MC29, CMII transforms both CEF and chicken bone mar-

row cells (Graf et �., 1977c). CMlI-transformed bone marrow

cells are phagocytic and require the presence of colony stimu-

lating activity (CSA) to grow in soft agar (Graf et �., 1977c;

Gazzolo et �., 1979). In addition, the target cells can be

separated from the normal CFU by cell separation experimentsc

(Graf et �., 1977c). Normal granulocyte-macrophage progenitor

cells are able to grow in vitro and produce colonies called

CFUc (colony forming unit-culture). The growth of CFUc.as well

as many leukemic cells, is strictly dependent upon a source of

growth factors referred to as colony stimulating factors (CSF)

or colony stimulating activity (CSA) (Metcalf, 1977; Till and

McCulloch, 1980). CMlI-transformed quail NP clones contain a

90,000 dalton gag-related polyprotein but no pr76gag,
gag-polPrl80 or gp85 (Hayman et �., 1979). Thus CMII, like

MC29, is defective in �, pol and env. Comparison of

methionine tryptic peptide maps of the CMII 90,000 dalton pro-
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tein and the MC29 110,000 dalton protein demonstrated that they

share two non-gag-related peptides (Kitchener and Hayman,

1980). The RNA of CMII is 6 kb and RNase T1 oligonucleotide

fingerprinting indicates that CMII shares sequence homology

with both MC29 and MH2 (Bister et �., 1979) which coincides

with sequence homology observed by hybridization of eMIl RNA

with a MC29-specific cDNA probe (Roussel et �., 1979).

MH2 is able to transform both CEF and chick yolk sac ma-

crophage in a fashion similar to MC29 (Hu et �., 1978).

Nonproducer cells contain only a single �-related polyprotein
. gag gag-polof 100,000 daltons, and do not contaln Pr76 ,Pr180 or

gp85 (Hu et �., 1978). The virus is defective in gag, pol and

env (Hu and Vogt, 1979). The RNA of MH2 is 28 S or 5.7 kb and

RNase T1 fingerprinting indicates it contains a unique sequence

closely related to that of MC29 (Duesberg and Vogt, 1979; Bis-

ter et �., 1979).

OKlO is able to transform chicken bone marrow cells and

quail embryo fibroblasts (Graf et �., 1979) and OK10-

transformed bone marrow cells express an antigen which is

specific for cells transformed by avian myeloblastosis viruses

(Beug et �., 1979). NP clones of OKlO-transformed quail fi­

broblasts can be isolated (Graf et �., 1979). The RNA of OKlO

is approximately 6 kb (Bister et �., 1980). OKlO RNA hybri­

dizes to a MC29-specific cDNA probe (Roussel et �., 1979), and

fingerprinting of RNase T1 resistant oligonucleotides confirms

this sequence homology (Bister et �., 1980). These four

viruses have common 5' � sequences and 3' specific sequences

but vary in the amount of � and pol sequences they contain in
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the 5' end of their specific sequences (Bister et �., 1980).

OKlO-transformed NP quail embryo fibroblasts contain pr76gag

and a 200,000 dalton �-related polyprotein (p200) (Ramsey and

Hayman, 1980). OKlO p200 contains all but one of the

methionine-labeled tryptic peptides present in pr180gag-pol an�

also contains four OKlO-specific peptides, one of which is com-

mon to MC29 and CMII (Ramsey and Hayman, 1980). The cells also

produce a noninfectious virus particle that lacks reverse tran-

sciptase activity (Ramsey and Hayman, 1980).

3. The avian myeloblastosis virus group.

This group of viruses contains one very well characterized

member, AMV, and a second member, E26. This grouping is based

upon sequence homology with a cDNA probe specific for AMV (cDNA

myb) (Roussel et �., 1979) and upon the presence of the myb

specific cell marker on both AMV- and E26-transformed bone mar-

row cells (Beug et �., 1979).

AMV has been the subject of two very comprehensive reviews

(Beard, 1963; Moscovici, 1975). The BAI strain A of AMV was

thought to be a pure strain of leukemia virus, however, two

viruses of subgroups A and B were isolated by endpoint dilu-

tion or by growth on CEF which are resistant to certain en-

velope subgroups (Vogt 1965; Vogt and Ishizaki, 1966). These

two isolates proved not to cause myeloblastosis, but did cause

osteopetrosis and were named MAV-l and MAV-2 (Smith and Moscov-

ici, 1969). MAV-l and MAV-2 are typical replication competent

helper viruses with the exception of their ability to cause os­

teopetrosis with high incidence (Smith and Moscovici, 1969).
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In vitro studies of bone marrow transformation with AMV

began very early: the first successful attempt was by Doljanski

and pikovski (1942) and this work was confirmed by Beaudreau et

a1. (1960) and Lagelof (1960). Further studies on transforma­

tion of avian hematopoietic cells were reported by Baluda and

Goetz (1961), Ba1uda et�. (1964), and Moscovici and Vogt

(1968). Moscovici and his coworkers have emphasized transfor­

mation of chicken yolk sac cells utilizing a technique recently

described (Moscovici and Moscovici, 1973). NP clones of AMV­

transformed yolk sac cells were first isolated by Moscovici and

Zanetti (1970) and further analysis by Moscovici and coworkers

(Moscovici et �., 1975; Moscovici, 1975), indicated that AMV

was defective in at least the env gene. AMV could be rescued

from NP yolk sac clones by helper viruses from subgroups B, C,

and D (Moscovici, 1975) indicating there may be a resistance to

specific subgroups of helper viruses in yolk sac cells which is

not expressed in CEF (Gazzolo et �., 1975).

The growth and differentiation of hematopoietic stem cells

can be followed by a variety of in vitro assays (Metcalf, 1977;

Till and McCulloch, 1980). Cells committed to differentiation

along the myeloid/granulocyte pathway are called colony forming
units (CFUc) and their growth is strictly dependent upon the

presence of an inducer called colony stimulating factor (CSF)

(Metcalf, 1977; Till and McCulloch, 1980). Dodge and Moscovici

(1973) developed a CFUc assay for avian hematopoietic stem

cells and compared the growth of normal bone marrow cells and

leukemic myeloblasts. Normal hematopoietic cells produce a

large diffuse colony of cells (Type I colonies) which appear to
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be phagocytic cells (macrophages) and granulocytes (Dodge and

Moscovici, 1973). Apparently normal colonies (Type I) can be

produced by both primitive hematopoietic stem cells and by dif­

ferentiated macrophages (Dodge et �., 1975). Leukemic cells

form smaller, dense colonies of cells (Type II colonies) which

are less dependent upon the presence of CSF, but which have a

lower plating efficiency (Dodge and Moscovici, 1973). In a

study of CSF levels in the sera of normal, leukemic and regres­

sor chickens, leukemic birds had lower levels of CSF capable of

supporting normal colony formation but higher levels of CSF ca­

pable of supporting colony formation by leukemic myeloblasts,

when compared to either normal birds or birds that had re­

gressed from AMV induced leukemia (Silva et �., 1974). A re­

cent study (Bryant et �., 1980) has shown that the CSA of nor­

mal and leukemic plasma were the same when tested undiluted,

but dilution showed there was more CSA in leukemic plasma. Gel

filtration clearly showed 5-10 times as much CSA in leukemic

plasma as compared to normal chicken plasma. Leukemic plasma

also contained a very potent inhibitor of colony formation not

present in normal plasma (Bryant et �., 1980).

AMV viral RNA has been sized and found to be 33-34 S or

7.5 kb (Chen et �., 1981; Gonda et �., 1981). Analysis of

unintegrated proviral DNA (Bergman et �., 1980), integrated

proviral DNA (Souza et �., 1980c), and of a molecularly cloned

proviral AMV DNA supports this size (Souza et �., 1980a;

Souza, et �., 1980b). AMV does not contain sequences homolo­

gous to the src gene (Stehelin et �., 1976, Roussel et �.,
1979, Chen et �., 1980), but instead a unique sequence called
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myb which presumably represents the transforming sequence of

this virus (Roussel et �., 1979; Chen et �., 1980). The myb

specific sequence has been analyzed by RNase Tl-fingerprinting
(Duesberg et �., 1980) and restriction mapping (Souza et �.,

1980b), and heteroduplex mapping (Souza et �., 1980d), and it

maps at the 3' end of the viral genome. The myb sequence is

highly conserved in all higher vertebrates (Roussel et �.,

1979). In the chicken it is expressed in all the tissues exam­

ined (Chen, 1980), but its expression varies with both the age

of the chicken and the tissue examined (Chen, 1980). The myb

gene is transcribed to produce a subgenomic mRNA of 2.1-2.3 kb

(Chen et �., 1981; Gonda et �., 1981) which contains only the

viral leader and 3' c region in addition to the myb sequences.

All of the gag gene and all or part of the pol gene, but none

of the env gene, are present in the viral genome (Chen et �.,

1981; Gonda et �., 1981). Thus AMV is defective in at least

the env gene and perhaps also pol. A noninfectious virus par­

ticle containing the viral RNA is produced by AMV NP cell indi­

cating that the gag gene is functional, but these particles ei­

ther lack reverse transcriptase or contain very low amounts of

it (Duesberg et �., 1980; Chen et �., 1981).

The other member of the avian myeloblastosis virus group,

E26, is very poorly characterized. As stated above, E26 was

reported to cause an acute "erythroleukemia" in newborn chicks,

quail and turkey (Ivanov et �., 1962). It may also cause

myelocytomatosis in guinea fowl poults (Nedyalkov et �.,
1975). A characterization of the genome of E26 has not been

published. E26 transforms chicken bone marrow cells and quail
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embryo fibroblasts (Graf et �., 1979) and NP clones of cells

can be isolated indicating E26 is defective. E26-transformed

bone marrow cells appear similar to AMv-transformed myeloblasts

and contain a myb specific cell surface antigen (Beug et �.,

1979). NP clones of E26-transformed bone marrow cells contain

a gag-related polyprotein of 125,000 daltons but no pr76gag,

pr180gag-pol, or gp85 (see Figure 24) (S.M. Anderson and c.

Moscovici, unpublished observations).
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Scope of this thesis.

In my research I have sought to identify the transforming

protein of two acute leukemia viruses, avian erythroblastosis

virus (AEV) and avian myeloblastosis virus (AMV). The tran­

sciptional and translational products of AEV were identified

and characterized. AEV-specific proteins were identified by im­

munoprecipitation of labeled cell extracts and by in vitro

translation of AEV virion RNA. Two translational products were

identified and characterized. An antibody specific for one of

these two proteins was prepared and used in further analysis of

this protein. The possible role of each protein in transforma­

tion by AEV is discussed.

The translation products of AMV were also analyzed by im­

rnunoprecipitatin of labeled cell extracts and by in vitro

translation of AMV virion RNA. AMV-specific translation pro­

ducts were identified.



II. Materials and Methods
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Materials and Methods

primary cells and cell lines. Chicken embryo fibroblasts (CEF)

were prepared from eleven day-old embryos as described (Hanafu­

sa, 1969). All embryos used in these studies were negative for

both group-specific (gs) antigen and chick helper factor (chf).

gs antigen is the gag gene product of endogenous viruses and is

detected by a complement-fixation assay using visceral extracts

from chick embryos as antigen and antisera from tumor-bearing

hamsters. chf is the env gene product of endogenous avian

viruses. The presence of chf is a determined by assaying for

the production of subgroup E pseudotyped virus, the subgroup of

chf, following infection of CEF with a RSV(RAV-2) (H. Hanafusa

et �., 1970; T. Hanafusa et �., 1970). Both assays are rou­

tinely performed in the Hanafusa laboratory (on all chicken em­

bryos). Fertile chicken eggs obtained from either SPAFAS

(Norwich, Conn) or Life Sciences, Inc (St. Petersburg, Flori­

da). CEF were grown in either Scherer's media with 5% calf

serum and 10% tryptose phosphate broth or Ham's FlO with 5%

calf serum and 10% tryptose phosphate broth. Both media con­

tained 10 units/ml penicillin and 0.5 mg/ml streptomycin-.

Primary quail embryo cells were prepared from thirteen

day-old embryos obtained from Life Sciences, Inc (St. Peters­

burg, FL) and were grown in Ham's FlO with 5% calf serum, 2%

chick serum, 10% tryptose phosphate broth, and 0.5% dimethyl

sufloxide with penicillin and streptomycin as above.

Yolk sac cells were prepared as described by Moscovici and

Moscovici (1973) and were grown in BT-88 (Moscovici and Moscov-
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ici, 1973), or in RPMI 1640 (GIBCO) with 10% tryptose phosphate

broth, 5% calf serum, 5% heat-inactivated chick serum, 1% 100 X

BME vitamins (Flow), 0.008 mg/ml folic acid, 0.5% dimethyl sul­

foxide, 10 units/ml penicillin and 0.5 mg/ml streptomycin.

A variety of cell lines were obtained from many different

sources. Table 3 lists these cell lines, the media used for

their propagation, the properties of the cell lines and the

donors of these cell lines.

Viruses. AEV, Strain ES4 was obtained from R. Ishizaki, Duke

University (currently at the Cancer Resesarch Laboratory, Nip­

pon Medical School, Tokyo, Japan). This virus was a subgroup B

virus and I isolated a B subgroup nontransforming helper virus

(EAV), by endpoint dilution. AEV ts34 (RAV-2) was the gift of

Thomas Graf and it was isolated following mutagenisis with 5-

azacytidine (Graf et. �, 1978).

The AMV-A and AMV-B was obtained from Dr. Joseph Beard,

Life Sciences, Inc. The group A and B helper viruses were iso­

lated by endpoint dilution (Smith and Moscovici, 1969). MAV-l

and MAV-2, the subgroup A and B helper viruses of AM� respec­

tively, are nontransforming viruses which cause lymphoid· leu­

kosis, nephroblastoma and osteopetrosis (Smith and Moscovici,

1969). AMV(RAV-l) AMV(RAV-2) and AMV(tdB77) stocks were pro­

vided by Dr. Carlo Moscovici (Veterans Administration Hospital,

Gainesville, Florida). E26 was the gift of Dr. Carlo Moscovi-

ci.

MC29 subgroups A and B were obtained from Dr. Langlois,

Duke University. The subgroup A and B nontransforming helper



CELL LINE

ts34 A6Ll

{LSEC(AE/EB2-1]

BM2

AC3b

AC4a

MC2

MCla

208F

MC29Q8

297-C43

SV40- t r a n s f or me d
muntjac

SFFV/NRK

HSV/NIH

ST-FeSV/mink

C127D

TABLE 3

CELL LINES USED IN THESE STUDIES

VIRUS

AEV ts34

AMV NP

AEV

AEV

AEV

AEV

MC29 NP

human adenovirus
type 5

SV40

Friend SFFV

Harvey sarcoma virus

Snyder Theilen FeSV

MEDIA TYPE OF CELL SOURCE

RPMI 1640 chicken bone T. Grafas described marrow

RPMI 1640 chick bone C. Moscovicias described marrow

DME, 10% calf rat fibroblast K. Quade I
�

DME, 10% calf rat fibroblast K. Quade "'I
I

DME, 10% calf rat fibroblast K. Quade
DME, 10% calf rat fibroblast K. Quade
DME, 10% calf normal rat K. Quade

fibroblast

FlO, 5% calf, quail fibroblast K. Bister2% chick, 10% TPB

DME, 10% calf hamster cell line J. Nevins

DME, 10% calf muntjac cell line E. Ger�hey

DME, 10% calf NRK cells E. Scolnick

DME, 10% calf NIH mouse cell line E. Scolnick

DME, 10% calf mink cell line E. Scolnick

DME, 10% calf normal NIH E. Scolnick
cell line
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viruses, MCAV-A and MCAV-B, were isolated by endpoint dilution

from these virus stocks.

RAV-I, RAV-2, RAV-7, RAV-SO, RAV-6l, tdl09, the Schmidt­

Ruppin strain of Rous sarcoma virus, and the Bryan high titer

strain of Rous sarcoma virus were from the stocks of the

Hanafusa laboratory.

Isolation of nonproducer (NP) clones. Chicken embryo fibrob­

lasts were ,infected with tenfold dilutions of virus 4-8 h after

plating. DEAE-dextran was added to each infection to enhance

adsorption of non-A subgroup virus stocks to the cells. The

cells were trypsinized 8-12 h later, washed with media, and

plated in 10 ml soft agar over a IS ml hard agar base. Soft

agar contained 20% (vol/vol) 2X FlO (GIBCO Labortories), 6%

(vol/vol) tryptose phosphate broth (Difco Laboratories), 2,.9%

(vol/vol) of a 2.8% solution (wt/vol) NaHC03, 4% (vol/vol) calf

serum (GIBCO), 2% (vol/vol) heat-inactivated chick serum (GIB­

CO), 1% (vol/vol) 100X MEM vitamins (Flow laboratories) ,

0.008mg/ml folic acid, O.S% (vol/vol) dimethyl sulfoxide, 10

u/ml penicillin, O.S mg/ml streptomycin, 40% (vol/vol) condi­

tioned media from primary culture of chicken embryo fibrob­

lasts, 20% (vol/vol) agar (1.8% wt/vol solution, Difco), and 1%

(vol/vol) chicken neutralizing antiserum directed against the

helper virus present in the virus stock. Hard agar subbase

consisted of 40% (vol/vol) 2X FlO, 10% (vol/vol) tryptose phos­

phate broth, 6.2S% (vol/vol) of a 2.8% solution (wt/vol)

NaHC03, 6% (vol/vol) calf serum (GIBCO) 2% (vol/vol) heat­

inactivated chick serum, 1% (vol/vol) 100X MEM vitamins (Flow),
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0.008 mg/ml folic acid, 0.5% (vol/vol) dimethyl sulfoxide, 10

u/ml penicillin, 0.5 mg/ml streptomycin, 33% (vol/vol) Agar

(1.8% wt/vol Difco).

After one week the cultures were fed with an additional 10

ml soft agar. Two weeks after infection, discrete colonies of

cells were picked from the soft agar with 1 ml syringes and

grown as clones in either 35 mm tissue culture plates or in

Linbro tissue culture multiple-well plates (2cm2/well, Flow).

Nonproducer clones were identified by screening for polymerase

positive virus particles in the supernatant fluids of infected

cells; nonproducer clones of acute leukemia virus-transformed

cells do not release polymerase positive particles.

Polymerase assay. Five to ten ml of tissue culture supernatant

fluids were clarified by a low speed spin (2000 rpm for 10

minutes in a Damon/International PR-J centrifuge). The clari-

fied sups were spun at 36,000 rpm in a Beckman Type 40 Rotor

for 1 h. The supernatant fluids were poured off, the tubes in­

verted in a test tube rack and placed at 40 C to drain. The

pellets were solubilized in 50 ul of 0.083 M Tris [pH 8.3],

0.01 M magnesium acetate, 0.1 M NaCl, 0.16% NP-40, 0.32 M

dithiothreitol. 50 ul of the solubilized virus was mixed with

50 ul of template-primer mixture; 3.75 ug (rC)n: (dG)12-18

(Collaborative Research) and 250pmol 3H-dGTP 500cpm/pmol (New

England Nuclear). The reaction was incubated at 370 C for 1 h.

The reaction was terminated by adding 0.2 ml of 0.025% (wt/vol)

bovine serum albumin and 0.7 ml 20% (wt/vol) trichloracetic

acid, 0.014 M sodium pyrophosphate. The samples were incubated
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on ice for 1 h and the acid precipitates collected on GFC/A

(Millipore) filters, washed 3 times with 5% TCA, then dried and

counted in a nonaqueous scintillation cocktail such as Be-

tafloar (National Diagnostics). Negative samples contained

200-500 cpm/filter whereas positive samples contained 10,000 to

120,000 cpm/filter.

Isotopic labeling of cells and viruses. Cells were labeled in

one of the following manners: (i) with 100-500 uCi 358_

methionine (Amersham or New England Nuclear) in 2 ml

methionine-free Eagle Miminal Essential Media with 2% calf

serum for 4-12 hi (ii) with 100-500 uCi of 358-cystine (New

England Nuclear) in 2 ml cystine-free minimal essential media

with 25% methionine and 2% calf serum for 4 hi (iii) for 12 h

with 1-10 mCi carrier-free 32p-ortho-phosphate (Amersham or New

England Nuclear) in 10 ml phosphate-free M199 (GIBCO) with 2%

dialyzed calf serum.

Virus for protein analysis was labeled with either 358_
methionine or 35s-cystine for two successive 12 h pulses with

250 uCi in 5 ml of the appropriate amino acid deficient media,

followed by a 12 h chase in complete media. The culture. fluids

were clarified by centrifugation at 8,000 rpm in 80rval 88-34

rotor for 10 minutes. The supernatant was then centrifuged

through a layer of 20% (wt/vol) sucrose in TEN (10 mm Tris [pH

7.4], 1 mM EDTA, 150 mM NaCl) onto a cushion of 60% (wt/vol)

sucrose in TEN at 24,000 RPM for 3 h in a Beckman 8W27 rotor.

The virus banding at the interface between the 20% and nO%

sucrose was collected, diluted three-fold with TEN, layered
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over a linear 20-50% sucrose gradient, and spun overnight at

22,000 rpm in a Beckman SW27.1 rotor. The material banding at

35 to 40% sucrose was pelleted in a Beckman type 40 rotor at

40,000 rpm for 1.5 h.

32p-labeled virus for protein analysis, was prepared by

labeling cultures for 12 h with 1 mCi carrier free 32p-ortho­

phosphate in 10 ml phosphate-free M199 with 2% dialyzed calf

serum and then chasing for 12 h in complete medium. The cul-

ture fluids were clarified by spinning at 8,000 rpm for 15

minutes in a Sorva1 SS-34 rotor. The virus was then pe1leted

by spinning for 14 h at 12,000 rpm in a Sovral SS-34 rotor.

Virus pellets were either solubilized directly in SDS sam-

pIe buffer (62.5 mM Tris [pH 6.8], 3% SDS, 50 mM

dithiothreitol, 10% glycerol with 0.001% bromophenol blue) or

disrupted in RIPA buffer (0.05 M Tris [pH 7.4], 150 mM NaCl, 1

mM EDTA, 1% (wt/vol) Triton-X100, 1% sodium deoxycholate, 0.5%

SDS) for immunoprecipitation of specific virion proteins.

Immunoprecipitation. Cells were lysed in RIPA buffer with 1%

Trasylo1 (a general protease inhibitor, FBA Pharmaceuticals,

New York, New York). 1.0 ml RIPA was used per 100 mm plate,

0.4 ml RIPA per 60 mm plate, and 1.0 m1 RIPA per 107_108 cells

grown in suspension culture. The cell lysates were disrupted

with a vortex mixer for 30 sec and then spun at 36,000 rpm in a

Beckman type 40 rotor for 15 minutes. The supernatant was ei­

ther used immediately for immunoprecipitation or frozen at -700
C. Immunoprecipitation was performed utilizing Protein A from

Staph. aureus as an immunoadsorbent (Kessler, 1975). Clarified
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cell lysates were immunoprecipitated by adding 5 ul of antibody

to 100 ul of cell lysate and incubating on ice for 1 h. 15 ul

of a 50% suspension of Protein A-Sepharose (Sigma or Pharmical

in RIPA buffer was added for 1 h with gentle mixing on a rotat­

ing platform at 40 C. The immune complexes were washed five

times with RIPA buffer, solubilized in 50 ul of SDS gel sample
o

buffer, heated at 100 C for 4 minutes, and the proteins

analyzed in SDS polyacrylamide gels.

Immunoprecipitation with chicken antiserum was carried out

by a modification of this method. 5 ul of chicken antiserum

was added to 100 ul of cell lysate and incubated on ice for 1

h. The IgG fraction of rabbit anti-chicken IgG was obtained

from Miles Laboratories and was bound to Protein A-Sepharose by

adding 220 ug of the rabbit IgG to 150 ul of a 50% suspension

of Protein A-Sepharose and mixing gently for 1 h on a rotating

platform. The chicken IgG immune complexes were collected by

adding 15 ul of a 50% suspension of the (rabbit anti-chicken

IgG)-Protein A-Sepharose complex to each immunoprecipitate and

mixing on a rotating platform for 2 h at 40 C.The immune com-

plexes were then processed as above.

Antisera. Antisera specific for each of the individual gag

proteins were the kind gift of Dr. Volker Vogt, Cornell Univer-

sity. Anti-RAV-60 gp85 was prepared in this laboratory and was

the gift of Dr. J. H. Chen and reacts with the env gene pro­

ducts of subgroups A-F (personal communication, C. Rettenmier).

Anti-AMV reverse transcriptase was obtained from two

sources: Dr. J. H. Chen, Life Sciences, Inc., St. Petersburg,
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Florida and Dr. Robert Nowinsky, University of Washington,

Seattle, Washington. The anti-reverse transcriptase antisera

from Dr. Chen reacted with gag proteins. To block antibodies

directed against � proteins, 10 ul was incubated with 120 ug

of disrupted RAV-2 virions for 60 minutes on ice. The ap­

propriate volume of absorbed antisera was used directly for im-

munoprecipitation. Anit-SV40 "T" serum was the gift of Dr.

M.T. HSu, Rockefeller University and antiserum specific for

adenovirus Ela proteins was the gift of Dr. A.J. Levine, SUNY

at Stonybrook. Antisera specific for the transforming proteins

of Friend spleen focus-forming virus and the McDonough strain

of Feline sarcoma virus was the gift of Dr. S. Ruscetti, Na-

tional Cancer Institute. Rat anti-Harvey p21 serum was the gift

of Drs. T. Shih and E.M. Scolnick, National Cancer Institute.

Anti-virion antibody was prepared by immunizing rabbits

with 50 ug of disrupted purified RAV-2. Various anti-virion

antisera showed different patterns of cross-reactivity with the

viral proteins. Tumor-bearing rabbit sera, which precipitated

pp60src of RSV, were the gift of Roger Karess and were prepared

as described (Brugge and Erikson, 1977).

Chicken anti-p75 antiserum was prepared as follows:- one­

week old gs-chf chicks (SPAFAS, Norwich, Conn) were injected

with 105 FFU AEV ts34 (RAV-2) • In the next four weeks 10 of 19

chicks died of erythroblastosis. Eight weeks after innocula­

tion the remaining chicks were immunized weekly with 107 AEV

tS34-transformed erythroblasts. 1-2 ml blood was collected

weekly prior to immunization. Antisera were screened by immu­

noprecipitation of 35s-methionine labeled AEV-transformed
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cells. Antisera capable of immunoprecipitating p75 were then

screened with and without absorption with disrupted virion pro­

tein for 1 h on ice.

SDS polyacrylamide gels. polyacrylamide slab gels (30:0.8,

acrylamide:bis-acrylamide) containing 0.1% SDS were prepared

using the discontinuous buffer system of Laemmli (Laemmli,

1970). The gels were stained with 0.05% Coomassie brilliant

blue in 25% (vol/vol) 2-propanol, 7% (vol/vol) acetic acid and

destained in methanol-acetic acid-water (5:1:5 [vol/vol]).

Some gels were impregnated with PPO (2,5-diphenyloxazole) using

either the PPO-DMSO method of Laskey and Mills (�askey and

Mills, 1975) or En3Hance (New England Nuclear) according to

manufacture's instructions. The processed gels were dried on

Whatman 3MM paper and exposed to DuPont Cronex 2DC film.

Two-dimensional gel electrophoresis of proteins. Two­

dimensional separation of proteins, using isoelectric focusing

and SDS slab gel electrophoresis, was performed by the method

of O'Farrell (1975). Isoelectric focusing in the first dimen­

sion was performed at constant power for a total of 6,000 to

8,000 volt-hours in a 4% polyacrylamide tube gels containing 9

M urea, 2% NP-40 and 2% ampholines (pH 3.5-10, LKB Instru­

ments). Samples were loaded at the anode of the isoelectric

focusing gel. After separation in the first dimension, gels

were equilibrated in 6.25 'mM Tris (pH 6.8), 2.3% SDS, 5% 2-

mercaptoethanol for 30 minutes at room temperature. The second

dimension was a 5 to 15% gradient slab gel. The gels were
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fixed, stained and dried as described above.

Tryptic peptide analysis of radiolabeled proteins. Protein

bands were located by autoradiography, excised from the gel,

the paper scraped off, and washed four times for 15-30 minutes

with 10% methanol in silconized 10 x 75 mm test tubes. Protein

bands from gels which had been treated with the fluorographic

agent En3Hance, were first swelled in 1 ml 10% methanol for 30

minutes, washed four times for 30 minutes per wash in 50%

methanol--50% acetic acid, to remove the precipitated PPO, and

then washed four times with 10% methanol to remove the acetic

acid. The washed gel slices were lyophilized to dryness and

then oxidized with 0.3-0.5 ml performic acid (30% hydrogen

peroxide and 88-90% formic acid, 1:19 [vol/voll, preincubated 1

h at room temperature) for 1 h on ice. The gel slices were

lyophilized to dryness, rehydrated with 1 ml water, dried

again, rehydrated a second time with 1 ml water, and then dried

again to remove the remaining performic acid. 0.3 to 0.5 ml of

50 ug/ml L-(tosylamido 2-phenyl) ethyl chromethyl ketone-treated

bovine trypsin (252 U/mg Worthington Biochemical Corp., Free­

hold, N.J.), in 0.05 M ammonium bicarbonate (pH 8) was added at

approximately 8 h intervals. Total digestion time was 20-24

hours in a total of 1-1.5 ml of the trypsin solution (50-75 ug

trypsin). The gel bands were removed, and the residue was lyo­
philized 2-3 times to remove ammonium bicarbonate. The final

wash was in 100 ul of water to concentrate the sample. Samples
were then dissolved in 10 ul of the appropriate electrophoresis
buffer and applied to 10 x 20 cm or 20 x 20 cm cellulose coated
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glass plates (E. Merck).

High voltage electrophoresis was carried out in the first

dimension at either a pH 4.7 or pH 1.9. The pH 4.7 buffer con­

sisted of n-Butanol-pyridine-acetic acid-water (2:1:1:18) and

the pH 1.9 buffer consisted of acetic acid-formic acid-water

(15:5:80). Electrophoresis at pH 4.7 was for 130 minutes at

600 volts on 20 x 20 cm plates and electrophoresis at pH 1.9

was for 20 minutes at 1000 volts on 10 x 20cm plates. Progress

was monitored by a mixture of 2% orange G and 1% acid fuchsin

dissolved in electrophoresis buffer. Ascending chromatography

was then performed in the second dimension in n-butanol­

pyridine-acetic acid-water (65:50:10:40). The dried plates

were processed for fluorography by either (i) dipping into

melted 0.4% (wt/wt) diphenyloxazole in 2-methylnaphtha1ene

(Bonner and Stedman 1978) or (ii) sprayed with En3Hance spray

(New England Nuclear). The treated plates were exposed to pre­

flashed DuPont Cronex 2DC with DuPont Lightning Plus Intensify-

ing Screens.

Assay for presence of Ac-Met-Glu-dipeptide. The presence of

the acetylated Met-Glu dipeptide, the characteristic amino­

terminal dipeptide of p19 and pr76gag was determined as previ­

ously described (Rettenmier et �., 1979). The gel bands were

processed as described above for tryptic peptides, except that

they were digested with 50 ug of �. aureus V-8 protease (ap­

proximately 500 u/mg; Miles Laboratories, Elkhart, Ind.) in 1.0

ml 0.05 M sodium bicarbonate buffer pH 8.0. The peptides were

spotted on 10 x 20 cm thin layer cellulose plates 1.5 cm from
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the bottom in the center of the plate. Electrophoresis was for'

15 minutes at 1000 V at pH 6.5 in pyridine-acetic acid-water

(100:3:897). Ascending chromatography in the second dimension

was in butanol:pyridine:acetic acid:water (65:50:10:40). The

plates were processed for radioautography as described above.

Phosphoamino acid analysis. Tryptic peptides were prepared as

above, lyophilized to concentrate the peptides, dissolved in 10

ul 6� HCI, and hydrolyzed in a sealed capillary tube for 90

minutes in a boiling water bath. The hydrolysates were lyo-

phi1ized several times to remove HCI, and finally dissolved in

5-10 ul of pH 3.5 buffer (pyridine-acetic acid-water,

1:10:189). The samples were mixed with standards of phos-

phoserine, phosphothreonine and phosphotyrosine. Phosphoserine

and phosphothreonine were from Sigma; phosphotyrosine was

prepared by the method of Rothberg (et. � 1978) and was the

gift of Roger Karess. Samples were spotted onto cellulose

coated glass plates and electrophoresed in pH 3.5 buffer for 90

minutes at 500 volts. Marker peptides were located by spraying

with ninhydrin and the 32p label located by autoradiography.

In some experiments two-dimensional separation of phos-

phoamino acids was carried out as described by Hunter and Sef-

ton (Hunter and Sefton, 1980). Electrophoresis was performed

in the first dimension at pH 1.9 (acetic acid:formic

acid:water, 15:5:80) at 1000 V for 1 h, followed by electro­

phoresis in the second dimension at pH 3.5 (acetic

acid:pyridine:water, 50:5:945) for 1 h at 1000 volts. The

plates were sprayed with ninhydrin and processed as above.
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Isolation and preparation of RNAs.

Viral RNA. Virus was purified from clarified tissue culture

fluids by pelleting the virus in a Beckman type 19 rotor at

17,000 rpm for 3 h. The pellet was dissolved in TEN and the

virus banded in a 15-50% sucrose (TEN) gradient. The material

banding between 35 and 40% sucrose was pooled, diluted 3-fold,

and concentrated by spinning through 20% sucrose onto a 50%

sucrose cushion. The purified virus was diluted two-fold with

TEN and an equal volume of preincubated (1 h, 370 C) Proteinase

K, (EM Laboratories, Inc., Elmsford, N.Y.) 1 mg/ml in 0.2% SDS,

10 mM EDTA, 10 mM Tris (pH 7.4), was added. The extract was

incubated for 1 h at 370 C. After incubation, an equal volume

of 10 mM Tris (pH 7.4) was added and the lysate extracted 2-3

times with phenol:chloroform:isoamyl alcohol (1:1:0.01

[vol/vol]) containing 0.1% 8-hydroxyquinoline and once with

chloroform containing 1% isoamyl alcohol. The aqueous phase

was collected, made 0.2 M sodium acetate, and precipitated by

the addition of two volumes of ethanol.

RNA from tissue culture cells. RNA was isolated from tissue

culture cells as described (Hayward, 1977) • Cell monolayers

were washed with isotonic buffer (4 g Trizma base [Sigma] , 8 g

NaCl, 0.38 g KC1, 0.1 g Na2HP04, and 1 g glucose per liter, pH

7.4) and lysed in 0.5% SDS, 10 mM Tris (pH 7.4), 10 mM EDTA

with 1 mg/ml Proteinase K (preincubated for 1 h at 370 C). The

lysate was allowed to stand at room temperature for 1 hand

during the first 20 minutes the DNA was sheared by 3-5 passages

through a 20 guage needle. The lysate was then extracted 3-5

times with phenol:chloroform:isoamyl alcohol and once with



-59-

chloroform containing 1% isoamyl alcohol and precipitated with

ethanol as above.

Selection of Poly(A)-containing RNA. Poly(A)-containing RNA

was selected by either Poly U-Sepharose column chromatography

or oligo dT cellulose chromatography. Poly U-Sepharose (Phar-

macia) chromatography was as described (Hayward, 1977). RNA

was dissolved in 0.2 NETS (0.2 M NaCl, 10 mM EDTA, 10 mM Tris

[pH 7.4],0.2% SDS) to an RNA concentration of less than 2

mg/ml and applied to a Poly(U)-Sepharose column such that there

was approximately 1 ml of packed Sepharose per 1 mg of cell nu-

cleic acid. The column was washed with 5-10 column volumes of

ETS (10 mM EDTA, 10 mM TRIS [pH 7.4], 0.2% SDS), 2 volumes of

50% [vol/vol] formamide in ETS and 1 volume of 90% formamide in

ETS. DNA and nonpoly(A)-containing RNA appear in the flow

through, whereas poly(A)-containing RNA is eluted with 50% for-

mamide. The poly(A)-containing RNA was pooled, the salt was

adjusted to 0.2 M NaCl, and precipitated with two volumes of

ethanol. In some cases yeast tRNA was added as a carrier.

Oligo dT cellulose (Collaborative Research) column chroma-

tography was as described (Wang et �., 1975). Nucleic acid

was loaded in 0.5 M LiCl, 10 mM EDTA, 10 mM Tris [pH 7.4], 0.2%

SDS. The column was washed with 0.1 M LiCl, 10 mM EDTA, 10 mM

Tris [pH 7.4]-0.2% SDS, eluted with 1 x ETS (10 mM EDTA, 10 mM

Tris [pH 7.4], 0.2% SDS) and then eluted with sterile double­

distilled water. Po1y(A)-containing RNA elutes with 1 x ETS

and with water. The desired fractions were pooled, heated to

o
90 C for 90 sec to denature the RNA, made 0.5 M LiCl, and re-
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chromatographed on a oligo dT column equilibrated with 0.5

LETS. Between different samples, the column was washed with

0.2 N NaOH and immediately reequilibrated with 0.5 LETS. The

poly(A)-containing RNA was pooled, sodium acetate concentration

brought to 0.25 M, and the RNA precipitated with two volumes of

ethanol.

Poly(A)-containing RNA was sized by sucrose density gra­

dient sedimentation. RNA was dissolved in 0.2-0.4 ml ETS,

heated for 90 sec at 900 C to denature the RNA, and layered

onto a 15 to 30% (wt/vol) sucrose gradient in 50 mM NaCl, 10 mM

Tris (pH 7.4) 10 mM EDTA, 0.2% SDS. Centrifugation was for 6-7

h at 40,000 rpm in a Beckman SW40 Rotor. Marker RNAs of 35 S

(RAV-2), 28 Sand 18 S (chick ribosomal RNAs) were sedimented

in parallel gradients.

Preparation of cDNA probes. cDNA strong stop (cDNAss) was syn­

thesized from RAV-2 or RAV-O by a modification of Haseltine et

ale (1977), as described previously (Hayward et �., 1979).

The strong stop DNA was purified twice on polyacrylamide gels;

the first gel was run with the primer intact and the second was

run following treatment with alkali to remove the primer·. The

resulting product is a single-stranded DNA 101 nucleotides

long, which hybridizes to only the 5' of all viral mRNAs under

the conditions used here.

cDNA specific for the unique region of AEV (cDNAaev) was

synthesized using 28-30 S poly(A)-containing RNA purified from

AEV(RAV-2) virions as the template, and random DNA primers gen­

erated by digestion of calf thymus DNA with DNase I. Condi-
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tions for cDNA synthesis and primer preparation were as

described by Taylor et�. (1976), except that the primer was

treated with 0.2 N NaOH (30 minutes, 1000 C) as a final step in

the preparation, to hydrolyze contaminating cellular RNA

present in commercial calf-thymus DNA. The cDNA was precipi­

tated once with ethanol dissolved in 1 ml 0.2 M NaOH, and then

incubated at 1000 C for 30 minutes to hydrolyze the RNA. Unin­

corporated triphosphates were removed by column chromatography

on Sephadex G-75 0.2 M NaCl, 10 mM EDTA, 10 mM Tris (pH 7.4),

and 0.1% SDS. The void volume containing the cDNA was precipi­

tated by the addition of two volumes of ethanol. cDNA se­

quences common to the helper viruses RAV-2 and EAV were removed

by two cycles of hybridization and hydroxylapatite column

chromatography as described (Hayward, 1977). The nonhybridized

cDNA pool from the negative selection was then subjected to a

positive selection against 28-30 S AEV(RAV-2) viral RNA. The

cDNAaev-AEV RNA hybrids were separated from the unhybridized

probe by sucrose density sedimentation in a 15-30% sucrose gra­

dient spun for 6 hours at 40,000 rpm in a Beckman SW40 rotor.

The cDNAaev-AEV 28 S RNA hybrid fraction was collected, the RNA

hydrolized, and then cDNA precipitated. 98% of the resulting

cDNA probe hybridized to AEV viral RNA at a Crt of 2.

Nucleic acid hybridization. Hybridizations were carried out

under conditions of RNA excess at moderate stringency (Hayward,

1977). Hybridization mixtures were 30% formamide, 0.45 M NaCl,

0.045 M sodium citrate, 0.005 M EDTA, 0.20% SDS. 3 ul of each

gradient fraction and 3 ul of reaction mixture, with 200-300
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cpm of the cDNA probe and components at necessary concentration'

to give the desired final concentration were sealed in capil­

lary tubes and incubated at 500 C for the indicated times. The

extent of hybridization was monitored with Sl nuclease as

described (Hayward, 1977).

Glyoxal gel electrophoresis and RNA blotting. Po1y(A)­

containing RNA was selected by oligo dT cellulose column

chromatography, and precipitated twice, the second time in a

silconized 0.5 ml microfuge tube (Eppendorf). The RNA was dis­

solved in 5 ul of glyoxal buffer [100 ul deionized glyoxal, 350

ul DMSO, 70 ul 100 mM sodium phosphate (pH 6.8), 180 u1 water]

and denatured at 500 C for 30 minutes as described (McMaster

and Carmichael, 1977). 3 ul of tracking dyes (0.05% xylene

cyanol, 0.05% Bromophenol Blue, 20% glycerol) was added to the

sample and the RNA subjected to electrophoresis in a 1% agarose

gel (Seakem LE, Marine Colloids Div., FMC Corp) in a horizontal

apparatus (Bio-Rad). Electrophoresis was for 30 minutes at 75

volts and 2.5 h at 150 volts. Transfer of RNA was carried by

the method of Alwine et ale (Alwine et �., 1977). The gel was

soaked in 250 ml 50 mM NaOH for 1 h at room temperature.- It

was then washed twice for 20 minutes with 200 ml 200 mM sodium

acetate, pH 4.0. Aminophenylthioether (APT) paper was prepared

by a modification of Seed (B. Seed, personal communication) and

was the gift of Ben Neel. The paper was activated by treatment

with 1% NaN02 in ice cold 1.2 N HC1 for 30 minutes to yield

diazophenylthioether (DPT) paper, then washed three times for 3

minutes with ice cold double-distilled water and twice for two
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minutes with 200 mM sodium acetate, pH 4.0. The transfer was

then carried out as described (Alwine et �., 1977). 800-1000

ml of 200 mM sodium acetate buffer (pH 4.0) was blotted through

the filter. The filter was then washed with prehybrid mix [50%

formamide, 5 x SSC, 5 x Denhardts, 1% glycine, 250 ug/ml soni-

cated, denatured salmon sperm DNA, 50 mM sodium phosphate (pH

6.5),0.1% SDS] for four hours. 5 x Denhardts is composed of

0.1% bovine serum· albumin, 0.1% polyvinylpyrollidine, and 0.1%

Ficoll and 5 x SSC is 0.45 M NaCl, 0.45 M sodium citrate. Hy-

bridization was carried out in 50% formamide, 5 x SSC, 1 x

Oenhardts, 100 ug/ml sonicated, denatured salmon sperm DNA, 20

mM sodium phosphate (pH 6.5), 0.1% SDS. The probe was dis-

solved in 1 x ETS and added to the reaction mixture. Approxi­

mately 25-50 ul of reaction mixture per cm2 of filter was used

in the hybridization. Hybridization was carried out in a

o
sealed plastic bag for 3 days at 37 C. Following hybridiza-

tion, the filter was washed three times with 250 ml 2 x SSC

containing 0.1% SDS for 5 minutes per wash at room temperature

with rocking. It was then washed (with rocking) twice with 250

ml prewarmed 0.1 x SSC containing 0.1% SOS for 15 minutes at

o
37 C and twice with 100 ml per wash of 50% formamide, 5- x SSC,

0.1% SOS. Finally, the filter was blotted dry with Whatman 3MM

paper and exposed to Kodak XR-5 film with a DuPont Cronex

Lighting Plus intensifying screen.

� vitro translation of viral RNAs. RNA to be translated was

precipitated three times to remove residual SDS from the

sucrose gradient. In vitro translation was performed using the
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mRNA-dependent reticulocyte lysate system of Pelham and Jackson

(1976) •

35
h i on i7 ul of the prepared lysate, 4 ul of S-met lonlne

(New England Nuclear) and 0.25-0.5 ug of RNA dissolved in 2 ul

sterile double distilled water were mixed and incubated at 300

C for 60 minutes. A 40 ul amount of SDS sample buffer was ad-

ded to stop the reaction. Translation products were analyzed

on 8.5% SOS polyacrylamide gels. The gels were processed for

fluorography with En3Hance ,(New England Nuclear) and autora­

diography was for 12-48 h with DuPont Cronex 2DC film and Du-

Pont Lightning Plus.

The labeled products of in vitro translation were charac-

terized by a sequential immunoprecipitation procedure. 85 ul

of RIPA with 1% Trasylol was added to the 13 ul reaction mix-

ture, 5 ul of anti-p19 antisera or anti-gag antisera was added,

and the mixture incubated on ice for one hour. Protein A-

Sepharose was added and mixed as described above. The anti-�
immune complexes were pelleted by centrifugation in a Beckman

Microfuge, the supernatant fluid removed, and immunoprecipitat-

ed with rat anti-gp85. This procedure was repeated once more

with rabbit anti-reverse transcriptase following precipitation

with the anti-gp85 antiserum. The immunoprecipitates were

analyzed on 8.5% SDS polyacrylamide gels.

Protein kinase assay. Cell extracts were immunoprecipitated as

described above and 25 ul of reaction mixture (50 mM Hepes [pH

7.0], 0.15 M KCl, 5 mM dithiothreitol, 10 mM magnesium acetate,

0.1 uM g32p_ATP (3000 Ci/mmol, Amersham) was added to the

washed immune complexes. The tube was mixed briefly with a
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vortex mixer and incubated for 10 minutes at 300 C. The reac­

tion was terminated by the addition of 40 ul of SOS gel sample

buffer and the products analyzed on 7.5% SOS polyacrylamide

gels.

Immunofluorescent staining of cells. Immunofluorescent stain�

ing was performed as described (Wang and Goldberg, 1978;

Krueger et �., 1980a). Covers slips (No.1, Corning) were

washed overnight in the 1% detergent 7x, rinsed several times

in double-distilled water, rinsed in 70% ethanol and flamed be­

fore use. Cells plated at low density in 100 mm plates con­

taining coverslips. The cells were fixed in 3.7% formaldehyde

in phosphate buffered saline, pH 7.2 (PBS). The coverslips

were washed 3 times with PBS (10 minutes per wash). The cells

were lysed for 5 minutes in 0.1% Triton X-IOO in PBS, then

washed three times for 20 minutes in PBS. Coverslips were

placed in a humidified atmosphere and 50 ul of a ten-fold dilu­

tion of antibody in PBS was added to each coverslip. Incuba­

tion was for 20 minutes at room temperature. The coverslips

were drained and washed in three changes of PBS, 20 minutes per

wash. The secondary antibody, FITC conjugated-rabbit anti­

chicken IgG (Miles) or FITC conjugated-goat anti-rabbit IgG was

then added for 20 minutes at room temperature. The coverslips

were drained and then washed 3 times for 20 minutes per wash as

above and mounted in 50% glycerol, 50% double strength PBS

salts. Photographs were made with Kodak TriX ASA400 push pro­

cessed to ASA1600, FITC conjugated-goat anti-rabbit IgG was the

gift of Dr. Eugenia Wang, Rockefeller University.
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I chose to study AEV for several reasons. ( i) AEV

transforms both CEF and bone marrow cells. This means that the

in vitro analysis of the virus would be simplified because of

th relative ease with which these cells can be grown. (ii)

The differentiation of erythroblasts can easily be monitored

because there are many available. (iii) The fact that AEV has

a multiple oncogenic potential indicates that there might be

either multiple target cells, multiple gene products involved

in transformation, or perhaps multiple pathways via which a

transforming protein may function.

Before I began my research, Graf and his coworkers had es­

tablished the defectiveness of AEV (Graf et �., 197�a) and the

multiple oncogenic potential of cloned stocks of AEV had been

confirmed (Graf et �., 1976aj Graf et �., 1976bj Graf et �.,

1977a). My early efforts were directed toward developing an in

vitro focus assay for AEV and confirming the defectiveness of

AEV.

Colonies of AEV-transformed cells were isolated from soft

agar and grown as independent clones. The supernatant fluids

of such clones were assayed for the presence of infectious

virus by colony formation in soft agar or by focus assay under

hard agar, and for the presence of polymerase positive parti­

cles. When colonies were isolated from soft agar in the ab­

sence of neutralizing antibody directed against the helper

virus, less that 5% of the colonies were nonproducers when as­

sayed for the presence of infectious virus. When neutralizing

antibody was added to the soft agar, however, 80 to 90% of the

colonies isolated were nonproducers. None of the nonproducer
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clones analyzed produced polymerase positive particles, and S.o

the polymerase assay was used to screen isolated clones for

nonproducers since it is much faster than biological assays

such as focus formation.

Infectious AEV could be rescued from AEV NP cells with the

following viruses: RAV-l, RAV-2, RAV-7, RAV-50 and RAV-6l

(Table 4). No infectious virus could be rescued from AEV NP

cells superinfected with Golden pheasant virus or Amherst

pheasant virus (Table 4). Similar data was obtained upon the

rescue of MC29 from NP clones of MC29-transformed CEF (Table

4). These experiments were performed by superinfecting AE�- or

MC29- NP clones with the indicated helper viruses and transfer­

ring the cultures once. Supernatant fluids from all helper

virus-infected cells contained polymerase positive virus parti­

cles. The presence of infectious MC29 was determined by focus

assay on SPAFAS gs-chf- CEF and the presence of infectious AEV

by colony formation of infected gs-chf- CEF in soft agar. The

results (Table 4) clearly demonstrated that only RAV-l, RAV-2,

RAV-7, RAV-50 and RAV-6l can function as helper viruses.

Although Golden pheasant virus (GPV) and Amherst pheasant virus

(APV) replicated in these cells, they were not able to effec­

tively rescue AEV or MC29.

These data are somewhat surprising in light of the fact

that both GPV and APV are able to function as helper viruses

for the Bryan strain of RSV (T. Hanafusa et �., 1976). The

Bryan strain of RSV does not produce the envelope glycopro­

teins, however, it does form a noninfectious virus particle

(Hanafusa and Hanafusa, 1968; Robinson, 1967; Dougherty and Di
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TABLE 4

Effectiveness of various helper viruses in rescueing
AEV and MC29 from nonproducer cells.

MC29 NP Clone 1 AEV NP Clone 30

helper virus
used to infect

NP cell Polymerase Assaya
+

+

+

+

+

+

+

CFU/ml
Colony Assayc

>105
>105
>105
>10:
>105
<10
<10
<10

RAV-l +

RAV-2 +

RAV-7 +

RAV-50 +

RAV-6l +

GPV +

APV NDd
Mock

FFU/ml
Focus Assayb

2.8 x 10341.25 x 192.8 x 1041. 7 x 10
8.3 x 104

<10
NO

<10

Polymerase Assaya

a polymerase assay was performed 6 days post-infection on 10ml of a 24 hr
tissue culture fluid. Positive samples were 18,000 to 56,600 cpm, negative
samples were >500 cpm.

b 1.0 x 106 cells infected with 0.1 ml diluted virus in presence of lmg/ml
polybrene, overlaid 12 hr later with FLO w/ 2.5% Calf 0.5% chick serum

10% TPS and agar. Innoculation was at 37°C. Focci counted at 8 days.

c 1.0 x 106 cells infected with 0.1 ml diluted virus in presence of lmg/ml
polybrene. 12 hr later cells planted in soft agar as described. Colonies
counted at 14 days.

d not determined.
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Stephano, 1965). Thus all that need be provided for RSV is an

envelope glycoprotein; AEV and MC29 require more than just the

� function of a helper virus (Bister and Vogt, 1978; see

below). Apparently, the mechanism by which the RNA of GPV and

APV is packaged into their respective virions, does not recog­

nize the genomic RNAs of either AEV or MC29, and thus no infec­

tious AEV or MC29 virus particles are produced. APV and GPV

are not capable of acting as helper viruses for RSVq, a pol­

env- mutant of the Bryan strain of RSV, indicating that the re­

verse transcriptases of pheasant viruses and chicken viruses

are not interchangeable. Thus, it was also possible that AEV

is defective in the pol gene.

Infectious AEV was not produced by co-cultivating AEV NP

cells with either uninfected gs+chf-CEF cells or gs- hE cells

(Table 5). Co-cultivation of Bryan RSV(-) cells, with AEV NP

cells, did not result in the production of either infectious

RSV or AEV (Table 4).

The fact that AEV could not complement the genetic defect

of the Bryan strain of RSV, which is env-, meant that AEV did

not produce the envelope glycoproteins gp85 and gp37. Since

AEV was not complemented by gs- hE cells, which produce the en­

velope glycoproteins of an endogenous oncovirus, the defective­

ness of AEV must be more extensive than just the env gene.

Since Bryan RSVq, a mutant of RSV which is both env- and pol-,

produces a noninfectious virus particle, we assumed that AEV

was also defective in the gag gene. No conclusions can be

drawn about the presence of the pol gene in AEV since the po­

lymerase assay is dependent upon the production of a virus par-
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TABLE 5

RESCUE OF AEV FROM NONPRODUCER CELLS BY CO-CULTIVATION
WITH VARIOUS TYPES OF CELLS

Colony of AEV/ml
AEV NP cells co-cultivated with: culture fluid

gs-chf-CEF <10

gs+chf-CEF <10

gs-hE CEF <10

RSV(-) CEF <10

RAV-2-infected CEF 5 x 104

5
.

6 x 10 cells of each type were mixed and plated in 60 rom

petri dishes. Supernatant fluids collected 7 days later
were assayed for infectious AEV by colony formation in
soft agar. Colonies were counted at 14 days. Co-cutti­
vation of RSV(=) cells with RAV-2-infected CEF yielded
2 x 106 FFU/ml RSV.
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ticle. This was examined, however, by analyzing proteins

present in AEV-transformed cells as described in the following

section.

proteins present in AEV nonproducer cells. In order to deter­

mine whether AEV contained any functional genes, AEV NP clones

were labeled with 35S-methionine and immunoprecipitated with

antisera directed against the individual viral structural pro-

teins. NP clones were used for this analysis because they

should contain only the AEV genome and thus the analysis would

not be confused by the presence of helper virus gene products.

The results (Figure 4) demonstrate that AEV contains none of

the normal viral structural proteins or protein precursors.

Immunoprecipitation of RAV-2 infected cells (Figure 4, left

panel) shows "each of the individual gag proteins (p27, p19, pl5

gag gag-pol envand p12), Pr7n , PrI80 , gPr92 , gp85 and gp37. AEV

nonproducer cells immunoprecipitated with the same antisera

demonstrates the presence of only one protein of 75,000 daltons

which is precipitated by anti-pl9 antiserum (Figure 4, right

panel). This protein is not pr76gag since it is not precipi-

tated by anti-p27 or anti-pl2 antiserum. There are no pol or

env gene products detectable in AEV nonproducer cells. These

data confirm the prediction, based upon biological data, that

AEV is defective in gag and env. Since no polymerase protein

or precursor protein of any size is seen, AEV is probably also

defective in the pol gene.

Do all AEV-transformed cells contain p75? Twelve indepen­

dently isolated clones were labeled with 35S-methionine and im-
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FIGURE 4. Viral-related proteins present in 35S-methionine-labeled lysates of RAV-2-
infected CEF (left) and a nonproducer clone of AEV-transformed CEF (right). Polypeptides
wereseparated on 5-15% gradient SDS polyacrylamide gels. Antisera used were: non immune
serum, lane A; anti-p19 serum, lane B; anti-p27 serum, lane C; anti-p12 serum, lane D;
anti-reverse transcriptase serum, lane E; and anti-gp85 serum, lane F. Molecular weight
x10-3 daltons is indicated in the center and viral proteins of interest are indicated on
theright and left.
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munoprecipitated with rabbit anti-gag antisera. Figure 5 shows

six of these twelve clones, two of which are NP clones (110 and

115). The only protein present in clones 110 and 115, as in

the NP clones analyzed in Figure 4, is p75. The four producer

clones shown, clones 101, 108, 109 and 114, contain all the gag

proteins and precursors, including: pr180gag-pol, pr76gag,

p27, p19 and p12. p75 is clearly resolved from pr76gag in all

four clones. pr76gag of RAV-2 and RAV-7 comigrates with the

upper band at 76,000 daltons seen in each producer clone

analyzed. Clone 108 is infected with EAV, the natural helper

virus of AEV. The gag proteins of EAV show electrophoretic

variation when compared to the gag proteins of RAV-2, which is

the helper viruse present in clones 101, 109 and 114. Such

electrophoretic variance in the gag proteins of different

viruses have been characterized by Rettenmier ,and Hanafusa

(1977) and Shaikh et a1. (1978,1979).

Figure 5 also shows the gag-related proteins present in

AEV erythrob1asts. AEV-erythroblasts were isolated from a

leukemic bird, labeled with 35s-methionine, and immunoprecipi-

tated with the anti-gag antiserum. In these erythroblast

cells, the amount of the gag proteins relative to the. amount of

p75 present is clearly less than that seen in AEV-transformed

fibroblasts. Whether this is a fortuitous observation, or

whether it reflects differential expression of p75 in various

target cells cannot be determined at this time. Since p75 is

the only viral-related protein present in all AEV-transformed

cells, it is a candidate for the transforming protein of AEV.

That such a protein could be identified with antiserum directed
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FIGURE 5. Presence of AEV p75 in producer and nonproducer
clones of AEV-transformed.cells. Six independe�t c!csnes of
AEV-transformed CEF were 1so1ated and labeled w1th S­
methionine. In addition, RAV-2-infected CEF, RAV-7-infected
CEF, and AEV erythroblasts from a leukemic chicken were also
labeled with 35S-methionine. Lysates were inununoprecipi­
tated with rabbit anti-gag antiserum and analyzed on a 5-15%
gradient SDS polyacrylamide gel. Molecular weight x 10-3
is indicated on the left and viral proteins of interest are

indicated on the right.

u
-

u
-

u u
-

u u



-75-

against the viral structural proteins is quite fortunate. The

src
h

..

h
.

1src gene product pp60 s ares no determlnants Wlt Vlra

structural proteins and would not have been found by these

techniques.

Two dimensional gel electrophoresis of AEV p75. A method for

the two-dimensional separation of proteins has been described

by O'Farrell (1975) in which proteins are first separated by

isoelectric focusing and then SDS slab gel electrophoresis. I

analyzed the proteins present in an AEV producer clone which

could be immunoprecipitated with rabbit anti-gag antiserum by

this method (Figure 6). Unfortunately, there was some break-

down of the pH gradient at higher pHs, however, all the pro-

teins of interest are resolved. The pI of p15 was 7.2-7.3.

Two pI9 spots are present with pIs of 7.4-7.0 and 6.0-6.2.

pr76gag appeared in a streak from pI 6.6 to 7.4 with major

spots at 7.0 and 7.35. AEV p75 streaked from 7.35 to 7.6 with

a major spot with a pI of 7.5. These data are consistent with

the finding of Rettenmier and Hanafusa (1977) on the gag pro-

teins present in the virions of various Rous-associated

viruses. These results further substantiate the claim that p75

is distinct from pr76gag•

Tryptic peptide mapping of AEV p75. Since p75 contains only

the pI9 region of the gag gene, the majority of this protein

should represent the translational product of the unique se-

quences present in AEV. The presence of novel peptides in p75

was determined by preparing two-dimensional tryptic peptide
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FIGURE 6. Two-dimensional electrophoresis of proteins from
an AEV producer clone. An AEV-transformed producer clone
was labeled with 35S-methionine 'and immunoprecipitated with
rabbit anti-gag antiserum. The precipitates were analyzed
by two-dimensional electrophoresis. The pH of a parallel
tube gel is indicated across the top of the gel. Proteins
of interest are indicated.
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maps of 35S-methionine-labeled p75. Figure 7 shows two­

dimensional peptide maps of pr76gag from EAV and AEV p75. EAV

is the natural helper virus of AEV and its gag gene should be

more closely related to AEV than any other helper virus. All

the peptides present in pr76gag could be identified as belong­

ing to one of the individual gag proteins. This was determined

by preparing peptide maps of each � protein and by mixing ex­

periments in which equal counts of both Pr76 and the gag pro­

teins were mixed and mapped together (data not shown here) •

The map of p75 (center panel) contains four p19 peptide spots

but none of the methionine spots characteristic of p27, p12, or

p15. The identification of these peptide spots was established

by mixing p75 with the individual gag proteins and preparing

peptide maps of these mixtures. There are, h�wever, a number

of novel peptides present in p75 which are not present in Pr76.

These peptides are not present in the MC29 110,000 dalton gag­

related polyprotein (data not shown here). These novel pep­

tides are presumably encoded by the unique sequence present in

the AEV genome.

The p19 of EAV has a higher molecular weight than the

pIg's of many other RNA tumor viruses (see above). In addi­

tion, EAV pIg contains several novel methionine-labeled tryptic

peptides. Two of these peptides are present in p75 and they

are marked with arrows in Figure 7.

AEV p75 contains N-terminal Ac-Met-Glu dipeptide. The N­

termini of pIg and pr76gag are blocked (Herman et �., 1975;

Palmiter et al., 1978), probably as the result of N-terminal
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acetylation (palmiter et �., 1978). Under conditions that

prevent N-terminal acetylation, the amino terminal amino acid

sequence of the Prague strain of RSV was found to be Met-Glu­

Ala-Val-Ile-Lys ••• , and the N-terminal methionine could be la-

. 35 Met
beled wlth S-Met-tRNAf (Palmiter et �., 1978). Pactamy-

cin mapping studies (Vogt et �., 1975; Shealy and Ruckert,

1978; Rettenmier et �., 1979; Shealy and Ruckert, 1980) lo­

cates p19 at the N-terminal end of pr76gag, and analysis of

methionine-labeled p19 tryptic peptides has identified a pep-

tide with the same amino acid composition as the N-terminus of

pr76gag (Palmiter et �., 1978).

S. aureus V8 protease, which cleaves at the carboxy side

of glutamyl acid residues (Houmard and Drapeau, 1972), should

release the dipeptide acetylmethionylsulfoneglutamic acid from

both p19 and pr76gag• This blocked dipeptide, which we call

the p19* peptide, can be labeled with 35S-methionine and should

be negatively charged at pH 6.5, but neutral at pH 1.9. RAV-2

pr75gag was digested with V8 protease and the 19* peptide was

identified (Figure 8). The 19* dipeptide comigrated with syn-

thetic Ac-Met-Glu prepared by Carl Rettenmier and Mark Rieman.

This dipeptide was also found in AEV p75 (Figure 8, right

panel). This indicates that the translation of p75 begins at

the gag initiation codon and contains at least the first two

amino acids of the gag gene. The presence of the 19* dipeptide

is thus diagnostic for a viral protein whose translation begins

at the gag gene initiation codon and includes the first two am­

ino acids of the gag gene.
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FIGURE 8. Autoradiograms showing two-�imensional analysis
of V8 protease digestion products of 3 S-methionine-labeled
RAV-2 Pr76ga9 (left) and AEV p75 protein (right). Samples
were spotted at the origin (x), and electrophoresis at pH
6.5 was performed in the horizpntal direction with the
anode at the left. Ascending chromatography was from
bottom to top. The negatively charged 19* peptide is
indicated in each panel.
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Modification of AEV p75. The transforming proteins of a

variety of different RNA tumor viruses are modified in various

ways. The 50,000-55,000 dalton transforming protein of the

Friend Spleen Focus-forming virus is a glycoprotein (Dresler et

al., 1979,; Ruscetti et al., 1980; MacDonald et al., 1980).
-

-- --

The transforming proteins of RSV (Collet et �., 1979; Karess

et �., 1979; Hunter and Sefton, 1980), Fujinami sarcoma virus

(Feldman et �., 1980), Y73 (Kawai et �., 1980), PRe!! (Neil

et �., 1981), Harvey sarcoma virus (Shih et �., 1979), Abel­

son murine leukemia virus (Van der Ven et al., 1980b), and the

Gardner-Arnstein and Snyder Theilen strains of feline sarcoma

virus (Van der Ven et �., 1980a) are all phosphoproteins.

Since AEV p75 represents a candidate for the transforming pro-

tein of AEV, ! sought to determine whether it might be

glycosylated or phosphorylated.

The glycosy1ation of p75 was examined by labeling RAV-2

infected and NP cells with either 35S-methionine or 3H-N-

acety1glucosamine (Figure 9, left panel). RAV-2 infected cells

labeled with 35S-methionine show the presence of all viral pro­

teins: p12/p15, p19, p27, pr76gag, gp85, gp37, and gpr92env
(Figure 9, lane C). 3H-N-acetylglucosamine was incorporated
. env
Into gPr92 , gp85 and gp37 (Figure 9, lane D). There was no

glucosamine label incorporated into material comigrating with

35S-methionine labeled p75 (Figure 9, lanes E and F respective­

ly). Therefore, it appears that p75 is not a glycoprotein.
AEV p75 does appear to be phosphorylated, however, as

32
P-1abeled AEV NP cells immunoprecipitated with anti-virion

antiserum contain a protein which comigrates with 35S_
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FIGURE 9. Modification of AEV p75. The glycosylation and
phosphorylation of AVE p75 were investigated. In the left
panel, tdl09-infected cells were labeled with 35S-methionine
(lanes B and C) or 3H N-acetylglucosamine (lanes A and D),
and AEV NP Cells with either 35S-methionine (lane F) or

3H N-acetylglucosamine (lane E). Immunoprecipitation was
with the following antisera: nonimmune serum, lanes A and Bi
rabbit anti-virion serum, lanes C-F. In the right panel,
phosphorylation of AEV p75 is examined. EAV-infected cells
(lanes G and H) were labeled with 32p and AEV NP cells were

labeled with 32p (lanes I and J) or with 35S-methionine (lane K).
Immunoprecipitation was with the following antisera: nonimmune
serum, lanes G and Ii anti-virion serum, lanes H, J, and K.

Precipitates were analyzed on 5-15% polyacrylamide gels.
Molecular weight x 10-3 is indicated on the outside and
viral proteins of interest are indicated in the center.
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methionine labeled p75 (Figure 9, lanes J and K respectively) .•

32.
t d

.

7· bThe amount of P 1ncorpora e 1nto p 5 1S compara Ie to the

32
amount of P incorporated into pr76gag (Figure 9, lane H).

Therefore, AEV p75 is a phosphoprotein.

In addition to the transformation proteins mentioned above

which are phosphoproteins, p19, p12 and pr76gag are all phos-

phorylated (Lai, 1976; Erikson et �., 1977; Rettenmier, 1981).

The phosphoamino acid present in p19 is a phosphoserine residue

(Lai, 1976; Erikson et �., 1977). The transformation proteins

of RSV, Fujinami sarcoma virus, Y73 and PRCII all contain phos-

photyrosine in addition to phosphoserine (Hunter and Sefton,

1980; Feldman et �., 1980; Kawai et �., 1980; Neil et �.,

1980). The phosphoserine residues of Fujinami, PRCII and Y73

may lie in the gag gene region contained in the transforming

protein but this has not been rigorously demonstrated. There-

fore it was of interest to determine the phosphoamino acid

present in AEV p75 and compare it with those present in the p19

or pr76gag since AEV p75 contains the p19 region of the gag

gene.

The products of a mild acid hydrolysis were analyzed by

electrophoresis at pH 3.5, conditions which separate phos-

phothreonine and phosphotyrosine, a problem which confused ear­

lier work with pp60src• The phosphoamino acid present in p19,

p75 and Pr76 was phosphoserine (Figure 10). There is no evi­

dence for either phosphotyrosine or phosphothreonine in any of

these three proteins. Lai (1976) noted the presence of phos­

phothreonine in p19, however, neither the data present here,

nor the the data of Erikson et ale (1977) confirms this obser-
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FIGURE 10. Phosphoamino acid analysis of p19, p75 and
Pr76gag. Total acid hydrolysis of 32p-labeled p19, p75 and
Pr76gag was performed as described and the hydrolysate was

spotted at the bottom of the plate (x). Electrophoresis
at pH 3.5 was performed from bottom to top" The positions
of marker phosphoserine (S), phosphothreonine (T), and

phosphotyrosine (Y) are indicated.
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vation.

These results suggest that AEV p75 might be phosphorylated

at a serine residue in the gag-related portion of p75 which

contains pl9 sequences. Alternatively, p75 might be phospho­

rylated at multiple sites in both the p19 region as well as the

unique region of p75. In order to determine which of these

possibilities might be correct, two-dimensional peptide maps of

32p-Iabeled p19 and p12 from EAV, the natural helper virus of

AEV, were prepared and compared to that of AEV p75. The

results (Figure 11) indicate that there are a number of phos­

phopeptides present in all three proteins, and that the tryptic

phosphopeptides of EAV p19 and AEV p75 appear closely related.

The tryptic phosphopeptide map of p12 is clearly different from

that of p19 and p75 (Figure 11). pr76gag contains both p19 and

p12 phosphopeptides, although it appears that the p19 peptides

are more prominent than those of p12 (data not shown here).

Two dimensional peptide maps prepared at pH 1.9 instead of pH

4.7 as shown in Figure 10, confirm the data presented here.

Thus, AEV p75 is phosphorylated at a serine residue present in

the p19 region of the gag gene contained in p75, and that there

are apparently no other major phosphopeptides present. in p75

not contained in p19.

The maps of all the proteins analyzed here clearly show

the presence of more than one phosphopeptide. Previous

analysis of the phosphopeptides of p19 by Erikson et�. (1977)

and Rettenmier (1981) have shown the presence of only one large

peptide spot. Although it is possible that some of the pep­

tides I see are incomplete digestion products, the data
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presented here have been reproducible in several experiments

with electrophoresis carried out at both pH 4.7 and pH 1.9. In

addition, the same results were obtained with two different

lots of commercially prepared TPCK-trypsin. Digestion for up

to 30 hours did not alter the patterns observed. The fact that

p75 and pl9 are isolated from widely separated regions of the

gel makes it unlikely that there has been extensive contamina­

tion of these preparations with a common protein(s). The com­

mon spots observed in both pl2 and pl9 could be derived from

p19 since it has been demonstrated that some p12 preparations

contain p19 fragments (Shealy et �., 1980).

Enzymatic activities associated with p75. Protein kinase ac­

tivities are associated with the transforming proteins of a

number of different transforming viruses including: RSV (Collet

and Erikson, 1978; Levinson et �., 1978) Fujinami sarcoma

virus (Feldman et �., 1980), PRCII (Neil et �., 1981), Y73

(Kawai et �., 1980), Gardner-Arnstein strain of feline sarcoma

virus (Van der Ven et �., 1980b), Abelson murine leukemia

virus (Witte et �., 1979), and murine sarcoma virus (Sen et

�., 1979). I was very interested in determining whether the

gag-related polyproteins of several avian acute leukemia

viruses had protein kinase activities associated with them.

The assay used in these experiments was the immune complex pro­

tein kinase assay in which y_32p_ATP is added to the immune

complexes isolated with Protein A-Sepharose. In this assay ei­

ther the heavy chain of IgG, the transforming protein itself,

or both are phosphorylated. Cell extracts of AEV, MC29 and AMV
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FIGURE 11. Two-dimensio��l tryptic phosphopeptide maps of
p12, p19, and AEV p75. P-labeled EAV p12 and p19, and AEV
p75 were worked up as from peptide mapping as described in
Methods. Peptides were spotted at the bottom left corner
(x) and electrophoresis at pH 1.9 was performed in the
horizontal direction with the anode at the left. Ascending
chromatography in the second dtmension was from bottom to
top. Panel A, p19; panel B, p75; panel C, p12; panel 0,
�ch�atic drawing. Peptides common to p19 and p75 are

�nd�cated by dark circles (e), p12 peptides by the open
circles (0), and those common to both by the half-filled
circles (�) marked by arrows.
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NP clones were screened for protein kinase activity (Figure 12,

left panel) and parallel cultures were labeled with 35s_

methionine and immunoprecipitated with the same antiserum used

for the kinase assay (Figure 12, right panel). The antiserum

used in these experiments was from a tumor-bearing rabbit and

. . .

b d i 6
src .

1in addition to contalnlng antl 0 les to pp 0 , lt a so con-

tained antibodies directed against gag and env gene deter-

minants. None·of the acute leukemia viruses have protein

kinase activities associated with their �-related polypro-

teins (Figure 12, left panel, lanes F, G and H), although

pp60src from Schmidt-Ruppin RSV transformed cells did show a

protein kinase activity (Figure 12, left panel, lanes A and I).

The gag-related proteins of these viruses were observed in the

precipitates from 35S-methionine labeled parallel cultures: AEV

p75 (Figure 12, lane F), AMV pr76gag, the individual gag pro­

teins (Figure 12, lane G) and the 110,000 dalton �-related

polyprotein of MC29 (Figure 12, lane H). Thus AEV, MC29, and

AMV did not show protein kinase activities associated with

their gag-related polyproteins using this assay, and with ATP

as a phosphate donor. The addition of calf thymus histones,

casein or bovine serum albumin to the immune complexes in the

presence of y_32p_ATP did not result in phosphorylation of any

of these potential substrates (data not shown here). Thus none

of these putative transforming proteins contain protein kinases

using a variety of substrates using this assay.

Harvey and Kirsten sarcoma viruses are two independently

isolated rat-derived sarcoma viruses which can transform a

variety of cells in vitro. In addition to causing sarcomas in
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FIGURE 12. Kinase activity of gag-related polyproteins of
avian leukemia viruses. The immune complex protein kinase
assay was performed as described in the Methods with y_32p_
ATP as a phosphate donor (left panel). Parallel cultures
were labeled with 35S-methionine (right panel) and inunurio­
precipitated with the-same antisera. SR-RSV-B-transformed CEF,
lanes A and Ii normal CEF, lanes Band Cj normal quail
embryo fibroblasts, lane Di RAV-2"':'infected CEF, lane Ej AEV
NP clone of transformed .CEF, lane Pi and MC29-transformed
NP quail cell line Q8, lane H. Immunoprecipitation was with
the following antisera: nonimmune serum, lane Bi unabsorbed

tumor-bearing rabbit serum with anti-bodies to pp60src, the
gag proteins and the env gene products, lanes A and C-I.
Kinase reaction products were analyzed on a 5-15% gradient
SDS polyacrylamide gel. Molecular weight x 10-3 daltons is
indicated on the left of each panel and viral proteins of
interest are indicated on the right.
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adult mice, Harvey and Kirsten sarcoma viruses cause

erythroleukemia in newborn mice (Scher et �., 1975). Both

viruses encode a 21,000 dalton transformation protein which

binds GOP and GTP (Scolnick et �., 1979). No other di- or

triphosphates are bound by these proteins (Shih et ale

1980). Because of the similarities between these viruses and

AEV, I sought to determine whether p75 could either bind GTP or

utilize GTP as a phosphate donor in the immune complex kinase

assay used above. Cells were lysed in 100 mM NaCl, 5 mM MgC12,
20 mM Tris (pH 7.4), and 1% Triton X-IOO and the immune com-

32

plexes isolated in the usual manner and Y P-GTP was added.

Harvey sarcoma virus p21 bound GTP (Figure 13, lane 0) but nei-

ther AEV p75 or MC29 110,000 dalton gag-related polyprotein

contained either GTP binding activity or GTP-dependent protein

kinase activities (Figure 13, lanes F, G, and H). In addition,

rat anti-Harvey p21 antiserum did not immunoprecipitate p75,

although it did precipitate a protein of about 20,000 daltons

from chicken cells which could represent avian £-ras, the en­

dogenous cellular homologue of the Harvey sarcoma virus p2l

(data not shown here).

The gag-related polyproteins of AEV and MC29, as-well as

src
pp60 of RSV, are apparently not ATPases. This was deter-

mined by performing the standard immune complex protein kinase

assay, stopping the reaction with SOS gel sample buffer, spin-

ning out the Sepharose beads, and spotting the supernatant fluid

on OEAE-52 paper. ATP and free phosphate were separated by

high voltage paper electrophoresis (Figure 14). The amount of

PI released from y32p_ATP by AEV p75, MC29 plIO or RSV pp60src
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FIGURE 13. GTP binding and kinase activity of AEV p75 and
MC29 110,000 dalton gag-related polyproteins. Cells were

lysed in 100 roM NaCl, 5 mM MgC12, 20 mM Tris (pH 7.4),1%
Triton X-IOO, disrupted by mixing on a vortex mixer, and
then spun at 36,000 rpm in a Beckman Type 40 rotor for 15
minutes. Lysates were then immunoprecipitated as described
and the inun�ne complexes isolated on Protein A-Sepharose
beads. 10- M y_32p-GTP (New England Nuclear) was added to
the immune complexes for 10 minutes at 320 C. The reaction
was terminated by adding SDS gel sample buffer and the
reaction products were analyzed on a 12% SDS polyacrylamide
gel. Lanes A and B, normal mouse cell line C127D; lanes C
and D, Harvey sarcoma virus-transformed 'NIH 3T3 cells; lane
E, normal rat cell line 208F; lane F, AEV-transformed rat
cell line AC3b; lane G, MC29-transformed rat cell line MC2;
and lanes H and I, AEV-transformed CEF NP clone. Immuno­
precipitation was with the following antisera: normal rat

serum, lanes A and C; normal rabbit serum, lane I; rat anti­
Harvey p21 serum, lanes Band Di r�bbit:/anti-p19 serum,
lanes E-H. Molecular weight x 10- daltons is indicated on

the left.
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FIGURE 14. Are the gag-related polyprote�ns of AEV and
MC29 ATPases? T�� immune complex protein kinase assay
reaction with y- P-ATP as substrate was performed as

described in Methods. The reaction was for 10 minutes at
300 C and the immune complexes were spun out. The super­
natant fluids were removed and 5 u1 spotted on Whatman
DEAE-52 paper and high voltage electrophoresis was performed
to separate ATP from free phosphate. Antisera used were

nonimmune rabbit serum (NIS) and tumor-bearing rabbit
serum (TBR) used in Figure 11.
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was less than that released by immunoprecipitates from unin­

fected cells (Mock). In addition, AEV p75 did not contain

deacetylase activity using 3H acetate-labeled duck histones as

a substrate (data not shown here).

� p75 incorporated into the virion? The gag-related polypro­

teins of Abelson murine leukemia virus (Reynolds et �., 1978)

and of the Snyder-Theilen strain of feline sarcoma virus

(Stephenson et �., 1977) are incorporated into pseudotyped

virus particles. This has aided in the purification of these

putative transforming proteins. Were this to be the case with

AEV p75 it would aid in the preparation of antiserum against

this protein and in the further characterization of p75. This

question was examined by purifying 35S-methionine labeled virus

particles from a AEV-NP clone superinfected with RAV-2. Such a

preparation includes both RAV-2 and AEV virions. AEV p75 was

not seen in either the total virion proteins (Figure 15, lane

A) or in proteins precipitated with either anti-gag antiserum

or anti-p19 antiserum (Figure 15, lanes C and D respectively) •

Since AEV p75 contains p19 sequences, immunoprecipitation with

anti-p19 antiserum should enrich for p19 and AEV p75 if it was

present in the virion. Thus, p75 is apparently not incorporat­

ed into the virion like the gag-related transformation proteins

of the Snyder-Theilen strain of feline sarcoma virus and Abel­

son murine leukemia virus.

Presence of � second gene in AEV. The genomic RNA of AEV is 28

S as determined by gel electrophoresis or sedimentation in
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FIGURE 15. Presence of AEV p75 in the virion4! 35s-methio­
nine-labeled AEV(RAV-2) virions were purified as described
in the Methods and analyzed on a 5-15% gradient SDS poly­
acrylamide gel. Lane A, total virion proteins; Lane B,
virion proteins immunoprecipitated with noninunune serum;
lane C, virion proteins immunoprecipitated with anti-gag
serum; lane D, virion proteins imrnunoprecipitated with anti­
pl9 serum; lane E, AEV NP clones immuno�recipitated with
anti-p19 serum. Molecular weight x 10- daltons is indicated
on the left and viral proteins of interest are noted on the
right.
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sucrose density gradients (Sister and Duesberg, 1979; Kamahora

et �., 1979) and heterodup1ex mapping (Lai et �., 1979). The

unique sequence of AEV is estimated to be 3 kb based upon

heterodup1exing (Lai et �., 1979) and mapping of RNase T1
resistant oligonucleotides (Sister and Duesberg, 1979; Kamahora

et �., 1979). This corresponds to a coding capacity of

100,000 to 120,000 daltons for this region of the genome alone.

If p75 contains all the p19 region, then approximately one half

of the unique sequence coding capacity would be required to

code for the remainder of p75. This means that there are

45,000 to 55,000 daltons of coding capacity remaining unac-

counted for in the unique region of AEV. It seemed possible,

therefore, that AEV contained a second gene.

To examine this question, the virus-related RNAs in AEV NP

cells were analyzed. Two cDNA probes were used in these stu-

dies, "cDNA strong stop" and a cDNA probe specific for the

unique region of AEV (cDNA ). cDNA strong stop is complemen­
aev

tary to the first 101 nucleotides present at the 5' end of all

viral RNAs. The cDNA probe hybridized to 98% with AEV viral
aev

RNA at a Crt of 2. Poly(A)-containing RNA from AEV NP cells

was isolated, sized in sucrose gradients and the RNA in each

fraction hybridized to both probes. Two peaks of hybridization

were detected with both probes (Figure 16). One peak of hy­

bridization co-sedimented with 28 S chicken ribosomal RNA which

is the same size as the viral genomic RNA. The second peak of

hybridization is approximately 21 S in size. The homology

between either RAV-2 or RAV-O cDNA strong stop and AEV RNA was

not as extensive as that between cDNA and AEV RNA. However,
aev
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FIGURE 16. Viral RNAs present in AEV NP clone 49.

Poly(A)-containing RNAs were sized by sedimentation in
a 15-30% sucrose gradient as described in the Methods.
Hybridization was for 20 h with either cDNA strong
stop (.) or cDNAaev (0). The positions of RAV-2 35 S

viral RNA, 28 S rRNA and 18 S rRNA are indicated.
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the same ratio of 28 S to 21 S mRNA species was observed fol-

lowing hybridization with cDNA strong stop, as was observed

with the cDNAaev probe. Based upon the kinetics of hybridiza­

tion with CDNAaev we estimated that there are 400-500 copies

per cell of the 28 S AEV RNA species and 200-250 copies per

cell of the subgenomic 21 S AEV mRNA.

Poly(A)-containing RNA from an AEV NP cell clone was

separated by gel electrophoresis, transferred to DPT paper by

blotting and hybridized with 32p-CDNA • The blot shows the
aev

presence of two AEV specific RNA species (Figure 17, lane C),

confirming the results of solution hybridization experiments.

The 32pCDNA probe was shown to be specific for AEV
aev

viral RNA by analyzing AEV(RAV-2) viral RNA. AEV(RAV-2) viral

RNA, which is a mixture of 35 S RAV-2 RNA and 28 S AEV RNA, was

electrophoresed in a 1% agarose gel, the RNA transferred to DPT

paper and the blot hybridized with either 32p-CDNA strong stop

or 32p-CDNA cDNA strong stop hybridized to RNAs of 35 S,
aev

28 Sand 21 S (Figure 17, lane A). The 35 Sand 28 S RNAs

presumably represent the genomes of RAV-2 and AEV, respective-

lYe The 21 S strong stop-containing RNA could be the 21 S

RAV-2 env RNA which is has been shown to be incorporated into

the virion particle (Stacey et �" 1976). When the same blot

was hybridized with cDNA , the probe reacted with two RNA
aev

species: one RNA species of 28 S and a second of approximately

21 S (see Figure 17, lane B). These results show that AEV NP

cells produce two AEV-specific RNA species of 28 Sand 21 S.

AEV virus particles also contain both of these two RNA species.

Although NP cells appear to contain two molecules of the 28 S
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FIGURE 17. Analysis of viral RNAs present in purified
virions and in an AEV-transformed fibroblast NP clone.

Poly(A)-containing RNA was isolated from AEV(RAV-2)
virions (lanes A and B) and AEV NP cell clone 830 (lane
C). RNA was separated by electrophoresis in a 1% agarose
gel, and was transferred to DPT paper. Hybridizations
were with eDNA strong stop (lane A) and with cDNAaev
(lanes B and C). The positions of 35 S RAV-2 and 28 S
and 18 S rRNA markers are indicated (molecular weight
x 106 daltons).
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RNA species for each molecule of the 21 S RNA, the viral parti­

cles seem to incorporate much more of the 28 S genomic AEV RNA

than of the 21 S subgenomic RNA of AEV.

These data provided the first evidence that transformed

cells contain two AEV-specific transcripts, one of genome-size.

and the other subgenomic. Since both of these RNAs hybridized

with cDNA specific to the AEV-unique sequences, it is possible

that more than one transformation gene is present in the AEV

genome.

In vitro translation of AEV viral RNA. Because the two size

classes of AEV RNAs are found in the virion, in vitro transla­

tion of virion RNA would serve to identify the gene products of

both RNA species. Poly(A)-containing viral RNA was fractionat­

ed in sucrose density gradients and RNAs of the following size

classes pooled: 35 S, 28-30 S, and 20-24 S. Approximately

0.25-0.5 ug of RNA from each size class was translated in vitro

using the rabbit reticulocyte lysate system of Pelham and Jack­

son (1975) and the translation products analyzed by SDS po­

lyacrylamide gel electrophoresis (Figure 18). Translation of

35 S RNA yielded a major translation product of 76,000 daltons

and translation of 28-30 S RNA primarily programmed the syn­

thesis of a 74,000-75,000 dalton protein. Several products are

produced by the translation of the 20-24 S RNA pool. Proteins

of 64,000, 48,000 and 46,000 stand out as major translation

products. Several proteins of below 45,000 daltons are seen in

translations of virion RNA especially of this size class,

although they can also be observed in translations of 35 S
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FIGURE 18. Analysis of the translational products of AEV
(RAV-2) virion RNA. Poly(A)-containing virion RNAs were

sized by sedimentation in a 15-30% sucrose gradient. The

following RNA size classes were pooled: 35 S, 28 to 30 S,
and 20 to 24 S. In vitpo translation of 0.25 to 0.5 ug of
virion RNA was performed using the rabbit reticulocyte
lysate system. The translation products were analyzed in a

8.5% SDS polyacrylamide gel. Lane A, no added RNA; lane
B, 35 S RNA; lane C, 28-30 S RNA; lane D, 20-24 S RNA.
Lane E contained the translational products of total virion
RNA of EAV, the natural helper virus of AEV. Molecular
weight x 10-3 daltons is indicated on the left and right
and virus-specific translation products are indicated in
the center.
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viral RNA. In vitro translation of unsized EAV virion RNA

yields proteins of 76,000 and 64,000 daltons as well as those

seen below 45,000 daltons. The 76,000 dalton protein is

presumably pr76gag and the 75,000 dalton protein is presumably

AEV p75 analyzed above. The env gene produced from a 21 S RNA,

should have a molecular weight of 60,000 to 64,000 daltons

(Pawson et �., 1980). The 46,000 and 48,000 dalton proteins

may represent translational products encoded by the 21 S AEV

specific mRNA.

Immunoprecipitation of in vitro products. The AEV translation

products were further characterized by a "sequential" immu­

noprecipitation with antiserum directed against the individual

viral proteins (Figure 19). The 76,000 dalton protein produced

by 35 S RNA was immunoprecipitated by anti-p19 antiserum, but

not by anti-gp85 or anti-reverse transcriptase antisera (Figure

19, lanes B,C,D), and it is presumably pr76gag• There is some

carry-over of pr76gag into the immunoprecipitation with anti­

gp85. The major product of 28-30 S RNA is also precipitated by

anti-p19 antiserum (Figure 19, lane F). It is not precipitated
by anti-reverse transcriptase or anti-gp85 and it is the AEV

�-related polyprotein, p75. The 64,000 dalton translational

product of 20-24 S RNA is precipitated by anti-gp85 serum and

represents the initial translation product of the env gene

(Figure 19, lane K). The 46,000 (p46) and 48,000 (p48) dalton

proteins are not precipitated by any of the antisera used (Fig­
ure 19, lanes J-L). The material seen in Lane L at about

46,000 daltons appears to have been excluded from the region
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FIGURE 19. Immunoprecipitation of'the 'translation products of AEV(RAV-2) virion RNA.AEV(RAV-2) viral RNA was purified as described in Figure 17 and translated in vitpo.Thetranslation products were immunoprecipitated sequentially with anti-p19 serum,anti-gp85 serum, and anti-reverse transcriptase serum. The precipitates were analyzedina 8.5% SDS polyacrylamide gel. Lanes A-D, 35 S RNA; lanes E-H, 28-30 S RNA; andlanes I-L, 20-22 S RNA. Lanes A, E and I are the total translation products (uninununo­precipitated); lanes B, F and J were precipitated with anti-p19 serum, lanes C, G and Kwere precipitated with anti-gp85 serum, and lanes D, H an� L were precipitated with
'

anti-reverse transcriptase serum. Molecular weight x 10- is indicated on the left andtranslation products of interest are indicated on the right.



-103-

above it by a protein present in the reticulocyte lysate. It

was not seen in repeats of the experiment. There is some p75

produced by translation of the 20-24 S RNA and this presumably

reflects translation of RNA fragments present in this fraction.

These data indicate that the 35 S RNA is likely to be that

of RAV-2 and its major translational product is pr76gag• The

28-30 S RNA pool is a mixture of 35 S RAV-2 RNA and 28 S AEV

RNA which code for a mixture of pr76gag and the AEV p75 pro-

tein. The RNAs of the 20-24 S pool include the 21 S RAV-2 env

mRNA and the AEV subgenomic RNA. The 21 S env mRNA codes for

env
p64 , whereas the 46,000 and 48,000 dalton proteins appear to

be the translational products of the subgenomic AEV RNA and

they are not related to the gag, pol, or env gene product of

replication-competent RNA tumor viruses.

Inhibition of in vitro translation by 7mGTP• 7mGTP has the

property of blocking the translation of capped mRNAs in both

the wheat germ system (Hicken et �, 1976; Weber et aI, 1976;

Hickey et �, 1977) and the rabbit reticulocyte system (Suzuki,

1976). In order to determine whether the translation products

of AEV virion RNA were produced by capped poly(A)-containing

mRNAs or by translation of RNA fragments, translations were

performed in the presence and absence of 7mGTP• As shown in

Figure 20, the synthesis of pr76gag, p75, p64env and the

p46/p48 band was inhibited by the presence of 7mGTP• Thus it

appears that p46 and p48 are translated from capped poly(A)­

containing mRNAs and not from fragments of viral RNAs.
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FIGURE 20. The effect of 7IDGTP on in vitro translation.
Viral RNA isolated as in Figure 17 was translated in vitro
in the presence and absence of 1 VM 7ffiGTP. Translation
products were analyzed in a 8.5% 808 polyacrylamide gel.
Lanes A, B, 358 RNA; lanes C, 0, 28-30 8 RNA; and lanes E,
F, 20-24 8 RNA. Lanes A, C, and E, no 7maTp; lanes B, 0 and
F, with 7ffiGTP. Molecular weight x 10-3 daltons is indicated
on the left.
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Further characterization of p46 and p48. While these investi­

gations were in progress, several other investigators carried

out similar experiments in which the translation of 20-24 S AEV

virion RNA was noted to program the synthesis a protein of

40,000 to 45,000 daltons (Lai et �., 1980; Pawson et �.,

1980; Yoshida et �., 1980). Although these investigators did

not directly demonstrate the presence of a second mRNA species

produced by AEV, the size class of the RNA encoding this new

translational product suggested to them that there might be a

second gene in AEV. These authors, however, only observed one

novel translational product encoded by 20-22 S AEV instead of

the two, p46 and p48, that I observed. Thus, these two po­

lypeptides were analyzed by two-dimensional tryptic finger­

printing.

The results shown in Figure 21, clearly indicate that p46

and p48 are very closely related to each other; their finger­

prints differ in only one peptide which is present in p48

(marked by the vertical arrow) which is not present in p46.

Concomitant with the presence of this new peptide, there has

been a decrease in the amount of a second peptide spot in p48

(marked by the horizontal arrow), compared to the amount of

this peptide present in p46. The new peptide in p48 is more

negatively charged than the peptide from which it appears to

have been derived.

It is tempting to speculate that p48 is derived from p46

by some post-translational modification such as phosphoryla­
tion. Attempts to phosphorylate either p46 or p48 have not

been successful. A translation of 20-24 S AEV RNA was per-
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x

FIGURE 21. Two ....d�mensional tryptic peptide analysis of the
46,000 dalton (left) and 48,000 dalton (right) in vitro
translation products of 20-22 � AEV virion RNA. Virion RNA

was translated in vitro with 3 S-methionine as the label,
the bands of interest excised, and worked up as described in
Methods. Peptides were spotted in the lower left corner (x)
of each panel. Electrophoresis was in the horizontal
direction with the anode at the left, at pH 4.7. Ascending
chromatography was from bottom to top. The peptide unique
to the 48,000 dalton protein is marked with a vertical
arrow (t) and the peptide which is diminished in the 48,000
dalton protein is marked with a horizontal arrow (+).
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formed with unlabeled amino acids and after 1 h, y32p_ATP was

added to the translation products to determine if p46 or p48

could be phosphorylated. The high background level of proteins

that were phosphorylated in the rabbit reticulocyte system did

not allow a clear answer to the question of whether p46 or p48

could be phosphorylated. When casein was added to the lysate

system, it was readily phosphorylated above background levels

(data not shown here). Thus there may merely have not been

enough p46 or p48 available to observe such a phosphorylation

event.

p46 and p48 are apparently not synthesized with the same

efficiency by all reticulocyte lysate preparations used, indi­

cating that the enzymes which modify p46, if they do exist, may

not be as stable as those involved in translation of RNA. Nei­

ther p46 or p48 contain the 19* dipeptide present in AEV p75

(see above), indicating that translation of p46 and p48 does

not begin at the initiation codon for the gag gene (data not

shown here). An alternative to the protein modification model

proposed above, is that p48 is the product of reading through

one stop codon and that translation has continued until a

second stop codon has been reached. If this is the case, the

new peptide present in p48 should be located at the carboxy

terminus of p48 and the amount of the peptide noted by the hor­

izontal arrow present in p48 might reflect the extent of con­

tamination of p46 with p48.

The characterization of p46 and p48 has been limited by

the fact that this protein was isolated as a translation pro­

duct of 21 S AEV mRNA. At this time there is no antibody which
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is able to cross react with this protein molecule. Further

research on p46 and p48 will be hindered until such an an­

tiserum becomes available.

preparation of an antibody specific for AEV p75. Using a

modification of the technique of Beug et�. (1981), I have re­

cently produced an antiserum from chickens that have regressed

from a AEV ts34-induced erythroblastosis, that has antibodies

directed against the AEV specific determinants in p75. One­

week old chicks were inoculated with approximately 105 FFU of

AEV ts34. During the next four weeks ten of the nineteen birds

died of erythroblastosis. Eight weeks after the original inno­

culation the survivors were immunized with 107 AEV ts34-

transformed bone marrow cells, and the antisera were screened

by immunoprecipitation of AEV-transformed cells. Promising an­

tisera were then screened following absorption with disrupted

virus protein to demonstrate that the antisera contained anti­

bodies directed against the unique sequences present in AEV and

not just against the gag portion of p75. Immunoprecipitation

of AEV ts34-transformed bone marrow cells and EAV-infected CEF

indicated that the major protein recognized by anti-p75 in

transformed bone marrow cells is p75 (Figure 22, lanes Band

C). Neither the absorbed or unabsorbed anti-p75 antiserum pre­

cipitated the individual gag proteins p12/p15, p19 or p27 from

the AEV ts34 cell extract although these proteins were clearly

present in the cell lysate as seen in precipitations with the

anti-virion antiserum (Figure 22, lanes Band C versus lane D).

The gag proteins were also not precipitated from EAV-infected
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FIGURE 22. Imrounoprecipitation of AEVts34-transformed
erythroblasts ��d EAV-infected CEF with anti ....p75 serum.

Lanes A-E are S�ethionine labeled AEVts34-transformed
erythroblasts and lanes F-J are labeled EAV-infected CEF.

Immunoprecipitation is with the following antisera: lanes
A and P, normal chick serum; lanes Band G, anti-p75 serum;:
lane? C and H, absorbed anti-p75 serum; lanes D and I, anti­
gag serum; and lan)s E and J, normal rabbit serum. Mole­
cular weight x 10- daltons is indicated on the left and
viral proteins of interest are indicated on the right.
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CEF (Figure 22, lanes G and H). There is some residue anti­

gp85 antibodies remaining in the absorbed anti-p75 antiserum

since gp85 and pgpr95env is precipitated from 35S-methionine

labeeled EAV-infected CEF (Figure 22, lanes G and H). Absorp-

tion of the anti-p75 antiserum with 35ug of disrupted virus

protein decreased the amount of p75 precipitated compared to

the amount precipitated by the unabsorbed serum (Figure 23).

Further absorption of the antibody did not decrease the amount

of p75 precipitated by the antiserum (Figure 23).

In order to demonstrate the specificity of the anti-g75

antiserum for only AEV p75, cells transformed by a variety of

RNA and DNA tumor viruses were labeled with 35S-methionine and

immunoprecipitated with anti-p75 and antiserum directed against

the various viral transforming proteins (Figure 24). Anti-p75

did not precipitate the SV40 T (93,000 daltons) or t (20,000

daltons) antigens (McCormick et �., 1979) from SV40-

transformed muntjac cells or the Ela 53,000 dalton protein(s)

(Ross et al., 1980) from the human adenovirus type 5-

transformed hamster cell line 297-C43 (Figure 24). In addi-

tion, the transforming proteins of the following RNA tumor

viruses were not immunoprecipitated by anti-p75 (Figure 24):

Harvey sarcoma virus (p21, Shih et �., 1979), Friend spleen

focus-forming virus (gp52, Ruscetti et �., 1980), the Snyder­

Theilen strain of feline sarcoma virus (Barbacid et �., 1980),

the McDonough strain of feline sarcoma virus (Barbacid et �.,
1980), Schmidt-Ruppin strain of RSV (p60src), Fujinami sarcoma

virus (T. Hanafusa et �., 1979), MC29, AMV, and E26.

It would be interesting if the anti-p75 antiserum could
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FIGURE 23. Absorption of anti-p75 antiserum with disrupted
RAV-2 virions. Unlabeled virions were purified as described
in Methods. Chicken anti-p75 was absorbed with varying
amounts of RAV-2 virion proteins disrupted in RIPA for 1 h
on ice. 35S-methionine-labeled AEV ts34 (RAV-'2)-infected
bone marrow cells were irnrnunoprecipitated with the absorbed
antibody. Lane A, unabsorbed antiserum; lane B, absorbed
with 35 ug/5 ul serum; lane C, absorbed with 70 ug/5 ul
serum; lane D, absorbed with 140 ug/5 ul serum. The prec­
ipitates were analyzed in a 5-15% gradient SDS polyacryl­
amide gel and molecular weight x 10-3 daltons is indicated
on the left.
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iIGURE24. Immunoprecipitation of virus-transformed cell lines with anti-;75 serum. Theindicated cell lines were immunoprecipitated with either anti-p75 serum (lanes labeled A)
orantiserum directed against their specific transforming proteins. Lanes B, I, K, L.and
M,rabbit anti�gag serum; lane C, hamster anti-ND4 serum; lane D, rat anti-Harvey p21serumlane E, rat anti-gp52 serum; lane F, anti-FeLV gag protein serum; Lane G, anti
SF-FeSV transformed mink cell serum; lane H, t,umor-bearing rabbit antiserum (anti-p60);laneJ, SV40 tumor-bearing hamster antiserum. The specific transf�rming proteins ofinterest are indicated by the dark arrows. Molecular weight x 10- daltons is
indicated by the open arrows for, each set of panels.
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immunoprecipitate p46 and p48 produced by in vitro translation

of 20-24 S AEV viral RNA. Although no protein of this molecu­

lar weight range was seen in precipitations of AEV-transformed

bone marrow cells (Figure 21), it could be argued that p46 and

p48 do not exist in transformed cells. Therefore, 28-30 Sand

20-24 S AEV virion RNA was translated in vitro and immunopre­

cipitated with either anti-gag antiserum or anti-p75 antiserum

(Figure 25). Both the anti-gag and anti-p75 antisera precipi­

tated p75 (Fi�ure 22, lanes B and C), although the amount of

p75 precipitated by the anti-p75 serum was considerably less

than that precipitated by anti-gag serum. This could be be­

cause either the anti-gag serum will precipitate both p75 and

any pr76gag that is produced, or because the anti-p75 serum is

weaker than the anti-gag serum. Neither the anti-gag nor the

anti-p75 antisera were able to immunoprecipitate p46 or p48.

Thus the anti-p75 antiserum is directed against determinants

unique to p75, and this antiserum detected no antigenic deter­

minants common to both p75 and p46/p48.

Protein kinase assay with anti-p75 serum. Although a protein

kinase activity was not demonstrable in AEV p75 by the protein

kinase assay using immune complexes formed with anti-pIg an­

tiserum, anti-� antiserum or unblocked tumor-bearing rabbit

serum, it could be argued that p75 is not able to phosphorylate

the IgG molecules of anti-pIg antiserum because the conforma­

tion of p75 and the IgG molecules in the immune complexes may

not be suitable for phosphorylation of the latter. The protein
kinase activity of Fujinami sarcoma virus p140 shows a prefer-
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FIGURE 25. Immunoprecipitation of AEV(RAV-2) virion RNA

translation products with anti-p75 serum. The 28-30 S
viral RNA fraction (lanes A-C) and the 20-24 S viral RNA
fraction (lanes D-F) of AEV(RAV-2), prepared as in Figure
17, were translated in vitro with the rabbit reticulocyte
system. The total translation products of 28-30 Sand
20-24 S AEV (RAV-2) virion RNA are shown in lanes A and D,
respectively. Translation products were immunoprecipitated
with either rabbit anti-pl9 serum (lanes B and E) or with
absorbed chicken anti-p75 serum (lanes C and F). Trans­
lation products were analyz�1 on a 8.5% SDS polyacrylamide
gel. Molecular weight x 10 daltons is indicated on the
left and translation products of interest are indicated on

the right.
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ence for the antibodies which it phosphorylates; pl40 only

weakly phosphorylates the IgG molecules of anti-p19 antiserum

although it is able to phosphorylate IgG molecules in tumor­

bearing rabbit serum which apparently recognizes the � deter­

minants of p140 (Feldman et �., 1980). To determine whether

such a problem existed in the analysis of AEV p75, p75 was im-

munoprecipitated by rabbit anti-p19 serum and chicken anti-p75

serum and the immune complex protein kinase reaction performed.
src

Although pp60 was active in a control reaction, p75 immu-

noprecipitated by either antiserum did not act as a protein

kinase (Figure 26). Neither the heavy chain of rabbit IgG nor

the light or heavy chains of chicken IgG were phosphorylated by

AEV p75 and there was no autophosphorylation of p75. The addi-

tion of casein to the reaction mixture did not result in its

phosphorylation either. Thus, it appears that AEV p75 is not a

protein kinase as determined by this assay using four different

types of antisera (anti-p19, anti-�, TBR and .anti-p75).

Immunofluorescent studies with anti-p75 antiserum. The availa­

bility of an antiserum specific for the unique region of AEV

p75 makes it possible to carry out experiments to determine the

localization of p75 in a variety of transformed cells. Prelim-

inary results of immunofluorescence studies �ith chicken anti-

p75 antiserum indicates that, in AEV-transformed rat cells, p75

is located in the cellular membrane, in cell ruffles and in a

perinuclear region (Figure 27). Panels Band D in Figure 27

clearly show localization of immunofluorenscent labeling in

cell ruffles. The membrane staining is observed in Panels F
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FIGURE 26� Kinase assay of AEV p75. Schmidt Ruppin RSV­
infected cells and AEV-transformed rat cell line AC3b were

immunoprecipitated and the immune complex protein kinase

assay performed as described in the Methods. Lanes A and B,
SR-RSV-B-tran�formed CEF and lanes C-E, AEV-transformed rat
cell line AC3b. Immunoprecipitation was with the following
antisera: normal rabbit serum, lane Ai tumor-bearing
rabbit serum which precipitates pp60src, lane B; normal
chicken· serum, lane C; rabbit anti-p19 serum, lane D;
absorbed chicken anti-p75 serum, lane E. Kinase products
were analyz�� on a 7.5% SDS polyacrylamide gel. Molecular
weight x 10 daltons is indicated on the left and the
position of rabbit IgG is indicated on the right.
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and H. Perinuclear staining is seen in all panels (B,D,F and

H). There is clearly no staining of either the nucleus or the

nuclear envelope. The perinuclear region that is stained by

anti-p75 has not been further characterized at this time. Nor­

mal rat fibroblasts do not show any of these patterns of

fluorescence. There is a slight staining of a cytoplasmic

granule, but this is not a very intense staining. Studies with

AEV-transformed CEF and AEV-transformed chicken erythroblasts

are in progress. Cell fraction studies, in which the amount of

AEV p75 present in different cell fractions is determined by

immunoprecipitation, are also in progress. The transforming

proteins of several other RNA tumor viruses, including RSV

(Rohrschneider, 1979; Willingham et �., 1979; Courtneidge et

�., 1980; Krueger et �., 1980a,b) Fujinami sarcoma virus (R.

Feldman, personal communication) and Harvey sarcoma virus '(Wil-

lingham et al., 1980) are membrane-associated. Therefore, it

would be interesting if this membrane of transforming proteins

has anything to do with either the sarcomagenicity of these

viruses or with the pathways by which these viruses transform

cells.

Attempts to identify a cellular homologue of AEV p75. Attempts

to identify the cellular homologue of p75 iti tissues of normal

chickens have not been successful at this time. Direct immu-

.. .

f
35

h·· 1 b 1 1 1·nopreclpltatlon 0 S-met lonlne a e ed normal sp een, lver,

bursal, lymphocytes and blood cells with absorbed anti-p75 an­

tiserum, has not identified a candidate for the endogenous p75

homologue (data not shown here). Experiments using the tech-
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FIGURE 27. Immunofluorescent staining of AEV-transformed
rat cell line AC3b. All cells were stained. with chicken
anti-p75 serum that had been absorbed with normal rat cells
and with 35 ug/5 ul antibody disrupted virion protein.
Panels A, C, E and G are phase contrast photographs of the
same field shown in panels B, D, F. and H, respectively,
which show the fluorescent staining ·patterns seen with
anti�p75. Arrows indicate points of interest. Membrane
staining (m), stained cell ruffles (r), and perinuclear
staining (p) is noted.
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nique of transferring unlabeled proteins from SDS polyacrylam­

ide gels to nitrocellulose filters and probing these filters

with anti-p75 antiserum have also not met with success. Iden­

tification of viral proteins in infected cells and of the

120,000 dalton gag-pol fusion protein present in gs+ cells, us­

ing a rabbit anti-virion antiserum has been successful using

the method of protein transfer to nitrocellulose filter with

rabbit antibodies as probes. There apparently are some techni­

cal difficulties involving the use of chicken antiserum which I

have not yet solved.



IV. Discussion of Research on Avian

Erythroblastosis Virus



-120-

Discussion

In the preceding chapter I have described my work with

AEV. Analysis of nonproducer clones of AEV�transformed CEF

isolated from soft agar, confirmed the defectiveness of AEV as

described by Graf et ale (1976b). The transforming activity of

AEV could only be rescued by replication-competent helper

viruses including RAV-I, RAV-2, RAV-7, RAV-50 and RAV-61. Gol­

den pheasant virus and Amherst pheasant virus were not capable

of rescuing AEV from NP cells, although both these viruses re­

plicated in AEV NP cells. The inability of these two viruses

to rescue AEV from NP cells is presumably due to sequence

differences that exist between AEV and these viruses in the re­

gion of the genome required for correct packaging of the virion

RNA (Shank and Linial, 1980). AEV can not be rescued from NP

cells following co-cultivation with gs+chf-, gs-hE, and Bryan

RSV(-) cells, nor can AEV NP cells co-cultivated .with RSV(-)

cells rescue infectious RSV.

Immunoprecipitation of AEV NP cells with antisera specific

for the viral structural proteins demonstrated that AEV coded

for a protein of 75,000 daltons (p75). This protein was pre­

cipitated only by anti-pl9 serum. No other structural proteins

or protein precursors were observed in thes� cells. This pro­

tein was clearly distinguishable from pr76gag based upon pre­

cipitation with antisera directed against each of the gag pro­

teins and by two-dimensional gel electrophoresis. Two­

dimensional tryptic peptide mapping demonstrated that AEV p75

contained pl9 peptides in addition to unique peptides. The
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cross-reaction of p75 with specific antisera and the tryptic

peptide mapping data have also been described by Hayman et ale

(1979) and their data are in full agreement with the data

presented here.

Further analysis of AEV p75 demonstrated that it is phos­

phorylated and that it contains a phosphoserine residue, the

same phospho-amino acid present in p19 and pl2 (Lai, 1976;

Erikson et �., 1977). Phospho-tryptic peptides maps of p12,

p19 and p75 were prepared and the map of p75 was the same as

that of p19. No phosphopeptides unique to p75 were identified.

These results suggest that p75 is phosphorylated at a serine

residue in the p19 gag region it contains. In addition, AEV

p75 contains the 19* dipeptide indicating that the translation

of p75 begins at the gag gene initiation codon and that p75

contains at least the first two amino acids of the � gene.

Bister et �. (1980b) have recently confirmed my observation on

the phosphorylation of AEV p75, however, these authors did not

examine the phosphoamino acid(s) present in p75 nor did they

analyze the phosphopeptides of p75.

AEV p75 is not capable of phosphorylating either itself or

IgG molecules in the immune complex protein kinase assay. This

was true when either ATP or GTP are used as phosphate donors

and with the following antisera: rabbit anti-p19 serum, rabbit

anti-gag serum, unblocked tumor-bearing rabbit serum, and

chicken anti-p75 serum. This protein also does not contain as­

sociated ATPase or histone deacetylase activities.

AEV NP cells contain two viral mRNAs that can be detected

by hybridization with both a cDNA probe specific for the unique
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sequences present in AEV or with "cDNA strong stop." The RNAs

present in AEV NP cells are 28 S, the size of the AEV genome,

and 21 S. Both of these RNA species can be detected in the

virions of pseudotyped AEV and sufficient amounts can be puri­

fied to allow in vitro translation of both RNAs. As determined

by in vitro translation experiments, the 28 S RNA encodes the

75,000 dalton gag-related polyprotein and the 21 S RNA encodes

two AEV-specific proteins of 46,000 and 48,000 daltons (p46 and

p48). Two-dimensional peptide mapping of p46 and p48 indicates

that they are closely related. The 46,000 dalton protein may

undergo post-translational modification, such as phosphoryla­

tion, to produce the 48,000 dalton protein. The presence of a

second AEV-specific mRNA has also been recently described by

Sheiness et�. (1981). Using probes derived from a molecular­

ly cloned preparation of AEV, they have shown that this second

RNA species is derived from the 3' end of the AEV-specific se­

quences. Several investigators have also described in vitro

translation products of AEV virion RNA (Lai et �., 1980; Paw­

son et �., 1980; Yoshida and Toyoshima, 1980). All of these

investigators have identified a protein of 40,000 to 45,000

daltons which is produced by translation of 20-24 S AEV virion

RNA.

The role of p46/p48 in transformation by AEV has not been

further analyzed because there are no antibodies currently

available which recognize this protein(s). This protein is

translated from the 20-22 S mRNA isolated from either AEV td359

or AEV ts34 virion RNA (Beug, et �., 1980). AEV td359 and AEV

ts34 are the two known transformation mutants of AEV.
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An antibody directed against the AEV-specific sequences

present in p75 was prepared using a modification of a protocol

described by Beug et�. (1981) in which chickens that had re­

gressed from AEV ts34-induced erythroblastosis were immunized

with AEV ts34-transformed erythroblasts. The transforming pro­

teins of a variety of DNA and other RNA tumor viruses are not

immunoprecipitated by anti-p75 antiserum.

A model for the structure of the AEV genome and its

subgenomic mRNA is shown in Figure 28. For the purpose of com­

parison, I show the structures of the 35 Sand 21 S RAV-2 mRNAs

from virus-infected cells (Hayward, 1977; Weiss et �., 1977).

AEV 28 S RNA has of leader of 0.35 to 0.45 Kb based upon

sequencing of the RAV-2 leader sequence (G.P. Gasic and W.S.

Hayward, personal communication) and approximately 0.6 kb of

the 5' end of the gag gene. This is followed by a contiguous

stretch of approximately 3 Kb of sequences unique to AEV and

approximately 1.5 Kb of sequences at the 3' end of the viral

genome which are shared with the 3' end of RAV-2. This model

is consistent with data available for Tl oligonucleotide

fingerprinting (Bister and Duesberg, 1979; Kamahora et �.,

1979) and with heteroduplex mapping (Lai et �, 1979) and res­

triction mapping of molecularly cloned AEV (Venstrom et �.,

1980). AEV p75 is produced by translation beginning at the gag

gene initiation codon and terminating approximately half-way

through the unique sequence of AEV. The model predicts there

is an AUG codon and the appropriate sequence for a splice ac­

ceptor site present in the middle of the AEV specific sequence.

The splicing of the 5' leader sequence to this acceptor site
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FIGURE 28. Model for the genomic structure of AEV and its
subgenomic mRNA. structure! of the RAV-2 35 S mRNA codes
for Pr76gag and Pr180gag-po , and the 21 S mRNA codes for
teh unglycosylated env gene product, which is then gly�
cosylated to yield gPr95env, the precursor of gp85 and
gp37. The positions of the gag, poZ and env genes, as
well as those of the leader and c regions, are indicated.
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results in the production of a 21 S subgenomic mRNA containing

primarily AEV-specific sequences. This subgenomic mRNA ap­

parently encodes the 46,000 dalton protein seen in in vitro

translations of AEV 20-24 S viral RNA. That this second gene

contains its own AUG codon is suggested by the fact that these

proteins do not contain the 19* peptide diagnostic for proteins

whose synthesis begins at the gag gene initiation codon and

contain the first two amino acids of the gag gene. Alterna­

tively, the splicing mechanism producing the 21 S mRNA must be

very precise in locating the gag gene AUG in the proper posi­

tion. Sequence analysis of the middle of the AEV unique region

in molecularly cloned AEV DNA, should help to further evaluate

these predictions.

The finding that there are two genes present in AEV raises

the question of whether both are involved in the transformation

of cells by AEV. There are four models predicting the ways in

which these hypothetical onc genes could interact to result in

transformation (Figure 29). The first model, model A, assumes

that there is one gene which is responsible for the transforma­

tion of both target cells. Model B states that there are two

genes, each required for the transformation of only one target

cell. Model C hypothesizes that there are two genes, one re­

quired for the transformation of one target cell, and one re­

quired for the transformation of both target cells. The most

complex model, model D, assumes that there are two transforma­

tion genes, which are both required for the transformation of

both target cells.

There are two known mutants of AEVi AEV ts34 (Graf et �.,
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FIGURE 29. possible models for transformation of two

targets by AEV involving one or two gene products. See
text for discussion.
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1978; Beug and Graf, 1980) and AEV td359 (Royer-Pokora et �.,

1979). Transformation of both erythroblasts (Graf et al.,

1978) and fibroblasts (Beug and Graf, 1980) by AEV ts34 is

temperature-sensitive. AEV td359 is a nonconditional mutant

for the transformation of bone marrow cells and the induction

of leukemia, but it is still able to transform fibroblast cells

in vitro and induce sarcomas in vivo (Graf et �., 1978). AEV

td359 contains a deletion of some sequences at the carboxy­

terminus of p75 (Beug et �., 1980), and thus produces what is

known as �75. Subgenomic RNA from both AEV ts34 and td359 is

able to produce a protein of about 45,000 daltons by in vitro

translation (Beug et �., 1980).

These data may be of help in evaluating the four models

presented above. The fact that the lesion in AEV td359 results

in both the inability to transform bone marrow cells and in the

synthesis of �75, clearly implicates this gene in the

transformation of erythroblasts. It does not mean that p46 is

not involved in the transformation of erythroblasts, it merely

means that at least p75 is required.

The fact that AEV p75 is required for erythroblast

transformation does not rule out a role in fibroblast transfor­

mation. It is possible that different domains of the same pro­

tein are required for the transformation of different target

cells and that a lesion in one part of the molecule might not

effect the action of the other domain. It has been hy­

pothesized that different regions of pp60src are responsible

for the pleiotropic effects of src observed in different cell

systems (Friis et �., 1977; Friis and Weber, 1977). The work
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of Calothy et�. (1978) in the chick neuroretinal system with

the Rous sarcoma virus and its mutants also supports this

model. These examples show that AEV p75 could have multiple

functions and thus be responsible for the transformation of

both target cells.

The pleiotropism of AEV p75 is strongly supported by the

observation that the lesion of AEV ts34 affects transformation

of both fibroblasts and erythroblasts, if one assumes the le­

sion of ts34 is in p75. Alternatively, the results with AEV

ts34 could be taken to indicate that there exists a protein

which is required for the transformation of both target cells,

and since p75 may only be required for the transformation of

bone marrow cells (data from td359), one might be led to be­

lieve that the lesion in ts34 actually lies in the second gene

product, p46. The fact that AEV ts34 p75 does not have a

temperative-sensitive antigenicity and that it does not turn

over at a faster rate at nonpermissive temperature, compared to

permissive temperature, could also be taken to indicate that

the ts lesion does not lie in p75. The 20-24 S viral RNA of

both ts34 and td35 can be translated in vitro to produce p46

(Beug et al., 1980; data not shown). A temperature-sensitive

lesion, however, would not necessarily cause a change in the

molecular weight of a protein, thus p46 could be ts in AEV

ts34. Unfortunately, the data available can not really settle

the argument of whether there are one or two transforming genes

in AEV. The preparation of an antiserum directed against p46

would be of great help in determining the role of this protein

in cell transformation by AEV.
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Another very interesting question is whether the transfor-

mation process utilized by AEV shares any common steps or path-

ways with that of RSV or any other transforming virus. The

fact that AEV-transformed CEF share certain properties with

other transformed cells, such as elevated glucose transport,

loss of LETS, and disappearance of actin cables (Royer-pokora

et �., 1978), indicates that at least some of the pleiomorphic

effects of the "transformation cascade" expressed in AEV-

transformed CEF may be the same as those expressed in cells

transformed by other viruses such as RSV. At least one of the

cellular proteins which is altered following transformation by

RSV, is also altered following transformation of fibroblasts by

AEV (Radke and Martin, 1979). Whether other cellular proteins

affected by RSV transformation are also altered in AEV-

transformed cells has yet to be determined.

Recent work of Racker and his coworkers has demonstrated

the cellular src homologue, c-src, may be the same as PKf, an

+ +
enzyme involved in the control of the Na K -ATPase (M. Spector,

R.B. Pepinsky, V. Vogt and E. Racker, personal communication).

The pathway (Spector et �., 1981) for this process is:

+ +

PKf -) PKL -) PKS -) PKM -) Na K -ATPase

In addition, it has recently been found that the 20,000 dalton

subunit of PKM is the endogenous Harvey sarcoma virus p21 (E.M.

Scolnick, M. Spector and E. Racker, personal communication).

Since the endogenous counterparts of two viral transforming

proteins have been localized along this pathway, it is tempting

to speculate that others may also interact with this pathway.

The endogenous Harvey sarcoma p21 is found at very high levels
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in a hematopoietic precursor cell line (Scolnick et �., 1981)

and thus it appears as though the control of cell differentia-

tion may also intersect with this pathway at some point. In

this light it is also very interesting that the differentiation

of Friend erythroleukemic cell lines can be stimulated by

treatment with oubain (Bernstein et �., 1976), an inhibitor of

+ +
the Na K -ATPase. Obviously, it would be of interest to deter-

mine whether either AEV p75 or p46 interact with any of the en-

zymes along this pathway or whether these cellular homologues

are part of this pathway. PKM has a 40,000 dalton subunit and

PKL has subunits of 44,000 and 48,000 daltons (Spector et �.,

1981) and p46 could be related to one of these proteins.

While the question of how a virus transforms a cell is

certainly of importance, it is also of great interest to deter-

mine how a virus is able to apparently block the differentia-

tion of a cell, as AEV does in the case of transformed bone

marrow cells. One important question is whether the process

involved in transforming a cell, such as a fibroblast, is the

same that involved in blocking the differentiation of a stem

cell or differentiating cell. The question of whether a cell

whose differentiation is blocked is actually transformed, i.e.

malignant, is also very important. It is also essential to

distinguish between cell transformation by a specific gene pro-

duct and mechanisms by which the growth of a cell is affected

merely by the presence of the virus or by virus growth (Gross

et �., 1979).

In the case of AEV, the expression of viral genes has

clear effects upon the differentiation of erythroid cells.
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AEv-transformed erythroblasts express H5, the erythrocyte

specific histone (Graf et �., 1977bc), but they do not syn­

thesize hemaglobin as determined by benzidine staining and

radio-immune assay (Graf et �., 1977c). AEV leukemic cells

rapidly take up 59Fe, but instead of the iron being incorporat­

ed into heme, it is apparently converted to ferritin (Bather et

�., 1963). In addition, although the globin genes are tran­

scribed to produce pre-mRNA or hnRNA, this RNA is apparently

not processed to yield mRNA which is translated to produce glo-

bin (Therwath and Scherer, 1978). Thus the differentiation of

the erythroblast has been interrupted at a very precise point

in the differentiation process. Whether the virus accomplishes

this via modification of a general cell processes, such as the

Na+K+-ATPase cascade, or by specifically inhibiting processing

of a differentiation pathway-specific gene product which might

stimulate or allow further differentiation of that cell (e.g.

globin), is not known. Clearly the answers to these questions

will have great implications for both developmental biologists

and oncologists.



v. Translational Products of

Avian Myeloblastosis Virus
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Although AMV has been a favorite virus of many molecular

biologists because it is a rich source of reverse transcrip-

tase, the biochemical analysis of AMV has lagged behind that of

many other RNA tumor viruses. This has been primarily because

AMV-transformed myeloblasts are not the most convenient cells

to grow in vitro. The discovery that AMV was defective (Mos­

covici et �., 1975; Moscovici, 1975) and the analysis of other

acute leukemia viruses such as MC29 and AEV, set the conceptual

framework for understanding the structure of AMV. Preparation

of a cDNA probe specific for AMV has demonstrated that the

genome of AMV is 34 S or 7.5 kb (Chen et �., 1981; Gonda,

1981). The AMV specific myb sequences are located at the 3'

end of the viral genome and are transcibed to produce a 21 S

subgenomic mRNA. I have sought to analyze the intracellular

proteins of AMV and compare them with those observed following

in vitro translation of AMV virion RNA. The purpose has been

to identify the putative myb gene product(s). The apparent ab-

solute specificity of AMV for one target cell, makes the com-

parison of its transformation protein(s) to those with multiple

target cells such as AEV-ES4 and RSV very interesting.

Viral Proteins Present in AMV Transformed Myeloblasts. To

determine what viral proteins could be detected in AMV NP

myeloblast clones, myeloblasts were labeled with 35s-methionine
and immunoprecipitated with anti-reverse transcriptase, anti-

gp85, and antisera specific for each of the individual gag pro­

teins (See Figure 30A). NP cells contained pr180gag-pol, the

read-through product of the gag and pol genes (Opperman et �.,
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1977; Hayman, 1978), and the gag gene products pr76gag, p19,

p27, p12 and pIS. Since the individual gag proteins were found

in addition to pr76gag, pr76gag must be processed in NP cells.

The � gene product gp85 was not observed in AMV NP cells,

consistent with observations that AMV does not contain env se-

quences detectable by cDNA hybridization (Chen et �., 1981;

Gonda et �., 1981). Immunoprecipitation of AMV producer

mye1ob1asts clones demonstrated the presence of all normal

viral proteins and protein precursors including pr180gag-pol,
gag env

Pr76 , p19, p27, p12, pIS, gp37, gp85 and gPr92 (data not

shown he re) •

Figure 30B shows a second independently isolated AMV NP

myeloblast clone that produces a protein of 110,000 daltons

which is precipitated by anti-gag antiserum. This protein is

seen in about 50% of the AMV clones examined (J. H. Chen, per-

sonal communication), thus this protein is probably not a

translation product of the AMV genome. The low amount of this

protein present in cells has prevented its further analysis.

On a gross level, there does not appear to be any biological

differences between between those clones which contain this

110,000 dalton protein and those that do not contain this pro-

tein.

Presence of AMV specific subgenomic mRNA within the virion. An

AMV-specific subgenomic mRNA of 21 S has recently been

described (Chen et �., 1981; Gonda et �., 1981). This RNA

contains the first 101 nucleotides present at the 5' end of the

viral genome, which is known as the strong stop region, the AMV
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FIGURE 30. Immunoprecipitation of two independently isolated AMV-transformed nonproducer
myeloblast clones with specific antisera. Two independently isolated AMV NP clones
(panels A and B, respectively) were labeled with 3SS-methionine and the lysates immuno­
precipitated with the following antisera: nonimmune rabbit serum, lanes A and Hi anti­
p19serum, lane Bi anti-p27 serum, lane Ci anti-pl2 serum, lane Oi anti-pIS serum, lane
Eianti-reverse transcriptase serum, lane Fi anti-gp85 serum, lanes G and Ji and anti-gag
serum which recognizes p19, p27, pl2, and pIS, lane I. The immuno�recipitates were

analyzed in 5-15% SOS polyacrylamide gels. Molecular weight x 10- is indicated on the
outside and proteins of interest are indicated in the center.
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unique sequences called myb, and the "c" region (Chen et �.,

1981; Gonda et �., 1981). Previous work with the RAV-2 21 S

env mRNA (Stacey et �., 1977) and the 21 S AEV-specific

subgenomic RNA (see above), demonstrated that these RNAs could

be incorporated into the virion and could be efficiently

translated both in vivo and in vitro. To see if the AMV

subgenomic RNA was also packaged, AMV and its helper virus,

MAV-l, virion RNAs were denatured with glyoxal, electrophoresed

in a 1.0% agarose gel, and the RNA transferred to DBM paper by

the technique of Alwine et ale (1977). The blot was then hybri­

dized with either CDNAAMV or CDNAMAV_l• The results indicate

that a small amount of the 20-21 S AMV specific subgenomic RNA

is incorporated into the AMV virion (Figure 31, Lane 2). Very

little 21 S env mRNA is observed in these preparations of

virion RNA (Figure 31, lanes 4 and 5) apparently reflecting the

low efficiency of packaging subgenomic mRNAs into the virion.

The AMV virion associated 20-22 S RNA was utilized to identify

the translational products of this AMV-specific RNA by in vitro

translation experiments.

In vitro translation of AMV virion RNA. AMV virion RNA was

purified from virus obtained from plasma of leukemic chickens

and sized in sucrose density gradients. RNA from each sucrose

gradient fraction was translated in vitro using the rabbit re­

ticulocyte lysate system. Major AMV translational products

(Figure 32A) were seen at 76,000, 56,000, 48,500, 47,000,

43,000, 41,000, 37,000, 35,000, 34,000 and 31,000 daltons.

Figure 32B shows the translational products of MAV-l virion RNA
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FIGURE 31. Size of AMY-specific RNA.. 1.5 ug of poly(A}­
containing 70 S AMV .....A and MAV-1 RNA were denatured in 1 M

glyoxal in 10 �� phosphate (pH 7.0) at 500 C for 30 minutes,
sized by electrophoresis in a 1% agarose gel, and tra��fer­red to DBM paper� Blots were hybridized with either P­

CDNAAMV (lanes 2 and 3) or 32p-CDN�n -1 (lanes 4 and 5).
Appxox Lma t.e l.y 10,000 cpro probe/cm2 TtYter paper was used in
the hybridizations. Lane 1, 32p ribosomal RNA; lanes 2 and
4, AMY-A 70 S RNA; and lanes 3 and 5, MAV-l 70 S RNA.
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prepared and sized by sucrose gradient sedimentation in the

same manner as the AMV RNA was prepared. Translational pro­

ducts of 76,000, 60,000 56,000, 43,000, 41,000, 37,000,

35,000, 34,000, 32,000, and 31,000 daltons are seen. The as­

signment of molecular weights is based upon the average of that

observed in approximately 15 gels. In Figure 32A the transla­

tion product seen in fractions 13 to 18, identified as p47, ap­

pears to have a higher molecular weight (lower electrophoretic

mobility) than the translation product seen in fractions of 16

to 20, which is identified as p48. In every other gel shown

here (Figure 33 and 34), as well as in those not shown here,

the positions of these two bands are reversed. We have no ex­

planation for the deviation observed in the gel shown in Figure

32. Some lanes, such as 12 in the top panel and lanes 3, 15

and 24 in the bottom panel, contain no translation products.

The RNA in these samples was apparently lost during experimen­

tal manipulation.

The two proteins of 41,000 and 43,000 daltons are minor

bands that appear to be specific to the lysate system. The

bands at 31,000, 34,000, 35,000 and 37,000 daltons appear to be

virus-specific translational products produced by various

strains of Rous sarcoma viruses-and Rous associated viruses (R.

E. Karess and S. M. Anderson, unpublished data). The 76,000

dalton protein seen in translations of AMV and MAV-l is

pr76gag; its identity has been confirmed by immunoprecipitation

and by the presence of the 19* dipeptide (see below). The

60,000 dalton protein seen in MAV-l translation is the

unglycosylated env gene product (see below). Proteins of 56,000
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FIGURE32. In vitro translation of AMV-A (top panel) and MAV-l (bottom panel) viral RNA.Poly(A)-containing viral RNA was sized in a sucrose gradient and the RNA in the fractionsconcentrated by precipitation. 0.25-0.5 ug RNA from each of the fractions was translatedinvitrowith the rabbit reticulocyte lysate system and the products analyzed in 8.5%SDSpolyacrylamide. ',Fraction 6 contains 35 S viral RNA and fraction 17 contains 20-22 SviralRNA. The AMV-specific'48,500 and 56,000 dalton proteins are indicated by theclosed(�) and open (4) triangles, respectively. Sucrose gradient fraction number isindicated across the top. Molecular weight x 10-3 daltons is indicated on the left andtranslation products of interest are indicated on the right.
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daltons are seen in translations of both MAV-I and AMV RNA and

they will be referred to as P56MAV and p56AMV' respectively.

The proteins of 47,000, 48,500 and 32,000 daltons seen in

translations of AMV virion RNA are not seen in translations of

MAV-I virion RNA.

�TP block of translation. To determine whether all the ob-

served AMV translational products of AMV were translated from

capped mRNA, we carried out translations in the presence and

absence of I uM 7mGTP• As shown in Figure 33, the translation

of pr76gag, the 56,000, and the 48,500 dalton proteins were

bl k d b
7m .

d'
.

h hId foc e y GTP ln lcatlng t at t ey are trans ate rom

capped mRNA. Although the synthesis of the 32,000 dalton pro­

tein does not appear to be blocked by 7mGTP to the same extent

as the 56,000 and 48,500 dalton proteins, its synthesis was to-

7m
tally blocked by GTP when a second preparation of AMV RNA was

translated in vitro (data not shown here). In both prepara-

tions of AMV RNA, however, the synthesis of the 47,500 dalton

protein did not appear to be inhibited by 7mGTP, indicating

that this protein may be translated from noncapped RNA species

or from RNA fragments.

Immunoprecipitation of AMV in vitro translational products. To

identify those translational products which might be related to

known viral structural proteins, sequential immunoprecipitation

of the translation products with anti-gag, anti-gp85, and

anti-reverse transcriptase antisera was performed. The 76,000

dalton protein was immunoprecipitated by anti-gag antiserum
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FIGURE 33. Inhibition of in vitpo translation by 7mGTP•
Parallel translations of virion RNA were performed in the
absence (lanes A, C, E and G) and presence (lanes B, D, F

and H) of 1 uM 7mGTP. Lanes A and B, no added RNA; lanes
C and D, 35 S A'MV RNA (fraction 5); lanes E and F, 24 S AJ:IN
RNA (fraction 15); lanes G and H, 21 S AMY RNA (fraction
18). The translation products were displayed on a 8.5%
SDS polyacrylamide gel. Molecular weight x 10-3 daltons
is indicated on the left and the position of viral trans­
lation products is noted on the right.
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FIGURE 34. Imrounoprecipitation of AMV-specific translation products� Parallel trans­

lations were performed and the products of one translation were sequentially immuno­

precipifated with anti-gag, anti-gp85 and anti-reverse transcriptase sera. Lanes A-O,
35SAMV RNA (fraction 5); lanes E-H, 24 S AMV RNA (fraction 15); and lanes I-L, 21 S

AMVRNA (fraction 18). Lanes A, E and I show total translation products of each size
RNA.Immunoprecipitation was with the following antisera: anti-gag serum, lanes B, F

andJ; anti-gp85 serum, lanes C, G and K; anti-reverse transcriptase serum, lanes 0, H

and3L. Peptides were analyzed on 8.5% SOS polyacrylamide gels. Molecular weight x

10-daltons is indicated on the left and AMV-specific products are indicated on the

right.
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P 76gag(Figure 34, Lane 2) ind1cat1ng tal 1S r •

other AMV translational products were immunoprecipitated by any

None of the

of the antisera directed against known viral structural pro-

teins (Figure 34). A protein of approximately 35,000 daltons

was precipitated by anti-gp85 serum. Although it was not

further characterized, it did not appear to be the 32,000 dal-

ton protein described above. This suggests that the AMV trans-

lational products of 56,000, 48,500, 47,000 and 32,000 daltons

are not related to any of the viral structural genes. One or

more of these proteins may be encoded by the myb specific se-

quences.

Identification of the MAV-l env gene product. The intracellu-

lar env gene products of RNA tumor viruses have been extensive-

ly studied. The env gene of helper viruses is transcribed and

processed to produce a 21 S env mRNA (Hayward, 1977; Weiss et

�., 1977). In vitro translation of 21 S RAV-2 virion RNA

yields a protein of 62,000-64,000 daltons which is immunopre-

cipitated by anti-gp85 antiserum (Figure 16 and 17) and in vi­

tro translation of 28 S td SR-RSV virion RNA yields a protein

of similar molecular weight (Pawson et �., 1980). This trans­

lational product presumably represents the unglycosylated pre­

cursor of gpr92env, which is the cellular precursor to the

viral envelope glycoproteins gp85 and gp37, (Diggelman, 1979;

Storher and Hunter, 1979). Immunoprecipitation of tunicarnycin

treated virus-infected cells with anti-gp85 antiserum has iden-

tified an unglycosylated env gene product of 60,000 daltons

(Diggelman, 1979; Storher and Hunter, 1979). The intracellular
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unglycosylated env gene product of 60,000 daltons is smaller

than the unglycosylated env gene product observed by in vitro

translation (62,000 to 64,000 daltons). This difference in

size presumably reflects the presence of a signal sequence on

the in vitro translation product which has been cleaved from

the protein observed in tunicamycin-treated cells.

We sought to identify the env gene products of MAV-l for

comparison with the AMV gene products. 21 8 MAV-l virion RNA

was translated in vitro and the translational products analyzed

in a 8.5% 80S polyacrylamide gel (Figure 35). The products of

a parallel translation reaction were sequentially immunoprecip­

itated with anti-gp85 antiserum, then with anti-p27 antiserum

and the precipitates were analyzed by gel electrophoresis. A

polypeptide of 60,000 daltons is immunoprecipitated by anti­

gp85 serum, but not with anti-gag antiserum. The � gene pro­

duct pr76gag, presumably translated from fragmented RNA, is ob­

served after immunoprecipitation with anti-p27 antiserum (Fig­

ure 35, lane C). The 56,000 dalton protein encoded for by

MAV-l is not immunoprecipitated by anti-p27 or anti-gp85 an-

tiserum.

The intracellular protein products of the MAV-l env gene

were identified by the following experiment. Parallel cultures

of MAV-l infected CEF with or without tunicamycin treatment,

were labeled, immunoprecipitated, and the precipitates analyzed

by gel electrophoresis (Figure 36). Immunoprecipitation of un­

treated MAV-l infected cells with anti-gp85 demonstrated the

presence of the normal envelope precurser gpr92env (Oiggelman,

1979; Storher and Hunter, 1979) (Figure 36, Lane C). The
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FIGURE 35. Translation products of MAV-l 21 S virion mRNA�
Parallel translations of MAV-l 21 S RNA were carried out.
The products of one translation were analyzed directly
(lane A). The translation products of a parallel reaction
were sequentially inununoprecipitated with anti-gp85 serum

(lane B) and then with anti-p19 serum (lane C). The trans­
lation products were analyzed on a 8.5% SDS polyacrylamide
gel. Molecular weight x 10-3 daltons is indicated on the
left and selected MAV-l translation products are indicated
on the right.
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. .. . 92env fantl-gp85 antiserum dld not preclpltate gPr rom

tunicamycin-treated MAV-l-infected cells, but instead a protein

of 56,000 daltons was observed (Figure 36, Lane F). This pro­

env
tein will be referred to as p56 to distinguish it from the

56,000 dalton in vitro translation products observed with ei­

ther MAV-I RNA (p56AMV) or AMV RNA (p56AMV). pr76gag was immu­

noprecipitated from both treated and untreated cells, indicat-

ing that its synthesis and processing was not affected by tuni-

camycin. The in vitro translation product of the MAV-l env

gene is larger than that seen following in vivo labeling and

immunoprecipitation, presumably due to the removal of the sig-

nal sequence as noted above.

Two-dimensional tryptic peptide maps of gpr92env and of

env
the p56 show that these two proteins share at least four ma-

jor spots (Figure 37, A and B). These four peptides do not ap­

pear to be related to any peptides present in pr76gag (Figure

37C) •

Peptide maps of AMV translational products. Two dimensional

tryptic peptide maps of the major in vitro translation products

of AMV were prepared (Figure 38). A peptide map of p�6MAV was

also prepared (Figure 38C). Comparison of the peptide maps of

the P56MAV and p56AMV indicates that these translational pro­

ducts are not identical. Neither protein appear to be related

to either pr76gag (Figure 38) or the env gene products p56env
env

and gPr92 shown in Figure 37. The 48,500 translational pro-

duct is also not related to pr76gag or the env gene products

gpr92env or p56env• In addition, these translational products

do not appear to be related to the 46,000 and 48,000 dalton
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FIGURE 36. The effect of tunicamycin on MAV-1 gene
products. MAV-I-infected CEF were treated for 2 h with or

without 0.5 ug/ml tunicamycin, starved for 2 h in methio­
nine-free media, and then labeled for 2 h with 200 uCi/ml
35S-methionine in methionine-free media. Tunicamycin
treatment continued during the methionine starvation and
the radiolabeling of the cells. The cells were lysed in
RIPA buffer and immunoprecipitated with the following
antisera: nonimmune serum, lanes A and Di anti-gag serum,
lanes Band Ei and with anti-gp85 serum, lanes C and F.
Control cells are in lanes A-C and tunicmycin-treated
cells in lanes D-F. The immunoprecipitates were anal�zedon a 7.5% polyacrylamide gel. Molecular weight x 10-
daltons is indicated on the left and key viral proteins
are noted on the right.
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FIGURE 37. Two-dimensional peptide maps ot MAV�l env gene
products. Selected gel bands from the gel shown in Figure
7 were excised from the gel and processed f0r tryptic
fingerprinting as described in the Methods. The samples
were spotted in the lower left (x) and electrophoresis was

towards the cathode at pH 4.7, followed by ascendingchromatography. MAV-l gPr92env, lane Ai MAV-l p56e v,
lane Bi MAV-l pr76gag, lane C.
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FIGURE 38. Two-dimensional tryptic fingerprints of AMV-A and MAV-l in vitro translatiopproducts. Translation products were separated on 8.5% gels and the bands of interestlocated, excised, and processed as described. The samples were spotted in the lowerleftcorner (x) and electrophoresis in the horizontal direction was toward the cathodeatpH4.7, followed by ascending chromatography from bottom to top. pr76gag, panel AiAMV56,000 dalton peptide, panel Bi MAV-l 56,000 dalton peptide, panel Ci AMV 48,500dalton peptide, panel Di AMV 34,000 dalton peptide, panel Ei AMV 31,000 dalton peptide,panelF.
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proteins observed in translations of AEV 20-24 S virion RNA

(Figure 21).

Presence of the dipeptide Acetyl-Met-Glu in AMV translational

products. As described in the previous chapter, the presence

of the 19* dipeptide, N-acetylmethionyl-glutamic acid, is diag-

nostic for the translation of a protein whose synthesis begins

at the gag gene initiation codon and which contains at least

the first two amino acids of the gag gene. The in vitro trans­

lation products of AMV were examined for the presence of the

19* dipeptide. The presence of this peptide, in in vitro syn­

thesized AMV pr76gag and in vivo labeled MAV-l pr76gag is shown

in Figure 39. No other translational product of AMV (including

proteins of 56,000, 49,500, 47,000, 43,000, 41,000, 37,000,

35,000, 34,000, 32,000, and 31,000 daltons released the 19*

dipeptide following digestion with V8 protease (data not

shown) •

Relation of AMV-specific in vitro translation products to the

AMV ATPase. In 1952, Mommaerts et �. noted the AMV plasma

contained an ATPase activity. Further studies demonstrated

this activity co-purified with AMV virus particles and that its

concentration was directly proportional to the number of virus

particles determined by direct electron microscopy (Mommaerts

et �., 1954; Green and Sharp, 1955; Green and Beard, 1955).

Normal plasma, plasma from AEV strain R-infected birds and

plasma from RPL12-infected birds do not have an ATPase activity

(Haddah et �., 1960; Beard, 1963). The enzymatic activity can
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MAV-l Pr76gag AMV Pr76gag
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FIGURE 39. Presence of the 19* dipeptide in in vivo-labeled
Pr76gag and in vitro synthesized AMV Pr76gag• 35S-meth­
ionine-labeled MAV-l Pr76gag and AMV Pr76gag were digested
with va protease and the digestion products spotted in the
center of the plate (x). Electrophoresis was at pH 6.5 in
the horizontal direction with the anode at the left.
Ascending chromatography was from bottom to top. The

negatively charged 19* peptide is indicated by the arrow in
each panel.
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,be localized, by cytochemical techniques, on the surface of

AMV-transformed cells in the plasma, thymus and in nephroblas­

toma tissue, as well as on the surface of virus particles them­

selves (de The et �., 1963a; Novikoff et �., 1962; de The et

�., 1963b; de The et �., 1964).

Recently, Banerjee and Racker (1977) have succeeded in

purifying the ATPase from AMV. The purified enzyme hydrolyzed

ATP, GTP, CTP, UTP and ITP at similar rates and required Ca++

and Mg++ for activity. By SDS gel electrophoresis the enzyme

can be disassociated into five subunits with molecular weights

of·62,000, 60,000, 28,000, 24,000 and 18,000 daltons. A subun­

it structure of q2 �2 Y 6 � was assumed based upon staining in­

tensities, from which a molecular weight of 314,000 daltons for

the complex can be calculated. Sedimentation analysis of the

enzyme complex yields an estimated molecular weight of 650,000

daltons, so the enzyme may exist as a dimer.

Since AMV apparently acquires the ATPase from the cell in

which it grows, it could be argued that this enzyme is charac­

teristic of the target cell AMV infects, or that this enzyme is

expressed in cells at the stage AMV "blocks" their differentia­

tion. Alternatively, the ATPase, or part of it, could be en­

coded by AMV. Therefore, the relation between the in vitro

translation products of AMV virion RNA and the AMV ATPase was

investigated. A rabbit antiserum prepared against the purified

AMV ATPase was prepared by Dr. J.H. Chen of Life Sciences,

Inc., and it was used in the following studies.

The anti-AMY ATPase antiserum was first screened against

AMv-transformed myeloblasts. In Figure 40, AMV-transformed
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myeloblasts were immunoprecipitated with anti-gag serum (lane

A), anti-AMV ATPase serum (lane B), and anti-AMV ATPase serum

which had been absorbed with 35 ug of disrupted virus protein

(lane C). The anti-ATPase serum clearly has antibodies direct­

ed against some gag determinants since pr76gag, p27 and p19

were precipitated by the antiserum. Some, but not all, of

these antibodies were removed by absorption with disrupted

virus. The amount of pr76gag, p27 and p19 precipitated by the

anti-ATPase antiserum was reduced when absorbed serum was used

(lane B vs lane C). The anti-ATPase serum precipitates many

proteins which are not related to viral structural proteins.

Of special interest are two proteins of 64,000 and 60,000 dal-

tons which probably correspond to the 62,000 and 60,000 dalton

subunits of AMV ATPase reported by Banerjee and Racker (1977).

The antiserum clearly precipitates pr76gag and absorption of

the serum with disrupted virus reduces that amount of pr76gag

precipitated (Figure 40, lanes B and C). The three smaller

subunits of 28,000, 24,000 and 18,000 daltons have not been

clearly identified in immunoprecipitates of labeled cell at

this time. An intriguing possibility is that some of these

smaller proteins, such as the 28,000 and 18,000 dalton species,

could be the AMV gag proteins p27 and p19 respectively. This

possibility has not been explored and may merit further inves-

tigation. Alternatively, these proteins may either be poorly

labeled with methionine or present in very low amounts.

This anti-ATPase antiserum has been used to screen the

AMV-specific translation products. The results, shown in Fig­

ure 41, demonstrated that p56AMV' p48 and p47 are not precipi-
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FIGURE 40. lnununoprecipitation of AMV NP myeloblasts with
anti-AMV ATPase serum. AMV NP clone was labeled with 355_
methionine and inununoprecipitated with the following anti­
sera: rabbit anti-gag protein serum, lane Ai Rabbit anti­
AMV ATPase serum, lane Bi anti-AMV ATPase that had been
absorbed with 35 ug di�ruPted viriori proteins, lane c.
Molecular weight x 10- da1tons is indicated on the left
and proteins of interest are indicated on the right.
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tated by this antiserum. A small amount of pr76gag is ap­

parently precipitated (lanes B and D), however, which is not

unexpected since the anti-ATPase serum clearly contains gag an­

tibodies (Figure 40). Thus, the AMV-specific translation pro­

ducts, p56AMV' p48 and p47 are not related to the AMV-ATPase.

presumably, this ATPase is a host cell enzyme, although it is

still possible that some subunits of the enzymes are host­

derived and other subunits are viral structural proteins, such

as p27 and pIg.
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B c D

F;IGUIm 41. l.nununoprecipitation of the in viatvo translation
producta of AMY y�rion RNA with the anti-AMY ATPase serum.
Parallel translations of RNA ,:from fraction 15 (lanes A and
B) and fraction 19 (lanes C and D) of the AMV virion RNA
translated in Figure 32 •. Lanes A and C are the total
translation products of these RNA fractions and lanes Band
D show those proteins which were immunoprecipitated by the
anti-AMY ATPase serum. Molecular weight x 10

.... 3 is indicated
on the left and translation products of interest are

indicated by the arrows.
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VI. Discussion of Research on Avian

Myeloblastosis Virus
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Discussion

We have studied the translational pr0ducts of AMV in vivo

and in vitro. The major protein in AMV NP cells immunoprecipi­
tated by antisera directed the viral structural proteins is

pr76gag• This gag protein precursor is evidently processed to

the individual � proteins, because each of the individual �

proteins is present in NP cells and because noninfectious virus

particles are released by NP cells (Duesberg et �., 1980; Chen

et �., 1981). Virus particle formation apparently requires

only the viral RNA and the products of the � gene since RSV

q, which contains only an active gag gene, is able to produce

virus particles (Hanafusa and Hanafusa, 1971). pr180gag-po1,
the readthrough product of the gag and pol genes, is present in

NP cells, indicating that most, if not all, of the pol gene is

transcriptionally active. The defective virus particles

released by NP cells, however, do not have detectable levels of

reverse transcriptase (Duesberg et �., 1980). The envelope

glycoprotein gp85 was not detectable in NP cells. This is con­

sistent with hybridization studies showing that AMV lacks se­

quences homologous to cDNAenv (Chen et �., 1981; Gonda et �.,

1981). AMV producer clones contain all of the normal structur­

al proteins and protein precursors. A protein of 110,000 dal­

tons is immunoprecipitated by anti-gag antiserum, however, this

does not appear to be an AMV specific translational product

since it is present in only approximately 50% of the AMV clones

analyzed (J.H. Chen, personal communication). We assume that

this protein results from either the enhanced expression of a
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cellular protein, or from modification of a cellular protein

following transformation by AMV.

Recently, several investigators have reported upon the

viral proteins present in AMV-transformed cells as detected by

immunoprecipitation (Duesberg et �., 1980; Silva and Baluda,

1980). The analysis of viral proteins in AMV nonproducer and

producer clones by Duesberg et ale (1980) are in agreement with

the data presented here. Silva and Saluda (1980) described two

glycoproteins immunoprecipitated by anti-gp85 antiserum (gp120

and h27) and one protein (plOO) immunoprecipitated by antisera

prepared against the individual gag proteins. The glycopro­

teins gp120 and h27 were also found in normal yolk sac and

spleen cells. The plOO protein was not found in yolk sac cells

infected with AMV. We have not detected any of these three

proteins in the AMV myeloblasts we have examined and thus as-

sume that these proteins are unique to the cell lines or an-

tisera used by these authors. The 110,000 dalton protein seen

by Silva and Saluda (1980) in SPAFAS yolk sac cells transformed

in vitro by AMV may be the same as a protein of the same molec-

ular weight that was observed in some AMV myeloblast clones,

such as that seen in Figure 29.

AMV produces two mRNAs, 34 S full length AMV virion RNA,

and a subgenomic mRNA of 21 S which contains AMV-specific se­

quences. This 21 S mRNA is packaged within the AMV virion in

addition to the 34 S genomic RNA. We therefore used virion RNA

for in vitro translation experiments. Four AMV specific trans­

lational products were found which are not related to any of

the known viral structural proteins by immunoprecipitation or
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peptide mapping. These proteins have molecular weights of

56,000, 48,500, 47,000 and 32,000 daltons. Based upon two­

dimensional peptide mapping, the 56,000 and the 48,500 dalton

proteins do not appear to be related to pr76gag, the env genes

products p56env or gpr92env, or the proteins produced by trans-

lation of the AEV subgenomic 21 S mRNA. None of these four

proteins contained the 19* dipeptide diagnostic for the N-

terminus of gag gene products (Rettenmier et �., 1979b) and

thus they are not translated from a mRNA containing the �

gene initiation codon and the first two codons of the gag gene.

Based upon immunoprecipitation with specific antisera, none of

these four proteins are related to the �, pol or env gene

products.

Antiserum prepared against the ATPase present in the AMV

virion and in AMV-transformed cells did not precipitate any of

the AMV-specific translation products. Immunoprecipitation of

AMV-transformed NP myeloblast clones with the same antisera

demonstrated it precipitates two proteins of 64,000 and 60,000

daltons which may correspond to the 62,000 and 60,000 dalton

subunits observed by Banerjee and Racker (1977). The three

smaller subunits of 28,000, 24,000 and 18,000 daltons were not

clearly identified in immunoprecipitates made with this an­

tiserum. The possibility was raised that one or more of these

small subunits might be related to either of the � proteins

p27 or p19, however, no data was presented in favor of such a

view. It appears, however, that none of the AMV-specific

translation products described here are related to the AMV AT-

Pase.
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The 47,000 dalton protein is produced by 22-24 S RNA,

whereas the 56,000, 48,500 and 32,000 dalton proteins are pro­

duced by 20-22 S RNA, which is the size of the AMV subgenomic

mRNA species. The translation of the 32,000, 48,500 and the

56,000 dalton proteins, but not the 47,000 dalton p�otein, is

inhibited by the presence of 7mGTP, a cap analogue known to

block translation of capped mRNAs (Hickey et al., 197�; Suzuki,

1976; Weber et �., 1976; Hickey et �., 1977). This may indi­

cate that the 47,000 dalton protein is not translated from a

capped mRNA species but instead from an uncapped RNA species or

RNA fragments. These facts taken together indicate that one or

more of the 32,000, 48,500 and 56,000 dalton proteins,

represent the translational product(s) of the myb gene and thus

the transforming protein of AMV.

A question must be raised concerning whether one or both

of the 56,000 dalton proteins could be related to the ability

of AMV and certain MAV isolates to cause osteopetrosis (Smith

and Moscovici, 1969). Competition hybridization experiments

between MAV-2(O), an isolate which induces osteopetrosis in ap-

proximately 100% of infected birds (Smith and Moscovici, 1969),

and an avian lymphoid leukosis isolate, has demonstrated that

approximately 15-20% of their sequences are unrelated (Smith et

�., 1976). It is therefore possible that there are sequences

responsible for the induction of osteopetrosis. This question

cannot be resolved by the data presented here, but it poses

several interesting questions for future research.

I have analyzed the in vitro translational products of

20-22 S poly(A)-containing mRNA from AMV NP cells. Translation
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of AMV cellular RNA yields peptides of 56,000 and 48,500 dal­

tons which comigrate with the translational products of the

20-22 S AMV virion RNA. Preliminary data indicates the peptide

maps of the cellular and the viral translational products are

related (Chen, Anderson, Moscovici, unpublished data). This

suggests that these two proteins are also present in AMV

transformed cells.

I can not readily explain why there are multiple products

of the myb gene of AMV; the 32,000, 48,500 and the 56,000 dal­

ton proteins are all apparently encoded by 21 S myb mRNA. The

size of the kMV unique mRNA is about 2.5 kb (Chen et �., 1981;

Gonda et �., 1981) which includes a poly(A) tract of about 0.2

kb, the common region of about 0.7 kb, and a leader of about

0.3-0.4 kb. The actual coding region of this RNA would thus be

1.2-1.5 kb which corresponds to a coding capacity of 47,000 to

55,000 daltons. Heteroduplex mapping of AMV (Souza et �.,

1980b) estimates that the AMV specific region is 0.9±0.16 kb

which would correspond to a much smaller coding capacity of

33,000 to 38,000 daltons. This assumes that there is no other

3' viral sequences, such as part of the env gene, which are

translated as part of the myb gene. This would indicate that

the 56,000 and the 48,500 dalton protein can not be read in the

same reading frame. It is possible, however, that both pro­

teins are coded for by the same region of proviral DNA in two

reading frames produced by different splicing patterns. Multi­

ple splicing patterns account for the production of several

proteins by the same region of DNA in the SV-40 early gene

(Berk and Sharp, 1978; Reddy et �, 1979), the polyoma early
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gene (Friedmann et �., 1979; Soeda et al., 1979; Kamen et

�., 1979), and gene 8 of influenza virus (Lamb and Lai, 1980).

If this is the case, then it is possible that both the 56,000

and the 48,500 dalton proteins are myb gene products.

Resolution of the question of what protein is the myb gene

product of AMV requires the preparation of anti-myb antisera

which might recognize one or more of these proteins. Such an­

tisera do not exist at this time, although it is known that

chickens do regress from AMV-induced leukemia (Silva and Mos­

covici,1973). Immunization of such regressor chickens with

AMV myeloblasts may yield antiserum specific for the transform­

ing protein(s) of AMV, as described earlier for AEV.

Another possibility is to compare the peptide map of the

125,000 dalton gag-related polyprotein of E26 with that of the

proteins described here. E26 is an avian acute leukemia virus

which contains myb sequences (Roussel et �., 1979). The pep­

tide map of its putative transforming protein may have peptides

related to the transforming protein of AMV.

Ultimately the question of which protein is the transform­

ing protein of AMV may be solved through the use of the molecu­

larly cloned AMV genome (Souza et �., 1980c). The DNA se­

quence of the myb gene region should tell us if there is one or

more open reading frames in addition to predicting an amino

acid sequence for the protein(s). In addition, it may be pos­

sible to clone this sequence into a plasmid vector in such a

fashion as to allow its expression (Guarente et �., 1980) and

thus purify enough protein to immunize animals in the standard

fashion. Alternatively, it may be possible to raise antibodies
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against synthetic peptides whose sequences have been predicted

from the nucleic acid sequence of a molecularly cloned DNA.

This method has been used in the analysis of the R gene of

Moloney murine leukemia virus (Sutcliffe et �., 1980; Lerner

et �., 1981) and SV40 T antigen (Walter et �., 1980).

The identification of the AMV myb gene product will be the

first step in understanding how this fascinating virus causes

the transformation of hematopoeitic cells with such great

specificity.
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General Discussion

The origin of RNA tumor viruses has been widely discussed.

The finding that the onc genes of many RNA tumor viruses are

present in' the DNA of normal cells (Stehelin et �., 1976;

Roussel et �., 1979) supports the belief that these viruses

are derived from cellular sequences. Huebner and Todaro (1969)

proposed the oncogene hypothesis in which they stated that the

genetic information for leukemia viruses preexists in all

cells, and the appearance of these viruses results from

derepression of these sequences. Such a derepression could be

the result of either a genetic change in the controlling se­

quences of the oncogene or from a temporary derepression caused

by the presence of an "inducer" molecule. This theory is sup­

ported by research demonstrating the release of leukemia

viruses from cells following treatment with x-rays or chemical

substances such as mutagens (Weiss et �., 1971). This hy­

pothesis does not deal with how or why oncogenes were formed in

the cellular DNA and so one is still left with a "chicken and

the egg" type of question.

In 1970, Temin (1970) advanced the protovirus hypothesis

in which he proposed that leukemia viruses do not preexist in

cellular DNA, but rather that they arise from other elements,

called protoviruses, by genetic chang� in these elements.

These protoviruses would be capable of transmitting genetic in­

formation from DNA through an RNA intermediate back to DNA, and

would be capable of transmitting genetic information from cell

to cell in an organism, either as free RNA or as a ribonu-
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cleoprotein. Temin further proposed that protoviruses would

contain genes for their own replication and for the control of

cell multiplication, and they would be capable of genetic evo­

lution (in a predetermined manner) as a result of alterations

occurring in successive movements from one cell to another. If

the free DNA form of a protovirus happened to integrate into a

region of the genome controlling membrane proteins, the genome

of an RNA leukemia could be formed.

Recently, Temin (1980) has modified his original model by

suggesting that cellular movable genetic elements may be close­

ly tied to the origin of retroviruses. This thought is based

primarily upon the fact that retroviruses integrate into cellu­

lar DNA in a fashion that is analogous to that used by tran­

sposable elements in bacterial cells (Dhar et �., 1980; Ju and

Skalka, 1980; Sutcliffe et �., 1980). Temin (1980) proposes

that two insertion sequences were able to transpose around a

DNA polymerase gene and that this combination might have become

the ancestor of the reverse transcriptase currently present in

RNA tumor viruses. Recombination of this element with other

cellular genes or with other transposable elements carrying

cellular genes, could give rise to an element carrying the an­

cestral gag, pol, and � genes. Further acquisition of cellu­

lar control sequences, such as the gene called �-�, could

give rise to transforming viruses.

It is also possible that the genes controlling the normal

differentiation of stem cells are carried on moveable elements.

The control of mating type in yeast appears to be carried on

moveable genetic elements (Strathern et �., 1980). Recombina-
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.tion between moveable elements carrying these sequences and an

element carrying the ,ancestral gag gene could give rise to an

acute leukemia virus.

Do such recombination events occur? The generation of the

recovered avian sarcoma viruses (Hanafusa et �., 1977) argues

that this is possible. Hanafusa et �. injected newborn chicks

with partial td mutants of RSV. These mutants contain a small

portion of the src gene (Kawai et �., 1977). After 8-9 weeks,

tumors appeared at sites distal to the site of injection and

transforming virus could be isolated from the tumor material.

Th· d 60s r c ..

h
.

dese Vlruses enco e a pp proteln Wlt an assoclate pro-

tein kinase activity (Karess et �., 1979). Fingerprinting of

RNase T1-resistant oligonucleotides and two-dimensional peptide

mapping of the src proteins indicates that these viruses have

acquired new sequences which are closely related to, but dif-

ferent from, the parental src gene (Wang et �., 1978; Karess

and Hanafusa, 1981).

Recently, Neel and Hayward (personal communication) have

isolated a defective transforming virus from a leukosis virus-

infected chicken. Newborn chickens were injected with td107A, a

deletion mutant which lacks all of the src gene. Four to five

months later a bird was found to have a fibrosarcoma present in

the breast. A defective transforming virus could be isolated

from the tumor tissue and the transforming sequences of this

virus are related to, but unique from, the transforming gene of

Fujinami sarcoma virus.

Transforming viruses have also been isolated from in vitro

systems in which nononcogenic viruses have apparently acquired



-166-

cellular sequences resulting in the production of a sarcoma

virus. Rasheed et�. (1978) isolated a rat sarcoma virus, ap-

parently related to Harvey and Kirsten sarcoma viruses, by co-

cultivating rat embryo fibroblasts that released low amounts of

endogenous ecotropic type C virus with different chemically-

transformed rat cell lines. These viruses can rapidly

transform cells in vitro. Rapp and Todaro (1978,1979) have

also isolated transforming viruses following infection of a

variety of mouse cells with a mousetropic C3H murine leukemia

virus. These viruses are capable of transforming cells in vi-

tro or inducing a variety of sarcomas in vivo.

These investigations clearly show that retroviruses can

acquire transforming sequences from cellular DNA. In the case

of recovered avian sarcoma viruses, this process is quite effi-

cient since the virus contains part of the src gene. The other

process, in which there are no common sequences, is evidently

not very efficient.

What is transformation and what is its relation to on-

cogenesis? In a strict sense, transformation is any inherit-

able change in a cell's properties, and with respect to on­

cogenesis the inheritable change results in tumorous growth or

leukemia. Thus, oncogenic transformation is a inheritable

change which results in the loss of the control of cell growth

and/or cell differentiation. Oncogenic viruses are merely very

efficient promotors of this change in the control of cell

processes. They are very efficient because they carry genes

coding for gene products which directly interfere with these

normal cell processes. A clear example of this is the recovered
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avian sarcoma viruses in which perhaps 80% of ppryOsrc is

derived from cellular sequences. Presumably these viruses

transform cells by over-producing pp60src in infected cells

(Karess et aI, 1979). As you will recall, pp60src and PKf, an

+ +
enzyme involved in the control of the Na K -ATPase, may be

identical, and thus the point at which one transforming protein

may act has been localized.

How many onc genes (transforming genes) are there?

Currently there are some 10-20 transforming proteins that have

been identified. In theory, there should be at least one

transforming gene for each existing major control point in-

volved in the regulation of cell growth and/or differentiation.

I say at least one because it may be possible for different

transforming proteins to act upon the same control point via

different mechanisms. The fact that the endogenous forms of

two transforming proteins (RSV and Harvey sarcoma virus) have

been localized in the control of the Na+K+-ATPase, indicates

that there may be a few common pathways that are involved in

cell transformation.

There is one virus, however, the Friend spleen focus-

forming virus, which does not appear to utilize this same type

of process in transforming cells. The onc protein of this

virus is considered to be a recombinant glycoprotein, gp52,

which contains both ecotropic and xenotropic murine leukemia

virus envelope sequences (Troxler et �., 1980). It is possi­

ble that gp52, by nature of being a glycoprotein, may alter a

cell surface receptor for a differentiation hormone such as

erythropoietin, and thus prevent its binding to the receptor.
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Alternatively, the molecule may look like a growth hormone

molecule and directly interfere with its action.

I think that these thoughts on viral-induced cell

transformation have clear implications of the concept of what

is the target cell of a virus. In the simplest sense, a target

cell is one in which the virus is able to grow, express its

gene products, and thus cause transformation. In the case of

the DNA tumor viruses SV40 and adenoviruses, it is actually

those cells which are nonpermissive for virus replication which

become transformed (Levine, 1976). Graf et�. (1980) demon­

strated that the avian acute leukemia viruses are capable of

infecting and replicating in cells which they are not able to

transform. For example, AEV can infect, produce infectious

progeny and synthesize p75 in macrophage cells, although AEV is

not able to transform these cells. In the case of the avian

RNA tumor viruses, it appears that a target cell should be de­

fined as a cell which can be infected, allows the expression

of the viral genome, and which has the specific pathway which

the virus is able to alter to produce oncogenic transformation.

Viruses which are capable of transforming or altering the

growth of many different cell types, such as RSV, must be able

to interfere with a reaction that is common to many different

cell types. Conversely, viruses with a very restricted target

cell population, such as AMV, must be very finely tuned so as

to interact with a process present in only a very few cell

types.

The preceding discussion suggests a rather interesting ex-

periment. Cloning the sequence which codes for a molecule in-
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volved in the control of cell growth and/or cell differentia­

tion and ligating it into a nontransforming retrovirus, should

result in the creation of a new transforming virus. Converse­

ly, the introduction of a sequence coding for a molecule which

can counteract the effects of a transforming protein (for exam­

ple, a phosphatase for a protein kinase), might nullify the ef­

fects of the transforming protein. There types of experiments

could allow one to further dissect the process of oncogenic

transformation and the control of cell growth or differentia­

tion in vivo with very specific molecular tools.
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