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i s INTRODUCTION

The RNA tumor viruses (also called oncornaviruses or
retroviruses) form a large and diverse group which occur
in different vertebrates and have the capability of
inducing tumors. This group of viruses is characterized
by having a genome composed of RNA and an enzyme, reverse
transcriptase, capable of RNA-dependent DNA
polymerization. This unique enzymel generates a double-
stranded DNA copy from the viral RNA which then integrates
into the host cell genome in an early phase of the viral
infection (see below).

The RNA tumor viruses have been identified as
causative agents of tumors of connective tissue,
hemopoietic and reticulo-endothelial systems in numerous
animal species including mice, rats, hamsters, cats, pigs,
cows, monkeys, apes and even snakes (1,2). Because the
infected hosts contain in their chromosomes an integrated
proviral copy of the viral genome (3,4), virus-specific
DNA sequence can be detected in these species by molecular
hybridization (5-7). As integrated proviral genes, the
RNA tumor viruses can be transmitted vertically by

inheritance (2,8).

lThe discovery of the enzyme, reverse transcriptase
(36,37), presented enzyme biochemists with an
unprecedented capability to generate DNA from RNA, This
capability was central to the development of recombinant
DNA technology.



Furthermore, the relative homologies of these different
proviruses as determined by molecular hybridization
parallels the taxonomic phylogeny of the species (5-8).
Therefore RNA tumor virologists believe that all
vertebrate species, including man, probably contain
proviral genomes which are continuously present, are
inherited vertically (2,5-8) and which have evolved from
ancient RNA tumor virus predecessors.

The significance of studying the RNA tumor viruses is
vast, and may contribute to an understanding of cancer in
many animals, including man. In addition, the study of
these viruses has more recently played an important role
in basic research on gene expression and recombinant DNA
technology. Therefore it is beyond the scope of this
introduction to review more than the details relating to
the results and conclusions contained herein. A thorough
historical account of the field is available which starts
with the first discovery of the Rous sarcoma virus (9) and
includes the subsequently isolated viruses up to 1970 (1).
Several more recent reviews provide a current perspective
on the biology (10,11) and molecular biology (2,12,13) of
the RNA tumor viruses.

The RNA tumor virus characterized in this thesis is
the replication-competent Friend murine leukemia virus (F-
MuLV). The F-MuLV is the helper component of the Friend

virus complex which also includes a defective, but potent



spleen focus-forming virus (F-SFFV) that causes rapid
splenomegaly and leukemia (14). The Friend virus was
first isolated from extracts of enlarged spleens generated
by innoculating newborn Swiss mice with an Erlich ascites
tumor cell extract (15). The Priend virus has been widely
stud ied because of the leukemia that the virus causes in
mice and because the virus-induced tumor cells
differentiate through the erythroid cell lineage upon
culturing in the preéence of dimethyl sulfoxide (16).

Thus Friend virus-induced leukemia cells, or Friend cells,
also provided a conveniently inducible in vitro model
system for analyzing erythroid differentiation (17) and
hemoglobin expression (18).

A. Virus Morphology and Life Cycle

As deduced from electron microscopic studies, the
leukemia virus particle is a roughly spherical structure
about 100 mu in diameter (19), comprising a nucleoid core
enclosed in an outer envelope made of a single lipid
bilayer. Imbedded in the viral envelope and projecting
outward are knobs now known to be the membrane
glycoproteins (20); The chemical composition of the MulLV
particle is relatively simple and includes RNA (1%),
carbohydrate (2%), lipid (20-30%) and protein (60~-70%)
(2). The major RNA component is located with the nucleoid
core as a filamentous ribonucleoprotein structure (2).

The structural arrangement of the components in



the MuLV particle can be described in terms of the
biosynthesis of the virus particle. 1In productively
infected cells, the viral mRNA is transcribed from the
integrated proviral DNA and translated into protein using
the host biosynthetic machinery. The core porteins are
synthesized as polyprotein precursors in the cytoplasm
(21,22) and assemble with the viral RNA genome at the
plasma membrane (23). The structure and function of the
individual core proteins in virion assembly will be
described below (section I, D2) and their role in this
process is a subject of inquiry in this thesis (sections
IV and VI). However, during core maturation the
assembling core buds from the cell, acquiring its lipid
bilayer envelope from the host cell plasma membrane.
Furthermore, as discussed below (section I, Fl), the viral
envelope glycoproteins are syntheized on the rough
endoplasmic reticulum by the normal cellular mechanicsm
for membrane glycoprotein synthesis. These envelope
glycoproteins are then transferred to the plasma membranes
and are subsequently acquired as components in the virion
envelope when the viron core buds through the cellular
plasma membrane.

The infectious phase of the MuLV life cycle
begins with a specific binding between the virion envelope
glycoprotein and a surface receptor on susceptible host

cells. The specificity of this binding defines the host



range of the infecting virus at this level of the
infectious process and is described thoroughly in section
I, F2. After binding, the virus penetrates through the
pPlasma membrane leaving its envelope in the host's plasma
membrane. Once inside the cytoplasm, the core generates a
double-stranded DNA intermediate by reverse transcribing
the viral RNA genome using the viral enzyme present in the
core. The ability of the DNA copy to integrate into the
host chromosome is then determined by intracellular host
range growth restrictions (described in section I, D2).
Once integrated, the viral DNA can reside as a stable,
inheritable, potentially expressive prbviral DNA,

B. The MuLV Genome Structure and Replication

The MuLV genome is composed of a 70S RNA molecule
which upon denaturation yields two single-stranded 358
subunits believed to be identical copies of the viral
genome (24-26). The Moloney-MuLV 35S RNA contains 8332
nucleiotides (27) and therefore‘can potentially encode
approximately 2780 amino acids or 305,000 daltons of
protein. The MuLV genome encodes three genes called gag,

pol and env (28) which are arranged 5'-gag-pol-env-3' on

the 355 RNA. This RNA has properties characteristic of
eukaryotic mRNAs including a positive messenger sense
(29,30), a 5" cap structure (31) and a polyadenylated tail
at the 3' end (32).

The replication of the viral genome into an

integrated proviral DNA copy is an obligatory step in



productive virus infection (33,34). After virion core
penetration into the cytoplasm, reverse transcription
begins and is catalyzed by the viral enzyme present in the
virion core (34-37). During the ensuing RNA-dependent DNA
synthesis, the ends of the viral genome, which play a key
role in replication and integration (12,38), are
duplicated such that the final double-stranded DNA copy
contains long terminal repeats (LTR) of approximately 550
nucleotides at each end and therefore is longer than the
355 viral RNA (27). The precise details of structure of
the LTRs and the mechanism of replication by which they
are generated has been recently reviewed (39). This
double~stranded DNA copy of the genome is transported to
the nucleus where at least some of the copies are
converted into closed circular molecules (40). The DNA
copy integrates into the host cell genome in potentially
many different sites (33,41) to form a provirus (3,4).
However, it is not known if the circular or linear DNA
copy is the form which integrates (41). Expression by
transcription of the proviral genes is initiated by
promoters present in the 5'LTR and terminated by
terminators in the 3'LTR (27) to generate either the viral
mRNA or the genomic RNAs.

C. General Methodology for Studying Murine Leukemia

Virus
MuLVs do not inhibit host protein synthesis

during productive infections. As a consequence, the



levels of expressed viral proteins are very small compared
to ongoing normal cellular protein synthesis. Studies of
MuLV protein synthesis and processing therefore require
the use of antisera to selectively identify the viral
proteins in the presence of an excess of cellular
proteins. Routinely, infected cells are metabolically
labeled with radioisotopes, viral proteins are selectively
isolated by immunoprecipitation and the immunoprecipitates
are then dissolved in sodium dodecyl sulfate (SDS) and
analysed by electrophoresis on polyacrylamide slab gels.

A nomenclature for RNA tumor virus-encoded
proteins was developed to permit unambiguous communication
of data on the structural proteins and intracellular
processing intermediates generated by these viruses
(42,43). According to this nomenclature, p is for
protein, gp is for glycoprotein, Pr is for precursor and
gPr is for glycosylated precursor. The number which
follows indicates the apparent molecular weight in
kilodaltons derived from mobilities on either gel
filtration or gel electrophoresis techniques. The
superscripts indicate the gene of origin. For example,
gPr90-“-:"--rlz indicates a glycosylated precursor protein of

apparent Mr 90,000 which is the product of the env gene.

D. gag Gene Products

The gag gene-encodes for two distinct classes of
proteins. These are the structural proteins of the virion

core which are synthesized and processed in the cytoplasm



(44), and the membrane-associated glycosylated gag
polyproteins which are synthesized and processed in the
membranous subcellular organelles (45-47).

1. Synthesis of the Virion Core Proteins

The virion structural proteins, p30, pl5,
pl2, and pl0, are produced by the processing and cleavage
of the precursor polyprotein, Pr65329 (21,22). This
Pre5329 precursor is translated in the cytoplasm using the
viral 355 RNA as a template (48-51). The cleavage of
Pr65229 occurs via a series of intermediate proteolytic
events during core assembly and maturation (as decribed
below) to form the individual core proteins. A cell-
encoded proteolytic factor that is required for Pr65329
cleavage has been detected in virion particles (52). The
analysis of the processing intermediates for Pr65929 (53~
55) and tryptic peptide mapping of premature termination
polypeptides derived from in vitro translation of MulLV
genomic RNA (565 originally allowed the ordering of the
virion core proteins on the precursor as follows: NHZ—pIS—
Pl2-p30-pl0-COCH. This order is now clearly established
by sequence data for the Moloney-MuLV genome (27).

2. Function of the Virion Core Proteins

pl5, characterized as a hydrophobic membrane
protein, is located at the amino terminal of intact
Pr65929 and therefore is accessible for interaction with
Plasma membranes during the assembly of virion cores (23).

Furthermore, pl5 is found at the outermost aspect of



mature virion cores (57) after rr65329 cleavage. This is
consistent with the notion that pl5 interacts with the
Plasma membrane or transmembrane components such as the
envelope glycoprotein (23) during the organization of a
budd ing core.

pl2, characterized as a type-specific RNA-
binding phosphoprotein, exhibits a specificity to bind RNA
from homologous viruses but not the RNAs of heterclogous
viruses (58)., Furthermore, sequence homology between MuLV
pl2 and histone H5, a phosphorylated nuclear protein,
suggests that phosphorylation of RNA binding proteins
plays a role in viral regulatory functions (55).

P30 is characterized as the major structural
protein of the virion core comprising 10-20% of the total
virion protein (59). p30 carries the major group-specific
antigenic determinants from which the gag gene derived its
name (28). p30 has been implicated in an important growth
restriction that exists between classes of MulLV and
different inbred mouse strains (60). This growth
restriction is controlled genetically by a single mouse
gene and a determinant present on the p30 molecule. This
restriction functions intracellularly at the level of
controlling whether incoming virus can functionally
integrate into the cell genome (61). Because this thesis
does not deal with this portion of the viral life cycle
(i.e., proviral DNA integration) and because of its

complexity, the interested reader is referred to a recent
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review (60).

pl0, characterized as a highly basic
ribonucleoprotein, is located in the ribonucleoprotein
complex associated with viral genomic RNA within the
virion core (62). plO0's strong non-specific avidity for
binding to single-stranded nucleic acid molecules (63) and
its location at the carboxy terminus of Pr65329 suggests a
role for organizing the viral RNA genome at this time of
core assembly and budding (23).

These properties of the virion core proteins
combined with their alignment along the pr65229 molecule
has inspired a useful model for the assembly and budding
of virion cores (23). In this model, uncleaved Pr65929
organizes at the cytoplasmic face of the host cell plasma
membrane because of an interaction of the hydrophobic pl5
protein with the plasma membrane and possibly with
transmembrane portions of the viral envelope glycoprotein.
This alignment facilitates interaction between single-
stranded RNA and the pl0 located on the opposite (carboxy)

terminus of Pr65gag, which protrudes away from the

membrane and into the cytoplasm. According to this model,
the uncleaved Pr65329 organizes an interaction between
envelope glycoproteins imbedded in the lipid bilayer and
the viral RNA components present in the cytoplasm. After
assembly, the core buds from the cell and thereby acquires
the lipid bilayer with its incorporated membrane

glycoproteins. The maturation by proteolytic cleavage of
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the core precursor polyprotein to generate the individual
core proteins occurs late in this process, predominantly
after assembly and budding has occurred (64-67).

Numerous studies with core precursor
synthesis and of processing mutants have suggested a
critical role for Pr65329 jin core assembly and budding
(44,68,69) consistent with the model above. However, the
role of either the envelope glycoprotein or the viral
genomic RNA in virion assembly and budding is not well
supported. Mutants which lack the envelope glycoproteins
on their plasma membranes were found to release virion
cores (70-73). Furthermore, virus particles lacking virus-
specific 7058 RNA are released from cells in the presence
of actinomycin D (74-76). There remains the possibility
that functionally equivalent cell-encoded proteins and non-
viral RNA can fulfill the essential roles of interaction
with Pr65229 for virion core assembly and release.

Studies presented in section IV and VI of
this thesis further investigate the requirements for
virion core assembly and release. In these experiments, a
role for the glycosylated polyproteins (discussed below in
section I, D3) in core release is also not supported.

3. The gag Gene-Encoded Membrane Glycoproteins

In addition to the structural proteins of the
virion core, the gag gene also encodes glycosylated
proteins (46,47) detectable on the surface of MulV-

infected cells (45,77-80).
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The synthesis of glycosylated gag gene-
encoded molecules occurs via the normal cellular pathway
for membrane glycoprotein biosynthesis (described in
section I, G). In this pathway, the primary gag gene
translation product is a protein of approximately 75,000
daltons (Pr759§3). pr75339 s translated directly into
the lumen of the rough endoplasmic reticulum and
glycosylated by the "en bloc" addition of preassembled
high-mannose oligosaccharides to yield a glycosylated
precursor molecule, gPrSOgég (47). Because of this
nascent insertion into the rough endoplasmic reticulum,
pr75329 s only detectable when labeled in the presence of
inhibitors of glycosylation. The presence of two N-linked
high mannose oligosaccharides has been determined in

gPrSOgag, one located on the p30 portion of the

polyprotein and the other near the amino-terminal (81).
In addition, MuLV nucleotide sequence data shows the
presence of four possible glycosylation sites (Asn-X-
Thr/Ser) (27). gPrSOgég then migrates to the Golgi
apparatus where it is processed by additional
oligosaccharide modifications to yield gp939-§-g (46,47,79).
The latter glycoprotein is then transported to the cell
surface (45,77,79,80).

.~ The polypeptide sequence of Pr75929 is nearly
identical to that of Pr659§3, the precursor to the
structural core proteins, except that Pr75329 contains in

addition to pl5, pl2, p30 and plO0 (45,77), an additional
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polypeptide of 7,000 daltons (82) located at the amino
terminus (81). This amino terminal polypeptide would
Presumably function as a signal sequence (83) to
facilitate entry into the rough endoplasmic reticulum.

Several lines of evidence suggest that
Pr65329 and Pr75929 sre synthesized independently rather
than with a precursor-product relationship. As mentioned
above, Pr65329 g synthesized and processed to form the
virion core proteins whereas pr75239 g processed to
become a cell membrane glycoprotein (46,47). Also, cell-
free translation studies (47) indicate that pre5339 énd
pr75939 are translated from separate initiation sites on
the mRNA. Finally, the complete nucleic acid sequence of
Moloney-MuLV genomic RNA reveals the presence of several
initiation codons, one immediately preceding the Pr65329
reading frame and several further towards the 5' end of
the 355 RNA (27). From this sequence, a spliced mRNA
could be proposed which would have the necessary
~additional information to generate a signal sequence
polypeptide (27). On the basis that eukaryotic mRNAs
usually contain only a single initiation site with a
solitary exception (84), it has been proposed that Pr65929
and Pr75929 are produced from two different 35S mRNAs
(47).

Although 9993333 has been identified as a
cell surface glycoprotein on MulLV-infected cells, the

function of gp933§3 is almost completely unknown. gp933§g
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does interact with the host immune system (85) and has
been shown to carry the antigenic determinants for the
Gross cell surface antigen (86). Therefore gp933§3 is
probably important in the host response to virus-induced
cancers. Furthermbre, gp933§3 is not found in released
virions (47,70,78), suggesting that it does not play a
role in infectivity or in proviral integration (73).
Studies which are presented in this thesis
address the role of gp933§3 as a surface component in the
budding and release of virions. As is shown in section

gag bud infectious virus

IV, mutants lacking gp93
efficiently (73). Therefore gp933§g does not appear to
play a role in virus assembly, release or in exogenous

infection.

E. pol Gene Products

1. Biosynthesis of Reverse Transcriptase

The pol gene encodes the viral enzyme reverse
transcriptase, which is an RNA-dependent DNA polymerase
(35-37). The enzyme is derived from a large precursor
polyprotein, Pr180329 ROl = ypich contains both gag and pol
antigens (29,50,87). This precursor is first incorporated
into budding virions (88) and is then proteolytically
cleaved to form the mature enzyme, a single polypeptide of
70,000 daltons (28,35).

Because so few reverse transcriptase
molecules are incorporated into virions compared to the

virion core precursor (88), the controlling mechanism for
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synthesis of reverse transcriptase is an intriguing one.
In vitro translation of viral genomic RNA predominantly
synthesizes the virion core precursor, Pr65333, and the

cell surface glycoprotein precursor, pr759329 (29).
However the addition of suppressor tRNA to this cell-free
system will increase the levels of pr1g0d29 POl .4
decrease the levels of Pr65229 ang pr75929., This result
suggests a model in which the level of pr180329 synthesis
is controlled by the inefficienﬁ read -through of a UAG
(amber) termination codon located between gag and pol

cod ing sequences on the 355 RNA (88). Moloney-MulVv
sequence data has established that gag and pol are in the
same reading frame and are separated by a single amber
codon (27). A second model suggests that the terminator
codon for the gag polyprotein is removed from the message
by an RNA processing event (89) analogous to the
processing of yeast tRNA (90).

2. Function of Reverse Transcriptase

The viral polymerase catalyses the synthesis
of double-stranded DNA using the viral genomic 35S RNA as
template. This reverse transcription is described in more
detail in section I, B. In addition, this enzyme has a
ribonuclease H activity which degrades the RNA present in
a RNA-DNA hybrid (91,91).

F. env Gene Products

1. Synthesis of the Envelope Proteins

The env gene encodes the virion envelope
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glycoproteins, gp70 and plS(E)l (28).

The synthesis of these envelope glycoproteins
occurs from a subgenomic 22S mRNA (51,93) which derives
from the genomic 35S RNA by splicing of small amounts of
the 5' end to large portions of the 3' end of the viral
genome (94). It is presumed that this RNA splicing occurs
as is described in other eukaryotic systems (95).
Surprisingly, as a result of this splicing, a small
portion of the 3' terminus of the pol gene is contained in
the env mRNA sequence (27).

The primary translation product of the 228

mMRNA is the glycosylated protein, gPr9Oenv

;, precursor to
the virion envelope proteins, gp70 and pl5(E) (22,51,96-
. gPr9OE-rl—‘1 is known to enter the normal pathway for
membrane glycoprotein processing during nascent
translation (described in section I, G) because the
earliest detectable product in vitro and in vivo contains
the simple oligosaccharides (22,96,99) characteristic of
membrane glycoproteins (100,101) and because it is
synthesized on membrane bound ribosomes (93).
Furthermore, MuLV genomic sequence data (27) supports the
env

idea the gPr90—— enters the rough endoplasmic reticulum

(RER) for glycosylation. The deduced nucleotide sequence

1The suffix (E) indicates a protein of the viral envelope
(42) and is used here to distinguish this protein from the
core protein,pl5.
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indicates the presence of an appropriate amino terminal
hydrophobic signal polypeptide proposed to direct nascent
polypeptides into the RER (83). Also, seven Asn-X-Ser/Thr
sites for the lipid-linked oligosaccharide addition
(102,103) are present on the gp70 coding portion of the
env gene, of which six or seven are known to be
glycosylated (104).

082 +o form gp70 and

The processing of gPr9
pl5(E) occurs during its migration from the RER via the
Golgi apparatus to the plasma membrane (97). In the
course of this migration, oligosaccharide structures are
engymatically modified from the simple to complex type
(22,99). Furthermore, disulfide bridges are formed
between the gp70 and plS5(E) portions of the precursor
(97,98,105,106) probably before it is cleaved to yield
gp70 and pl5(E). The final event in this processing
sequence is the placement of gp70, the major envelope
glycoprotein, and pl5(E), its membrane anchor (27,107),
onto the plasma membrane (45,77,96,108,109).

Because of the heterogeneous and membranous
nature of the membrane glycoprotein processing organelles
(110,111), it has been very difficult biochemically to
determine the precise location and sequence of events
whereby gPrQOEEX is processed as described above. Kinetic
labeling experiments demonstrate that cleavage of the

precursor occurs shortly before the surface expression of

the cleaved products (22,97,112). However, the processing
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of gPr90EEX must occur before departure from the Golgi
apparatus where complex sugar processing is known to occur
(113-115), because gp70 contains the complex type terminal
sugars fucose (22,97,99) and sialic acids (116). These
results suggest that transport from the Golgi apparatus to
the plasma membrane is very rapid after these processing
events occur. Attempts to differentiate the precursor
cleavage event from the oligosaccharide modifications
which convert simple carbohydrate structures to complex
were unsuccessful suggesting that these two events are
very closely linked (112).

Work presented in section V of this thesis
supports the hypothesis that until cleavage and complex
sugar processing of gPr9O§EZ is completed, the precursor
is stored intracellularly, presumably in the RER. After
transport to the Golgil apparatus where these processing
events are completed, transfer to the surface is very
rapid. In support of this hypothesis, there are envelope
precursor processing mutants which do not cleave gPr90gﬂz
and also do not transport this molecule to the cell
surface (72,73).

2. Biology of gp70

As discussed below, the envelope
glycoproteins of the MuLV play a key role in the
infectivity and host range of the virus (117).

Purthermore, as a surface protein, gp70 molecules also

have  important implications in processes such as
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lymphocyte differentiation (118-121), host immune response
to viral antigens (85) and in leukemogenesis (122,123).

gp70 is the major component on the virus
particle and comprises approximately 10% of the total
virion protein (124). The envelope glycoprotein appears
as "spikes" when viewed in the electron microscope (20).
In the virus particle, at least a portion of gp70 is found
disulfide bridged to pl5(E) (57,105).

As the viral envelope glycoprotein, gp70
plays a pivotal role in the infectivity of the virus
particle. A binding interaction between gp70 and cell
surface receptors is required for successful virus
infection (125). An investigation of this binding using
[1251]—labeled gp70 to probe for cell surface receptors
revealed that MuLV gp70 binds to uninfected murine cells
and not to other mammalian cell types (117). 1In fact, a
restriction in the host range of the infecting MulV is
defined by this binding interaction between the virion
gp70 and the host's cell surface receptor.

For example, ecotropic MulV, which (by
definition) can only infect mouse cells, possess a gp70
which binds specifically to murine receptors. Amphotropic
MuLV, which infect both non-mouse and mouse cells, possess
a gp70 which binds to both types of receptors. Finally,
xenotropic MulV, which only infect non-mouse cells,
possess a gp70 which only binds to those cells which 1€

can infect.
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The ability of a MuLV-infected cell to resist
superinfection by exogenous MulLV is also governed by gp70
(117,126,127). Mouse cells infected by ecotropic MuLV
express gp70 on their plasma membranes (see above). These
infected cells are no longer susceptible to superinfection
by ecotropic MuLV, but are susceptible to infection by
Xeno- or amphotropic MulLV (2). This resistance to
infection, called interference, occurs because the gp70
that is expressed on the surface of infected cells
occupies the receptor and therefore blocks superinfecting
virus from attachment (117). Because an ecotropic gp70
does not bind the receptor for xeno- or amphotropic MulVs,
ecotropic MulLV infections do not interfere with
superinfection by these other tropic classes of MulV,

An awareness of this central role which the
gp70-receptor binding interaction plays in susceptibility
to infection and interference has understandably resulted
in studies to characterize the binding properties (117,128-
133) and identity (134-137) of the receptor molecule.

From the binding studies, the number of ecotropic MulV
gp70 binding receptor molecules was found to vary from
1x10%/cell for BALB/c thymus cells to 5x10°/cell for
NIH/3T3 fibroblasts. However, the identity of this
receptor has not been unambiguously defined since putative
purified receptor preparations have varied widely in
content. The mouse H-2 histocompatibility antigens, which

were found to be the receptor for Semliki Forest virus
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(138), were also found to associate with the MulV
glycoproteins (139,140). However, this interaction was
not shown to occur in normal receptor assay conditions
(135) suggesting that mouse histocompatibility antigens
are not the receptor for ecotropic MuLV. The ecotropic
MulLV receptor has been mapped on chromosome 5 of the mouse
(141).

As discussed above, gp70 is a critical
envelope component of the virus particle which defines the
host range of the infecting virus. 1In addition, gp70
functions on the surface of cells which are expressing
MuLV proviral genes in ways which are less well
characterized (45,77,80,96,109,119,120).

For example, in virus biosynthesis it has
been suggested that gp70 plays some essential role in the
budding of virus cores from host cell plasma membranes
(23,142). Specifically, interactions between the pl5
moiety of the core precursor, Pr659§3, and transmembrane
portions of the envelope glycoproteins have been proposed
(see section I, D2). These interactions would i) bring
viral envelope proteins into the vicinity of a virus
budding event and ii) direct Pr65389 to a specific
membrane-associated site at which to organize for core
assembly. However, numerous MulLV mutants which lack cell
surface gp70 have been reported which do bud virion cores
(68,71-73,143). Although not demonstrated, it seems

plausible that normal cellular proteins may fulfill the
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essential suggested roles which the viral envelope
components provide. In this regard, murine cells contain
in their genome a family of gp70-related genes (see below)
whose products could be candidates for fulfilling the
proposed requirements. However, studies presented in
section IV of this thesis support the hypothesis that MulV-
encoded membrane components are not required for efficient
budding of MulV core particles.

It has been observed that mice express a
polymorphic group of gp70~related products on their cell
surfaces (109,119,120). gp70-related proteins are in
fact encoded by a family of endogenous viral genes,
members of which are expressed in different tissues and
at different but specific stages of differentiation.
Therefore they are implicated as normal mouse
differentiation antigens. One of these expressed gene

products is the mouse differentiation antigen G (108),

IX
and has been extensively characterized (104,144).

Whether cells are productively infected by
MuLV or are only expressing gp70-related antigens, the
presence of gp70 on the surface of cells makes it a
candidate for an interaction with the host's immune
system. In fact, the MuLV env and gag gene-encoded
surface molecules play a role in the immune response
(59,85).

gp70 has also been implicated in playing a

role in leukemogenesis because changes in gp70 structure



23

are believed to alter the leukemogenicity of the virus
expressing the gp70 molecule (122,123,145). Replication-
competent MulVs (such as the one studied in this thesis)
are capable of inducing lymphatic leukemia, but only
after a lengthy 6 month latent period following
innoculation into adult mice (145). 1In contrast, highly
leukemogenic MuLVs such as the murine mink cell focus-
inducing virus (MCF) (146) or the Friend spléen focus-~
fqrming virus (F-SFFV) (14) indﬁce rabidly progressing
fatal leukemias upon innoculation. Analyses of the eny
gene or env gene products of these viruses reveals in
both cases sequences present which are homologous to
both ecotropic and xenotropic gp70 molecules (122,123).
These results suggest that the env genes of the highly
leukemogenic MCF and F-SFFV viruses were produced by
recombination in the env gene between viruses with
distinct host range and interference properties. The
similar acquisition of a recombinant env gene in
different isolated viruses strongly suggests that gp70
is involved in the disease process. As a consequence,
it has been proposed that recombinant env genes or their
encoded glycoproteins might play a causal role in
leukemogenesis (122,145).

G. Membrane Glycoprotein Biosynthesis in General

Plasma membrane and secretory proteins are
believed to follow a similar pathway from their

synthesis in the rough endoplasmic reticulum (RER) via



the Golgi apparatus to the cell surface (110,147,148).
The transit between organelles may be facilitated by
transfer or shuttle vesicles which in some cases contain
a clathrin coat on their cytoplasmic surfaces (149,223).
During this process, the protein being transferred may
be covalently altered by glycosylation (101,148,150),
oligosaccharide modifications (115,151,152), acylation
(153,154), sulfation (155) or proteolysis (83,98,156).
Although many plasma membrane or secretory proteins are
specifically affected by such covalent modifications, it
is believed that these modifications are not
prerequisite for the successful transfer of all proteins
(157-161). Alternatively, transfer of some proteins
from the Golgi apparatus may require specific
modification such as the addition of 6-phosphomannosyl
residues or attached oligosaccharides (162-164).
Sections IV and V present data which demonstrates that
transfer of MulV envelope glycoprotein precursor is
impeded because of processing blockades.

The biosynthesis, glycosylation and processing
of membrane associated glycoproteins occurs on membrane
bound polyribosomes (83,100) of the RER. In vitro
membrane protein synthesis systems have been developed
which allow nascently synthesized polypeptides to be
sequestered and glycosylated in membranous vesicles
(165,166). Thus studies on the biosynthesis of

vesicular stomatitis virus glycoprotein "G" have
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elucidated the timing of translocation and glycosylation
into these vesicles. As an example, insertion into the
microsomes begins within 6 minutes of the start of
translation. Glycosylation, which occurs on two
acceptor sites by "en bloc" transfer (see below), begins
at 10 and 20 minutes after the start of initiation.
Furthermore, the synthesis of G protein, which has an
apparent Mr 63,000, is complete in 40 minutes.

The nascent glycosylation of glycoproteins
occurs enzymatically (102) by the "en bloc" transfer
(167) of a preassembled high-mannose "core"
oligosaccharide with the structure, Glc3Man9GlcNAc2
(168). The attachment of the N-acetylglucosamine of the
core oligosaccharide occurs by an N-glycoidic linkage to
the asparagine gside group on the amino acid tripeptide

glycosylation site NH,-Asn-X-Thr/Ser-COOH, where X is a

2
vairable amino acid (102,103). This initial
glycosylation can be specifically blocked with the
antibiotic, tunicamycin (150).

The insertion of nascent polypeptides into the
RER has been proposed to be guided by a "signal
sequence" present on the amino terminus (83). These
signal sequences are approximatley 20-30 amino acids
long and include a continuously hydrophobic central
portion which presumably facilitates insertion and

translocation through the membranes of the RER. After

translocation, this signal sequence may be
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proteoljtically cleaved (169).

The majority of covalent modifications
described for glvcoproteins after their intital
glycosylation are belived to occur in some aspect of the
Golgi apparatus including the addition of complex type
sugars (111,114,115,152). However, prior to departure
from the endoplasmic reticulum, terminal glucose
residues are quickly removed for the simple core
structure (111,168}. Processing of glycoproteins then
proceeds with their transfer to the cis aspect of the
Golgi apparatus (81,111) where fatty acids are added
(153,154) and the degradation of outer mannose residues
occurs (111). Complex sugar processing occurs in the
trans aspect of the Golgi apparatus including terminal
additions of galactose, fucose, N-acetylglucosamine or
sialic acids (101), sulfation (155) and selective
cleavage of propeptides from secretary proteins (1l11).

An important question in this field concerns
the mechanism for the selection and transfer of newly
synthesized proteins between organelles during their
processing; Generally, it is believed that transfer
occurs in a linear manner as a cohort of simultaneously
made proteins which passes through different organelles
or processing stages during definite subsequent time
intervals (165), perhaps carried along by lipid flow
(110,147). However, Rothman (11l1l) has recently proposed

that the process may be more complex and that the cis
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aspect of‘the Golgi apparatus may fractionate proteins
by a reflux type mechanism. Kinetic studies have also
~suggested that certain secretory proteins are
transported intracellularly more slowly than others and
that the slowly transported proteins may reach the cell
surface throughout a prolonged time span (170).

However, previous investigators have indicated that
different plasma membrane proteins are transported
intracellularly with similar kinetics and that they
reach the cell surface approximately 30-45 minutes after
synthesis (148,158,165). Studies presented in section V
address this issue and support the hypothesis that
processing is a highly selective process and that
transport between organelles involves interaction with
specific carrier molecules that bind to different
proteins with different affinities.

H. Thesis Objectives and Experimental Rationale

The predominant objective of the work presented
in this dissertation 1s to analyze the synthesis,
processing and functions of the membrane associated
glycoproteins encoded for by the murine leukemia virus
(MuLV). These membrane glycoproteins are gp70 and
gp933§3, and are encoded by the distinctive MulLV genes,
env and gag, respectively. As a virion structural
protein,>gp70 plays an important role in the infectivity
énd host range of the virus. However, the functions of

gp70 and gp93gig as surface proteins on infected cells,



28

gp70 are poorly understood. As discussed in the
introduction, both of these membrane glycoproteins
interact with the host immune system, and are therefore
Probably important in the host response to virus-induced
cancers. gp70 is also implicated in lymphocyte
differentiation and in leukemogenesis. For these
reasons, methods to probe for their synthesis and
placement onto the cell surface and to investigate their
functions as cell surface components were pursued.

The approaches utilized to achieve this
objective involve the genetic technique of isolating
mutants with defects in the synthesis and surface
placement of the membrane glycoproteins. To do this,
infected cell mutants which lack virus-encoded antigens
on their surface membranes were immunoselected (171-
173). 1In addition, simple virus cloning, which results
in a high rate of formation of spontaneous viral
mutations (68), was used to isoclate viral mutants. The
processing of the membrane glycoproteins in the mutant
and normal infected cells was then characterized. This
involved labeling the viral proteins metabolically with
radioisotopes, isolating these proteins by specific
immunoprecipitation and analysing the immunoprecipitates
by polyécrylamide gel electrophoresis. Furthermore,
because a primary focus is on the cell surface
disposition of these membrane glycoproteins, numerous

methods were employed which specifically detect cell
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surface components. These include lactoperoxidase-
catalysed iodonation of cell surface proteins, measuring
relative sensitivities to antibody-directed complement-
dependent cytolysis, detection of cell surface antigens
by an antibody-dependent erythrocyte rosette assay and
the specific immunoprecipitation of cell surface
proteins after they are endogenously labeled with
isotopes and processed to the cell surface. The
biological role which these glycoproteins play in virus
biogenesis (i.e., requirements for budding of virus
particles) is also investigated using standard assays
for virion particle release from cells, for infectivity
and for virion particle protein content and morphology.

Several properties of the MuLV system provide
unique advantages to the studies described in this
thesis. The glycoproteins encoded by MuLV are ideal for
genetic analysis because the glycoproteins can often be
purified in substantial amounts, specific antisera can
be easily prepared and virus genes are relatively easy
to isolate, manipulate and analyse. Furthermore,
because the virus-encoded glycoproteins are not
essential for cellular viability, infected cell mutants
would be expected to survive. Also, the presence of two
membrane glycoproteins encoded by two distinct genes in
one virus offer a unique opportunity to characterize

membrane glycoprotein processing in general, as shown in
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section V. 1In this regard, the persistent and non-lytic
aspect of the MuLV infection may present important
advantages as a model system over the widely studied 'G'
protein of vesicular stomatitis virus (148,165) in which
virus infection shuts down synthesis of normal host
proteins.

I. Organization of the Thesis

The results presented in this thesis are
organized into five chapters (sections III-VII). These
chapters correspond to different categories of results
obtained in pursuit of the objectives stated in the
preceding section (I, H). Section III describes a
purification protocol for obtaining the MuLV envelope
glycoprotein, gp70, from F-MuLV-infected Eveline
suspension culture cells. Section IV presents the
characterization of several cellular mutants with
defects in the processing of MuLV-encoded membrane
glycoproteins. Section V presents an analysis of the
kinetically distinct processing of two different MuLV-
encoded membrane glycoproteins from their initial
synthesis to their placement on the surface of the
cellular plasma membrane. Section VI presents the
characterization of two viral mutants with defects in
the synthesis of the gag gene-encoded membrane
glycoproteins. Section VII describes the application of
an immunological cell-surface rosetting technique to a

focus assay for titering infectious MulV. Because of



the distinctive nature of these sections, the results
are discussed independently at the end of each section
and a general summary is presented at the end (section

VIII).

31



32

II. MATERIALS AND METHODS
A. Materials.

The following materials for celi culture were
obtained from Grand Island Biological Company (GIBCO):
cell culture média, fetal calf and calf serum,
antibiotics, rabbit complement, trypsin-EDTA solutions and
phosphate buffered saline (PBS). The normal goat
antiserum (NGS) and the antisera made against Rauscher
MuLV gp70, p30, and pl2 have been previously characterized
(46). The monospecific antiserum to Friend MulV gp70 was
provided by J. Collins (Duke University, Durham, N.C.) and
has been previously characterized (172). The source of
other materials used in these studies are indicated in the
text of this chapter.

B. Cell and Virus Culture.

A subline of Eveline cells (Eveline II cells)
were kindly provided by D. Bolognesi (Duke Univeristy
Medical Center, Durham, N.C.). These cells, which were
originally derived by infection of STU mouse cells with a
Friend virusl (174), produce large amounts of F-MulV and
negligible amounts of spleen focus-forming virus (F-SFFV)
(46). The culturing of Eveline cells has been previously

described (116).

1Friend virus is a complex of MuLV (F-MuLV) and the
replication defective spleen focus-forming virus (F-
SFFV).
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The Friend virus-induced erythroleukemia cell line (F4-6)
was obtained from W. Ostertag. Originally derived from
the spleen of a DBA/2 mouse infected with the Friend virus
complex (175), the F4-6 cell line has been grown in this
laboratory for several years and is therefore designated
as the subline F4-6/K (176). The F4-6/K cell line has
been shown to produce both MuLV and SFFV in a ratio of 1:2
(1773

The Rauscher murine leukemia virus-infected cell
line, R-61, was generated by M. Ruta while working in D.
Kabat's laboratory. This variant arose spontaneously (68)
by cloning the virus released from the Rauscher
erythroleukemia cell line RVTCT 187GG into NIH 3T3 cells
as previously described (178).

The xenotropic BALB virus-2 (BCll7, Electro-
Nucleonics Laboratories, Inc., Bethesda, Md.) was obtained

as highly purified frozen virus stock (40 X 106

pfu/ml),
and was propagated in CCl164 mink lung fibroblasts.

The F12 NRK cell line was generated by infecting
NRK cells with a MuLV clone (Fl2) derived by cloning F4-
6/K virus in SC-1 cells as previously described (177).
The F12 NRK cell line is the wild-type parental cell line
from which the immunoselected cell lines were generated
(section II, I). These variant cell lines include H-4
(obtained by selection using anti-gp70 antiserum), p30-2

and p30-5 (obtained by selection using anti-p30

antiserum), and M-13 (obtained by selection using anti-pl2
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antiserum after mutagenesis of F12 NRK as described below
in this section).

The NIH 3T3 fibroblasts were provided by S. A.
Aaronson (Laboratory of Tumor Virus Genetics, National
Cancer Institute, Bethesda, Mi.). The CCL64 mink lung
fibroblasts were obtained from P.J. Fischinger (Laboratory
of Tumor Virus Genetics, National Cancer Institute,
Bethesda, Md.). The SC-1 cells were provided by contract
E-73-2001-NO 1 within the Special Virus-Cancer Program,
National Institute of Health, Public Health Service,
through the courtesy of Jack Weaver (Cell Culture
Laboratory, University of California School of Public
Health, Oakland, Calif.). Normal rat kidney (NRK) and
Balb/c 3T3 fibroblasts were obtained from D. Troxler
(Laboratory of Tumor Virus Genetics, National Cancer
Institute, Bethesda, Md.).

The NRK, NIH 3T3, BALB/c 3T3 and CLL64 cell lines
were all maintained as monolayer cultures in Dulbecco-
modified Eagle medium supplemented with 10% complement-
inactivated fetal calf serum or calf serum, 3.69 g NaHCO3
per liter and antibiotics [penicillin (100 units/ml),
streptomycin (100 ug/ml) and gentamycin (Schering, 100
ug/mX }i s

The SC-1 cells were maintained as monolayer
cultures in McCoy's Modified 5A medium supplemented with
10% complement-inactivated fetal calf serum and the

antibiotics mentioned above for NRK cells.
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The S+L_ cells were kindly provided by P. J.
Fischinger (National Institute of Health). These cells
were maintained as monolayer cultures with McCoy's
Modified 5A medium supplemented with 10% fetal calf serum
(not heat-inactivated) and Antibiotic-Antimycotic solution
(GIBCO).

Where indicated, cell monlayers are mutagenized
by incubating at 37°C for 9 h with culture medium
supplemented with 1.0 ug/ml N-methyl-N'-nitro-N-
nitrosoguanidine (NTG, Sigma). The media containing NTG
were then replaced with fresh medium and the cells were
grown to confluency and utilized for immunoselection as
described (section II, I).

All of the above mentioned fibroblast monolayer
cultures, whether they are MulLV-infected or uninfected
were maintained and routinely passaged twice weekly as
described previously (179).

C. Virus Methodology.

1. Assays for Virus and Viral Components.

The titre of MuLV was measured using a
variation of the S¥L” assay of Bassin et al. (180).

A second method to assay for infectious MuLlV
titre was developed in this laboratory (section VII) and
is called a roéette focus assay. To conduct the rosette
focus assay, two special reagents are required in addition
to a source of virus, susceptible fibroblasts and an

appropriate antiserum. (A) Sheep erythrocyctes are
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coupled to Staphylococcus aureus protein A (see below,

section II, H2) using a modification of Goding's CrCl3
method (181). (B) A hemoglobin stain is prepared (182) by
mixing o-dianisine or benzidine (100 mg per 70 mls
ethanol), 0.15 M sodium acetate (pH 4.7), distilled water
and 30% hydrogen peroxide in a ratio of 20:5:7:1 just
prior to use. The methodology for the rosette focus assay
is as follows. Briefly, lxlO5 cells are plated in a 25cm2
tissue culture fiask containing 5 mls of the growth medium
appropriate for the cell type and containing 10% heat-
inactivated fetal calf serum and antibiotics. After 24
hrs of incubation in 5% CO2 at 37°C, the medium 1s removed
and replaced with 1 ml of the same medium but also
containing 25 ug of DEAE-dextran (Sigma Chemical Co.) per
ml for 30 min. at 37°C. After decanting the dextran, 1.0
ml of virus sample (in various dilutions) is added, and
the flasks are incubated for 30 min. Five milliliters of
fresh medium are then added and the flasks are incubated
at 37°C until the monolayers reach confluency (e.g., 5
days for the cell types used in this study). Rosette
analysis is conducted on the confluent monolayers as
described below (Section II, H2). Following rosetting,
the monolayers are washed twice with prewarmed PBS and are
immediately fixed and stained by flooding the flask with
staining solution "B". After 10 min the stain is removed
and the flasks are rinsed with distilled water and air

dried.
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A final method for assaying viral components is
the assay for reverse transcriptase activity described in
section II, K. This method specifically detects the
release of virion cores into culture medium which contain

reverse transcriptase.

2. Harvesting and Purification of Virus.

Eveline virus was harvested for gp70
purification from the medium of logarithmically growing
Eveline cell cultures as described (46). The cells were
removed from the medium by centrifugation at 3000 rpm for
10 min in a Sorvall GSA rotor at 4°C, and the supernate
was further clarified by centriguation at 10,000 rpm for
10 min. Virus was then collected by high-speed pelleting
in a Beckman SW 27 rotor for 90 min at 25,000 rpm or in a
Beckman T 30 rotor for 60 min at 27,000 rpm. Virus
pellets obtained were either used at ﬁhis stage of
preparation or resuspended in a small volume of TSE (0.1 M
NaCi, 0.01 M Tris-HC1l [pH 7.41, 1 mM EDTA) and layered
onto linear gradients of 15-60% sucrose in TSE for
isopycnic banding. After centrifugation of sucrose
gradients in a Beckman SW 27 rotor for 3 hours at 25,000
rpm, the band at 1.15-1.17 g/cm3 was collected, diluted in
TSE and re-pelleted in a Beckman SW 27 rotor for 90 min at
25,000 rpm. This preparation of virus is referred to as
"sucrose-~banded virus" in contrast to "pelleted virus" in
which sucrose-gradient banding is not conducted. Sucrose-

gradient banding of virus will remove contaminants present
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in the media (e.g., serum albumin) but will also produce
osmotic shock in which gp70 will be partially released
from virions (124,183). Conversely, "pelleted virus"
contains higher yields of gp70 but also contains more
contaminants (section I11).

The harvesting of virus from the culture
medium of fibroblast monolayers grown to 50-75% confluency
was conducted as described above for Eveline virus.

When virus samples were harvested for later
use in aésays for titre (e.qg. stu~ assay or other plaque
assays) or for infecting cells, the media over
logarithmically growing cells was collected, clarified by
low speed centriguation in a Beckman 8S34 rotor for 10 min
at 10,000 rpm and frozen in sterile 2 ml aliquots at -70°C
until needed.

3. Virus Infections.

Cells to be infected exogenously were plated
at 5 x lO4 cells per 25 mnz culture flask 24 hours prior
to infection. The infecting virus samples were adjusted
to 8 ug polybrene (Aldrich) per ml. 1.0 ml of this
infecting virus sample was overlaid onto receipient cells
and incubated for 1 hour at 37°C. Afterwards, 4 mls of
fresh medium containing polybrene (8 ug/ml) was added to

the cells and they were grown to confluency before

subsequent transfers.

4. Radioactive Labeling of Viral Proteins.

Viral proteins were metabolically labeled
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with L—[3SS]—methionine or D—[3H]—glucosamine (New England
Nuclear). Amino acid labeling was performed by incubating
virus—infected cells in methionine-free medium (MEM)
containing 10% dialysed fetal calf serum supplemented with
L—[3SS]—methionine at concentrations of 50-100 uCi per ml
using 1.0 ml per 25 cm2 culture flask for monoclayers or at
concentrations of 1-1.5 mCi per 108 cells per 75 mls for
suspension cultures. Before labeling, the cells are first
washed with PBS and then preincubated for 15 min at 37°C
in methionine~free medium. D—[BH]—glucosamine labeling
was performed simply by adding it to complete medium and
incubating the cells 4-18 hours at concentrations of 100
uCi per ml per 25cm2 culture flask for monolayers or at 1
mCi per 2 x 106 cells per 25 mls for suspension cultures.
Labeling‘for a pulse and chase period was conducted by
incubating the cells as indicated above for a "pulse"
interval with L—[3SS]—methionine, removing the medium
containing the isotope at the indicated time, washing the
cells once with PBS and adding fresh complete medium to
the cells for a "chase" interval.

For labeling cells in conditions of
glycoylation inhibition, cultures were initially exposed
to 0.6 ug of tunicamycin (Calbiochem) per ml of complete
medium for three hours. The cultures were then
radiocactively labeled as usual but including tunicamycin
in both the pre-pulse and pulse incubations. During the

subsequent immunoprecipitations, the cell lysates were
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preadsorbed with normal goat serum twice to remove non-
specific immunoprecipitates.

D. Purification of the Murine Leukemia Virus

Fnvelope Gylcoprotein, gp70.

1. Solubilization of Virion Components.

Eveline virus which had been harvested from
Eveline cells by either sucrose-gradient banding or by
simply pelleting (as described in section II, C2) was
solubilized in Triton X-100 containing buffers to disperse
all the virion components including gp70. Unless
otherwise noted, all manipulations for purifying gp70 were
conducted on ice or in cold rooms at 4°C. Viral pellets
were resuspended at 1 mg/ml by vigorous pipetting to
generate a homogeneous suspension in detergent
solubilization buffer [DSB; 0.25% Triton X-100 (Sigma),
100 mM NaCl, 20 mM Tris-HCl (pH 7.6), 0.1 phenylmethyl
sulfony/flouride (PMSF;Sigma), and 1 mM EDTA]. The
resulting detergent suspension was centrifuged in a
Beckman T 65 rotor at 25,000 rpm for 20 min to remove
nond isrupted virion cores and debris, and the detergent
supernate was retained. The pellet was then recycled once
more through the above solubilization procedure to further
extract virion proteins. The resulting second-cycle
detergent supernate was pooled with the first for use in

later steps.

2. Lectin Affinity Chromatography.

Lectin affinity-purified virion glycoproteins
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were prepared from the solubilized virus supernate
generated as described in Section II, Dl. This detergent’
supernate was incubated with agitation on a gyratory
shaker on ice for 1 hour with wheat germ agglutinin
immobilized on agarose beads (P & L Biochemicals) using 5
mls of supernate per ml of packed beads. The beads were
then pelleted and the resulting detergent supernate
(referred to as 'unadsorbed sample') was retained.
Finally, the beads were resuspended in DSB and transferred
to a small syringe column. Once in the column, the lectin
was first rinsed with DSB, then washed with DSB lacking
Triton X-100 but including 300 mM NaCl. The adsorbed
glycoproteins were then eluted at a flow rate of 3-5
mls/hr in the second wash buffer containing 0.2 M N-acetyl-
D-glucosamine. After elution the lectin column was re-
equilibrated by washing with DSB, and the unad sorbed
sample was allowed to adsorb with the lectin a second time
as described above. These two eluants were routinely
combined for subsequent manipulations, although yields of
specifically eluted glycoproteins obtained on the second
cycle were approximately 30% or less than the yields
obtained from the first cycle.

3. Sephadex G-150 Gel Filtration.

Glycoproteins specifically eluted from the
wheat germ agglutinin affinity column (section II,D2) were
then chromatographed on a Sephadex G-150 column in the

presence of reducing agents to separate gp70 from pl5(E)
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and other contaminants. First, the glycoprotein-
containing sugar eluant was prepared for loading onto the
Sephadex column by concentrating the sample down to a
minimun volume. This concentration step was done by
placing a dialysis bag containing the sample into dry
Biogel P-100 beads (Biorad) and allowing moisture to flow
out of the sample. The reduction of volume from 3 mls to
1 ml took approximately 4 hours and required that every 30
min moist beads be removed from around the dialysis bag
and re—-covered with more dry beads. Second, the disulfide
bridge between pl5(E) and gp70 (97,105,106) was reduced so
that gel filtration chromatography would resolve these two
components. For this reduction, a '10x' solution of
dithiothreitol (Sigma) prepared in sugar elution buffer
was added to the sample to make a final concentration of
10 mM before it was concentrated in a dialysis bag against
dry Biogel beads. Finally, the reduced and concentrated
sample was applied to a Sephadex G-150 column (90 cm
height, 102 ml bed volume) and chromatographed at a flow
rate of 0.25 ml/min in 10 mM sodium phosphate (pH 6.5},
300 mM NaCl and 0.1 mM PMSF. The Sephadex G-150 column
was re-run with molecular weight markers (bromphenol blue,
cytochrome ¢ and blue dextran 2000) to evaluate the proper
operation and resolving power of the column (see section
II1, Eigute 3}.

4. Iodination of gp70.

It was observed upon polyacrylamide~SDS gel
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electrophoresis (section III, figure 1) that
electrophoretic homogeneity of our sample was not improved
by gel filtration (see Results, section III). Therefore,
the gp70 sample used for iodonation was the lectin
affinity-purified material and not the peak fractions
obtained from Sephadex G-150 chromatography. gp70 was

K357 wsodign Sod ide 1 16W)

iodonated with carrier-free |
according to a modification (236) of the chloramine-T
method (184) using 1 mCi per 20 ug protein. After
iodonation, unreacted free iodine was separated from
[1251]—labeled protein using a Sephadex G-25 desalting
column as described by Greenwood et al. (184). Aliquots
of three consecutive fractions were then diluted 1:1 in
electrophoresis sample buffer and analysed for homogeneity

by electrophoresis on polyacrylamide gels.

5. gp70 Receptor Binding Assay.
[125

I]-labeled gp70 (prepared in section II,
C4) was used to probe the surface of F-MuLV infected NIH
3T3, Balb/c and NRK fibroblasts for gp70-binding receptors
according to DelLarco and Todaro (117).

E. Extraction of Labeled Cells.

Metabolically labeled cells were routinely
extracted by lysis at 4°C for 30 min in
immunoprecipitation buffer (IPB, 20 mM Tris-HCl [pH 7.5},

1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 M

NaCl, 1 mM EDTA, 0.2% sodium azide) using 1 ml per 25 cm2

culture flask of fibroblast monolayer or 1 ml per 4 x lO6
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suspension cells. The extracts were then clarified by
centrifugation at 140,000 xg for 35 min in a Beckman T 65
rotor. Cells iodonated for two-dimensional analysis on
O'Farrell gels were lysed in a minimal volume (0.3 ml/ 25
cm2 culture flask) of lysis buffer (185), and aliquots
containing equal quantities of trichloroacetic acid-
precipitable counts (section II, M) were loaded onto gels.
The extraction procedures for the cell surface protein
detection method are described in section II, H4.

F. Immunoprecipitation Procedures.

Immunoprecipitation was performed by using a

modification (186) of the fixed Staphylococcus aureus

(Pansorbin, Sigma) procedure described by Kessler (187)
but omitting bovine serum albumin from the buffers. The
Pansorbin was suspended (10%) in IPB and centrifuged
through 1 M sucrose in IPB without NaCl prior to use. The
radioactive cell extracts were first preadsorbed with
normal goat serum to reduce nonspecific
immunoprecipitation, followed by specific
immunoprecipitation with various antisera. Specific
immunoprecipitations routinely used 1 ul serum per ml of
cell lysate incubating for 1 hour at 4°C followed by 20 ul
Pansorbin per microliter serum for 1 hour at 4°C.

However, for cell extracts generated by the cell surface
protein detection method (described in section II, H4),
only 5 ul Pansorbin was used for each 1 ml sample to

minimize non-specific immunoprecipitation.
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G. SDS-Polyacrylamide Gel Electrophoresis

Proteins were separated on 10-20% polyacrylamide
gradient slab gels containing 0.1% SDS using the system
described by Laemmli (188). 10% polyacrylamide slab gels
containing 0.1% SDS and 8 M Urea were prepared using the
Lzemmli buffers with minor modifications as described by
Evans et al. (46). Two-dimensional polyacrylamide gel
electrophoresis was performed essentially as described by
O'Farrell (185), with minor modifications as described
(72), with the generous help of S. Clarke.

Antigen-antibody complexes were disrupted by
heating the samples in Laemmli electrophoresis buffer
(0.05 M Tris-HCI [pH 6.8], 1% SDS, l%e-mercaptoethanol,
20% glycerol) at 100°C for 5-10 min. The Pansorbin was
then pelleted by centrifugation (Beckman JS 7.5 rotor,
7500 rpm, 10 min.), and the supernates were carefully
transferred to individual lanes on the gels using a 50 ul
Hamilton syringe. All gels containing radioactive
proteins were processed for flourography according to
Bonner and Laskey (189) or by using ENBHANCE (New England
Nuclear), and exposed at -70°C to Kodak XR-5 X-ray film.
Gels containing [1251]—labeled proteins were exposed to X-
ray film as above except that the gel and film were
sandwiched between intensifying screens ('lightning plus'
Cronex screens, Dupont). Gels used for quantitation of
bands were preflashed (190) before exposure to X-ray

films, and were scanned with a Transidyne General
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integrating densitometer, as described previously (72).
Gels to be stained for protein were fixed overnight in
12.5% tri-chloroacetic acid at room temperature and
stained in a 0.2% coomassie brilliant blue solution in 108%
acetic acid; 20% methanol for 10-12 hours. The unbound
stain was removed by immersion in 10% acetic acid; 20%
methanol for 24 hours with several changes. [14C]—
labeled molecular weight standards (New England Nuclear)
with molecular weights of 92,500, 69,000, 46,000, 30,000
and 12,300 daltons were routinely electrophoresed in
parallel with the samples.

H. Detection of Cell Surface Proteins

1. Complement - and Antibody-Dependent Cytolysis

Killing of cultured fibroblasts by cytotoxic
antibody in the presence of rabbit complement has been
previously described (172). This killing was monitored
microscopically by observing the rounding up of cells and
the condensation of their nuclei, followed by the loss of
their adherence to the substratum. In addition, this
killing is quantitatively analysed by measuring the
release of incorporated [358]—methionine from the
monolayer using a previously described procedure (172)
with minor modifications. Cells were pulse labeled for 2

35S]—methionine as described in section II,

hours with |
C4. After this incorporation period, the monolayers were
thoroughly washed three times with PBS at 25°C. Each flask

was then given 1.0 ml of prepared killing medium
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containing cell culture medium, rabbit complement and
cytotoxic antiserum in a ratio of 1100:10:3. The flasks
were incubated at 25°C and 50 ml samples of media were
taken at the indicated time points. The radiocactivity
present in samples taken was counted in 3.0 mls "Scint-A"
scintillation flour (Packard) on a Beckman liquid
scintillation spectrometer. The amount of radiocactivity
released was expressed as a percentage of the total amount
of incorporated radioactivity which was determined by
adding the released radiocactivity to that which could be
recovered by lysing the monolayers with 0.1% SDS at the
end of the killing pericod.

2., Rosette Assay for Cell Surface Antigens.

Sheep erythrocytes were coupled with
S. Aureus protein A (Sigma) by the CrCl3 method of Goding
(181). Briefly, 100 ul (sedimented volume) of sheep
erythrocyctes are washed five times in 0.9% NaCl and
suspended at 25°C in 700 ul 0.9% NaCl containing 100 ug
protein A (Sigma Chemical Co.). Then, 500 ul of 0.004%
CrCl3 (prepared as described by Goding (181) and diluted
immediately before use) is added dropwise while
continuously vortexing the erythrocyte suspension. After
10 min, the suspension is diluted fivefold with PBS and
washed four times by sedimentation with PBS. The coated
erythrocytes are then suspended in 6 mls of Dulbecco-
modified Eagle medium containing 10% heat-inactivated

fetal calf serum and are ready to use after 24 hrs storage
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at 4°C. Fetal calf serum seems to be essential for
coupled erythrocyte stability. For rosette analysis,

2 T-flasks were

fibroblast monolayer cultures in 25 cm
washed and then provided with 5 ml of fresh culture medium
centaining 10% heat-inactivated fetal calf serum.

Cultures were then supplemented with 4 ml of antiserum or
normal goat serum. After 15 min at 37°C, 0.2 ml of the
coupled erythrocyte suspension was added to each culture.
After 2 h at 37°C, the monolayers were washed with fresh

culture medium and examined under a microscope.

3. Cell Surface Radioiodonation

Lactoperoxidase—-catalysed cell surface

125, _

radioiodonation of fibroblast monolayers with |
iodine was performed as previously described (172). Cells
iodonated for two-dimensional electrophoretic analysis
were lysed in a minimal volume (0.3 ml/25 cm2 culture
flask) of lysis buffer (185), and aliquots containing
equal quantities of trichloroacetic acid-precipitable

counts were loaded onto the gels.

4. Endogenous Labeling of Cell Surface Proteins

The selective binding and extraction of cell

surface antigens with specific antisera was performed as
described (191,192) with some modifications. Eveline
cells (108 cells) were pulse-labeled with L- [355]—

methionine and then chased with cold methionine as

described in section II, C4 for the six time points

indicated in figure 14 (section V). At the end of each
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labeling period, one sixth of the total culture was
removed and chilled to 0°C to terminate protein synthesis,
processing and transport. The cells were then collected
by low speed centrifugation and the culture medium was
retained. Each cell pellet was resuspended in PBS and
divided four ways equally to be analysed for virus-encoded
proteins immunoprecipitable (1) from whole cell extracts
(as described in Section II, E) or from the cell surface
as described below (2) with anti-gp70 antiserum, (3) with
anti-pl2 plus p30 antisera or (4) with normal goat
antiserum. From the retained cell-free culture medium
Eveline virus was pelleted as previously descriped

To conduct the selective binding and
extraction of MuLV-encoded antigens on Eveline cells, 4 x
lO6 cells from each time point were incubated for 30 min
at 0°C in 1 ml of PBS containing either anti-gp70
antiserum (4 ul), anti-pl2 plus anti-p30 antiserum (2 ul
each, combined) or normal goat serum (4 ul). Cells were
then washed twice with PBS at 0°C to remove unbound
antibodies and lysed with 1 ml of IPB detergent lysate
containing a ten-fold excess of an unlabeled Eveline cell
extract prepared as described below. These lysates were
then centrifuged on a Beckman T65 rotor at 2000 rpm for 20
min, and the supernates were recovered for
immunoprecipitation (Section II, F).

The preparation of a ten-fold excess of

unlabeled cell extract was modified because when applied
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to Eveline cells it produced extracts of excessive
viscosity upon nuclear lysis with IPB. This viscosity
interfered with the aspiration of wash supernates in the
immunoprecipitation procedure. To prepare this extract a
ten~-fold excess of‘Eveline cells (4 x lO7 cells) were
pelleted from growth medium and resuspended in 1 ml of
nuclei separation buffer (NSB; 20mM Tris-HCL |[pH 7.4],
0.25% Triton X-100, 0.1 M NaCl) and allowed to swell at
0°C. The swollen cells were disrupted with 20-40 strokes
in a homogenizer using a rotating teflon plunger. The
progress of disruption was monitored microscopically until
the cells were broken but greater than 95% of the nuclei
remained intact. The nuclei were then pelleted on a
Beckman JA-20 rotor at 1000 rpm for 10 min and the
supernate was reconstituted to an IPB solution by the
addition of concentrated detergents and salts.

I. Immunoselection of Resistant Cell Lines

The immunoselection procedure, which utilizes the
killing of cloned cultured fibroblasts by cytotoxic
antibody in the presence of rabbit complement, has been
previously described (172). F-MuLV clone F-~12 infected
NRK cells (F1l2 NRK) were used as the parental population.
Inmunoselection was with highly cytotoxic monospecific
antiserum to Friend MuLV gp70 and with antiserum to
Rauscher MuLV p30 and pl2. Following selection of

immunoresistant cell populations, cells were cloned to
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obtain the individual cell lines. The cell lines studied
were the H-4 cells isolated with antibody to gp70, the p30-
2, p30-5 and p30-12 cell lines isolated with antibody to
p30, the pl2-12 cell line isolated with antibody to pl2,
and the M-13 cell line isolated with antibody to pl2 after
F12NRK had been mutagenized with NTG as described in
section II, B. All of the immunoresistant variants of the
MuLV-infected NRK cells have glycoprotein processing
defects that have been stable during culturing for many
months in the absence of antisera. However, some
resistant cell lines grow only relatively slowly and tend
to be overgrown by secondary variants that proliferate
more rapidly. Nevertheless, morphological observations
and analyses of specific membrane processing abnormalities
as described in section IV suggest that the secondary
variants contain suppressor-type alterations and are not
true revertants. Thus the glycoprotein processing
abnormalities in these cell lines are stably inherited
despite the morphological and growth rate progression that
is sometimes observed. Even highly abnormal and slowly
growing cell lines such as those shown in Figure 5 have
been maintained by occasional recloning to eliminate
secondary variants. Because these immunoresistant cell
lines have stably inherited abnormalities, we refer to
them in the text as mutants. However, we recognize that
some cellular variation may be caused by chromosome loss

(193).
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J. Cell Fusion

Cell fusion of monolayers was induced with
polyethylene glycol (PEG), as previously described (194),
with some modifications. Cells or equal ratios of two
different types of cells were plated at low density (10%
confluency) and cultured for 24 hr. The culture medium
was thoroughly drained off, and 50% (w/v) PEG 6000 (J.T.
Baker) in complete medium was added. After exactly 1 min,
the PEG solution was rapidly aspirated with a wide-mouthed
pipette, and the monolayer was washed vigorously four
times with serum-free media. After a fifth wash with
complete medium, the monolayer was incubated in complete
medium until needed.

K. Reverse Transcriptase Assay

Reverse transcriptase released into the culture
media was assayed in pellets of virus harvested from the
culture fluid by high-speed centrifugation (Beckman T65
rotor, 40,000 rpm, 35 min) after low speed centrifugation
to remove cells and debris (Beckman S$S34 rotor, 10,000
rpm, 10 min). The enzyme assay was conducted at 30°C for
30 min as described (195) for a synthetic template-primer
reaction in a final reaction mixture that contained: 10%
glycerol, 30 mM Tris-HC1l, 5 mM MnClZ, 2 mM DTT, 80 mM KC1,
1.5 ug poly(dA)-oligo(dT) (P-L Biochemicals), 0.2 mM 4ATP,
2 uCi[’H]-4TTp (NEN, 60 Ci/mM) and sufficient unlabeled
dTTP for a final concentration of 2 uM in a total volume

of 30 ul.



L. Electron Microscopy

Thin sections of monolayers growing in log phase
were examined for budding virus according to standard
electron microscopy methods (176) with the generous help
of M. Webb.

M. Scintillation Procedures

The radioactivity present in various
metabolically labeled protein preparations was determined
by precipitating a small aliquot (2-5 ul) of the sample
with tricholoracetic acid (TCA) after two drops of 2%
bovine serum albumin had been added as carrier. The
precipitate was collected on a glass fiber filter
(Whatman) and digested with Protosol (New England
Nuclear): toluene (1:2) for 30 min in a scintillation
vial. After the addition of 5 ml of toluene-acetic acid
scintillation fluid (Baker scintillation grade toluene
containing 0.3% 2,5-diphenyloxazole, 0.03% p-Bis [2-(5-
phenyloxazoly)]-benzene, and 0.1% glacial acetic acid),
the sample was counted in a Packard Tri~Carb liquid
scintillation spectrometer. Protein preparations labeled

125I

with | ]-sodium iodide were precipitated as described

above, but the resulting precipitate was counted directly
on the glass fiber filter in a Beckman 'Biogamma'’ counter

125I].

set for |

N. Protein Determinations

Protein was assayed by a modification of the

procedure of Schaffner and Weissman (196). Protein

a3
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samples were adjusted to 0.25 ml with water. Fifty
microliter of 0.6 M Tris-HCl1l, pH 8.0, 0.6% SDS was added
to each sample and mixed. One hundred microliter of 50%
trichloracetic acid (TCA) was added to each sample'and
incubated on ice for 5 minutes. The precipitates were
filtered on 0.45 um Millipore filters and washed with 5%
TCA. The filters were placed in scintillation vials and
stained for 10 minutes with a 0.2% solution of Amido-
Schwartz 10B (Allied Chemical) in 45% methanol and 10%
acetic acid. Then the stain was removed and the filters
rinsed twice with water. The filters were destained with
three rinses of 90% methanol, 2% acetic acid solution.
The destaining procedure should leave the borders of the
filter white. The filters were then rinsed twice with
water and drained completely. The stain remaining bound
to the protein precipitate on the filter was eluted with 1
ml of 0.025 M NaOH, 0.00005 M EDTA, 50% ethanol for 10
minutes or until all the stain had eluted. The
scintillation vials were capped during the elution step.
The protein in each sample was quantitated from the
absorbance at 630 nm of the eluted stain relative to a
bovine serum albumin standard Protein samplecurve.

O. Subcellular Fractionation

The subcellular fractionation of F4-6 cells
(section V) was conducted as described (197) with the

generous assistance of David Kabat and Suzanne Clarke.
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III. go70 PURIFICATION

A. General Introduction

gp70l is the major envelope glycoprotein of
murine leukemia viruses. It plays an essential role in
virus infectivity, host range, interference to
superinfecting virus and even host immune response to
infection as described in the Introduction (section I,
F2). The manner in which gp70 participates in these
various biological interactions is not clearly understdod
and this has motivated us to purify gp70 from whole
Eveline virus in order to pursue several specific goals:

1. To use gp70 as a ligand to probe for
receptor-mediated interactions between infectious virus
and susceptible host cells. The specificity of the gp70
interaction with cell surface receptors is interesting
because it defines the tropism of the infecting virus and
generates the interference phenonmenon (117).

2. To adapt this receptor binding property of
gp70 (117,128,131-133) so that an assay would be available
to monitor the purification of gp70-binding receptors from

susceptible host cell membranes.

lThe term "gp70" is used here, generically, to mean the
viral envelope glycoprotein of the MulLV. In Eveline cells
this protein occurs on SDS gels as a doublet of apparent
Mr of 69,000 and 71,000 daltons (as can be seen in Fig.
1). gp69/70 doublets occur in many strains of MuLV
(42,200) and have been shown in Eveline cell cultures to
be caused by the presence of multiple viral genomes that
may be incorporated in a single heterozygous virus
particle (116). For simplicity, in the text gp70 and
gp69/71 will be considered synonomous.
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3. To generate anti-gp70 antiserum for use in
immunoprecipitation and other immunochemical techniques
for mapping the sub-cellular localization and processing
pathways of gp70.

Manyrgp70 purification schemes have been
previously reported (107,124,198,199) from which we could
select a methodology appropriate to our goals. They vary,
however, in strategy and yield. Methods for the isolation
of crude gp70 include the selective release of gp70 frdm
intact virions by freeze-thawing (124), selective
detergent solubilization of membrane glycoportein
aggregates called "rosettes" which contain gp70 and pl5(E)
(107) and more harsh extractions using chaotropic agents
(e.g., 3.5 M KBr) (199). Further purification of gp70 was
accomplished by ion-exchange chromotography on
phosphocellulose P-11 (124) or by using the lectin,
concanavalin-A, in affinity chromatography (198).

In this chapter a protocol for the
purification of gp70 is presented. This protocol combines
the use of detergents to solubilize the membrane
glycoprotein with the selectivity of lectin affinity
chromatography.

B. Results.

1. Harvesting of Eveline Virus.

Eveline virus was harvested from suspension
cultures of Eveline cells which were grown as described in

Materials and Methods (section II, C2). gp70 was then
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purified from the Eveline virus. Two methods of
harvesting Eveline virus were used to compare yields and
purity. (1) "Sucrose-banded virus" was prepared by
pelleting virus from culture medium, resuspending the
viral pellet in buffered TSE (see section II, B) and
layering the virus onto a sucrose gradient for isopycnic
banding. The banded virus was then collected with a
fraction collector and repelleted. (2) "Pelleted virus”
was prepared simply by pelleting virus from culture med ium
and omitting all subsequent steps detailed above for
sucrose-banded virus. Pelleted virus was found to have
higher yields of gp70 than sucrose-banded virus presumably
because the osmotic shock of sucrose—-band ing can cause
release of the gp70 from virions {124 ,183,198), ©On the
other hand, sucrose-banded virus had fewer contaminants
originating from the culture medium, particularly serum
albumin which migrates with, and slightly above, gp70 on
SDS gels (compare Fig. 1A, 1B).

2. Solubilization of gp70

To solubilize gp70 for purification from
intact virions, purified virus was disrupted using a
buffered 0.25% Triton X-100 solution. We chose detergent
solubilization because our yields of gp70 using the freeze-
thaw method (124) were less than 30% (data not shown}).
Triton X-100 was selected to solubilize gp70 for two
reasons. (i) Sucessful purifications of other membrane

glycoproteins were reported using Triton X-100 (201)
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Figure 1. Polyacrylamide Gel Electrophoresis of
Protein Samples at Various Stages of
gp70 Purification.

(Panel A) The source of gp70 is sucrose—gradient
banded Eveline virus, and is purified as described
in Materials and Methods. (1) Detergent supernates
containing soluble proteins pooled after two cycles
of solubilizing virus in Triton X-100, (2)

Unad sorbed material after lectin adsorption, (3)
sugar specific lectin eluant, (4) sugar specific
lectin eluants from two cycles of adsorption after
being pooled and ceoncentrated for lcading onto gel
filtration column, (5) peak protein fraction off of
Sephadex G-150, (6) protein standards: bovine serum
albumin (70,000), ovalbumin (45,000},
chymotrypsinogen A (25,000), and ribonuclease A
(13,700). :

(Panel B) The source of gp70 is Eveline virus
pelleted directly from culture medium, and is
purified as described in Materials and Methods. (1)
Protein standards as in lane 6, Panel A, (2 and 4)
detergent suspension, cycle 1 (2) or cycle 2 (4), (3
and 5) detergent supernates, cycle 1 (3) or cycle 2
(5), (6) detergent supernate, pooled samples from
cycles 1 and 2, (7 and 10) unadsorbed materials
after lectin adsorption, cycle 1 (7) or cycle 2
(10), (8 and 11) run off of lectin column rinse,
cycle 1 (8) or cycle 2 (11), (9 and 12) sugar
specific eluant, cycle 1 (9) or cycle 2 (12).

Electrophoresis was conducted on 10% polyacrylamide
slab gels containing 1.0% SDS, 8 M urea in the
Laemmli buffer system as described in Materials and
Methods. Gels were stained for protein in 0.2%
coomassie brilliant blue solutions as described in
Materials and Methods.
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including the insulin and acetylcholine receptors and,
(ii) a recent report described that the specific affinity
of the lectin, wheat germ agglutinin, was not lowered by
Triton X-100 (202).

Fig. 1A and 1B show the preparation of gp70
through various stages of purification. Typically, 20 mg
of sucrose-banded or pelleted virus was solubilized in
detergent to generate a suspension (Fig. 1B, lane 2).
From this suspension unsolubilized cores and debris were
then pelleted to generate a Triton X-100 supernate (Fig.
1A, lane 1, or Fig. 1B, lane 3). Routinely this pellet
was resuspended in detergent to obtain the gp70 that was
not solubilized in the first cycle (Fig. 1B, lane 4).

This suspension was then repelleted (Fig. 1B, lane 5), and
Triton X-100 supernates from cycle 1 and cycle 2 were
pooled (Fig. 1A, lane 1, or Fig. 1B, lane 6). A
comparison of Fig. 1A, lane 1, and Fig. 1B, lane 6, shows
that sucrose-banding eliminates a major contaminant at
70,000 daltons apparent molecular weight, presumably serum
albumin.

The efficiency of protein solubilization by
Triton X-100 was determined by various observations. A
visual inspection of Fig. 1A, lane 1, shows that two major
proteins were released into detergent supernates which are
identified as gp69/71 and p30 on the basis of their
electrophoretic mobility. Furthermore, we see that a

majority of the total virion protein was released by the
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first cycle of solubilization and significantly less
protein was released into the detergent supernate in the
second cycle of solubilization (compare lanes 3 and 5,
Fig. 1B, in which equal volumes of detergent supernate
were applied to the gel in order to compare the extraction
efficiencies). Since gp70 is the only major MuLV-encoded
glycoprotein detectable in virus prepag%ions by labeling
with [3H]—g1ucosamine (97) (unpublished observations), we
can use the specific activity of incorporated [3H]—
glucosamine as a specific marker to monitor the enrichment
of gp70 as it is purified from sucrose—gradient banded
virus (Table 1). 62% of the [3H]—gluéosamine labeled gp70
was solubilized into supernates after two cycles of
detergent solubilization. Furthermore, 1.4X enrichment of
gp70 was occurring here because only 43% of the totai
protein was released in these same two cycles of
solubilization.

3. Affinity Chromotography on Wheat Germ

Agglutinin

Detergent-solubilized gp70 was then purified
away from non-glycosylated virion proteins and
contaminants by affinity chromatography using the lectin,
wheat germ agglutinin (WGA), obtained from Triticum
vulgaris. WGCA specifically binds to the sugar, N-acetyl-D-
glucosamine (2), which is commonly found on the peripheral
region of complex oligosaccharides (section I, G) (100).

Binding of gp70 to the lectin was conducted batchwise at 0°C for
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Table 1

Purification® of Friend Murine Leukemia Virus gp70

Purification Proteinb [3H]--GlucosamineC Specific Factor

Step Acti- of En-
vity richment
mg. % Total cpm % Total cpm/mg

Detergent 22.30 100 907,000 100 40,700 1.0

suspension

Detergent 9.65 43 563,600 62 58,400 1.4

supernate

Lectin 051 2.3 209,400 23 407,400 105

eluant

Sephadex 0.29 1.3 82,000 g 282,800 i

peak fractions

The purification of gp70 from F-MuLV is descrbed in the
text and involves harvesting virus from Eveline cells by
sucrose-~gradient banding (method 1), generating a detergent
suspension by solubilizing virus in 0.25% Triton X-100,
pelleting suspended debris to obtain a soluble protein
detergent supernate, enriching for gylcoproteins by use of
the lectin, wheat germ agglutinin, and performing gel
filtration on Sephadex G-150.

bProtein was assayed by a modification of the method
of Schaffner and Weissman (196).

c[3H]—glucosamine was assayed by determining
trichloroacetic acid precipitable counts as described in
Materials and Methods. gp70 is the gnly protein in released
virion particles which incorporates ["H] -glucosamine during

ag 18 hr labeling period (97). Therefore incorporated

[ "H] ~glucosamine serves as a specific marker for gp70 during
its purification away from contaminating protein.
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hour. Then the agarose beads containing immobilized WGA
and adsorbed glycoproteins were transferred to a small
column, washed and specifically eluted with 0.2 M N-acetyl-
D-glucosamine as described in Materials and Methods
(section II, D2).

The use of WGA to purify gp70 resulted in
significant enrichment of gp70 away from p30 (see Fig. lA,
lane 3 or Fig. 1B, lanes 9 and 12). Furthermore, WGA
chromatography of gp70 effectively removed contaminating
serum albumin present in virus preparations that were not
sucrose-banded (compare lanes 8 and 9 or lanes 11 and 12,
Fig. 1B). When a second cycle of lectin adsorption was
conducted on the detergent supernate, more gp70 was
obtained (Fig. 1B, lane 12). However, the second cycle
yield of gp70 was less than 10% of the total yield,
indicating that the lectin had not been overloaded on the
first cycle.

To monitor the enrichment of gp70 directly
during the course of the affinity chromatography, Eveline
virus was double-labeled prior to harvesting with [3581-
methionine and [3H]—g1ucosamine. Sugar specific elution
(Figure 2) significantly increased the ratio of [3H]—
glucosamine to [358]—methionine above the ratio found in
the original detergent supernate. As shown in Table 1,
the total yield of gp70 recoveries, as measured by [3H]—
glucosamine, was 23% of the input radioactivity after WGA

purification. This gp70 yield is superior to a net yield
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Figure 2. Lectin Affinity Chromatography of
Detergent Solubilized gp70 on Wheat
Germ Agglutinin.

Eveline virus was harvested by the sucrose-gradient
banding method ,from Eveline cells tggt were double-
labeled with [“H]l-glycosamine and [~~S]-methionine
continuously for 18 hours as described in Materials
and Methods. The resulting virus was solubilized in
0.25% Triton X-100 and supernate containing soluble
proteins were collected by centrifugation as
described in Materials and Methods. Batchwise
adsorption of glycoproteins to agarose-immobilized
wheat germ agglutinin was conducted at 4°C for 1
hour, after which the agarose beads were transferred
to a small column, rinsed to remove unbound proteins
(seen running off at 0-10 mls effluent) and eluted
with 0.2 M N-acetylgg—glucosamine beginning at 18 mls
effluent volume. [~ ~S]-methionine (--[J--)
representg total viral and contaminating protein
whereas [ H]-glucosamine (---@---) labels only gp70
in virus preparations (97) (unpublished observation)
and therefore is a specific marker for gp70.
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of 12% for a previously reported purification protocol in
which the lectin, concanavalin-A, was used after sucrose-
gradient banding (198). Our enrichment in specific
activity from the starting virus preparation to the gp70
obtained after the WGA step is approximately 10 fold and
is comparable to the 11 fold enrichment previously
reported (198). These values of net enrichment suggest
that gp70 represents about 10% of the total virion
protein. |

4. Sephadex Chromatography of gp70

A final stage of purification designed to
remove gp70 from trace high molecular weight contaminants
and disulfide-bridged pl5(E) employed the use of gel
filtration chromatography on Sephadex G-150 in the
presence of reducing agents. Sugar—-eluted fractions from
the lectin column were pooled and concentrated to a
suitable sample volume by moisture adsorption with
Sephadex beads as described in Materials and Methods.

The concentrated sample is shown in Figure 1A, lane 4,
prior to loading onto the Sephadex column. This sample
appears identical to the initial sugar eluant (Lane 3)
indicating that degradation had not occurred during
concentration.

Fig. 3 shows the Sephadex G-150 elution
profile in which lectin-purified gp70 had been
chromatographed. Although a single peak of approximately

70,000 daltons molecular weight appears on the gel
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Figure 3. Gel Filtration of Lectin Eluant on
Sephadex G-150

[3H]-glucosamine labeled glucoproteins which were
specifically eluted from the lectin, wheat germ
agglutinin (Fig. 2) were prepared for gel filtration
by concentrating the sample volume and reducing the
disulfide bridge present between gp70 and pl5(E)
(97,105,106) by the addition of dithiothreitol to
make 10 mM as described in Materials and Methods.
This sample (1 ml) was then applied to a Sephadex G-
150 column (102 mls bed volume) equilibrated with 10
mM sodium phosphate (pH 6.5), 300 mM NaCl and 0.1 mM
PMSF and chromatographed at a flow rate of 0.25
ml/min as described in Materials and Methods. 1 ml
samples were collected and the contents monitored by
determining radiocactivity/fraction (Section II, M)
and by analysis with polyacrylamide gel
electrophoresis (Fig. 1A, lane 5).
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filtration profile, subsequent analysis using
polyacrylamide gel electrophoresis (Fig. 1A, lane 5)
reveals persistent minor contaminants and an unexplained
enrichment of the higher (71,000 dalton) species of the
gp69/71 doublet nofmally seen in Eveline cells (116).
Fuyrthermore, a poor yield and slight loss, rather than an
enrichment, of [3H]—glucosamine specific activityvin the
putative gp70 occurred at this stage of purification
(Table 1). Therefore, the use of gel filtration is not
recommended after successful WGA chromatography.

C. Evaluation of Purified F-MuLV gp70

As stated in the introduction to the
purification protocol, a primary use for gp70 was in a
biologically interacting receptor binding aséay. This
necessitates a pure and native preparation of gp70. The
electrophoretic analysis of WGA- purified gp70 shown in
Fig. 1A, lane 3 indicated a substantially homogeneous
preparation of the envelope glycoprotein doublet known as
gp69/71 in Eveline virus (116,200). Therefore, WGA-
purified gp70 was prepared for binding assays by

125I]—iodine using chloramine T as

iodination with [
described in Materials and Methods. Following standard
iodination procedures, free, unreacted iodine was then
separated from the labeled protein on a Sephadex G-25
desalting column. Fractions containing gamma emmissions

were then loaded onto polyacrylamide gels for

electrophoretic analysis (Figure 4). A single, iodinated
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Figure 4. Electrophoretic Analysis of [1251]—

Labeled gp70.

gp70 present in sugar specific eluants obtained from
wheat germ agglutlnln affinity chromatography
(conducted as shown in Fig. 2 and as descrlaag in
Materials and Methods) was iodonated with I}-
iodine using the Chloramine-T method as descrlbed in
Materials and Methods, section II, D4. After
iodonation, labeled sample was applied to a Sephadex
G-25 desalting column to separate taislodonated
proteins from the free, unreacted I]-iod ine
(184). Three sequential fractions contalnlng gamma-
emmitting substance in the run-off of the G-25 column
were diluted 1l:1 in electrophoresis sample buffer and
loaded directly onto 10% polyacrylamide slab gels for
analysis as described in Materials and Methods.
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protein of approximately 70,000 daltons apparent
molecular weight appears on our fluorograms. However,
repeated attempts to get specific binding as described on

susceptible cells (117) using this [125I]—1abeled gp70

were unsuccessful-(data not shown) suggesting that this
preparation of gp70 did not have sufficient biological
activity for native interaction with receptor.

We immunoprecipitated the [1251]—gp70
using anti-gp70 antiserum to investigate the possibility
that our gp70 preparation had lost biological activity.
After preclearing nonspecific immunoprecipitates>with
normal goat serum, 37% of the remaining radiocactivity
immunoprecipitated with anti-gp70 antiserum and 63% of
the radioactivity d4id not bind to the antiserum. A
second cycle of specific immunoprecipitation on the
unbound portion (i.e., 63%) vielded only 4% more anti-
gp70 binding activity. This indicates that most of the
immunologically reactive gp70 had adsorbed in the first
cycle. TheApositive cross—-reaction with anti-gp70
antiserum strongly suggests that the homogeneous band in
Figure 4 represents pure gp70. However, the inability of
antibody to bind a net 59% of the iocdinated protein
suggests that damage to native gp70 had occurred either
by oxidative damage of the chloramine- T catalysed

iodination (203) or by some manipulation in the

purification procedure.
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D. Discussion

The gp70 purification protocol presented here
improves previous methods because procedural steps have
been condensed and simplified, and yet continue to
maintain high yielés. To help minimize gp70 losses, the
conventional sucrose-gradient banding of virus has been
eliminated. We attribute gp70 losses at this stage to a
sensitivity of gp70 to the osmotic shock when suspending
virus in sucrose (124,183,198). Furthermore, gp70 yields
have been maximized because the viral proteins were then
solubilized from intact virus by using a Triton X-100
solution before lectin affinity chromatography.

Affinity chromatography with wheat germ agglutinin
(WGA) provides several advantages in the purification of
gp70. The unique oligosaccharide specificity of WGA
selectively removes gp70 from the contaminating serum
albumin (Fig. 1B, lanes 9 and 12). This circumvents the
problem of increased contamination that occurs when
sucrose banding is eliminated. Previous gp70
purifications using concanavalin-A yielded preparations
contaminated with glycosylated serum proteins (198) which
would require subsequent gel filtration. Thus, the use of
WGA also reduces the need for gel filtration.
Furthermore, the use of gel filtration after WGA affinity
chromatography does not further enrich our gp70

preparation (Table 1), but rather contributes to
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additional losses. Therefore, it should be possible to
eliminate gel filtration altogether since gp70 and pl5(E)
can be separated during the lectin purification stage on
the basis that pl5(E) is unglycosylated (204).

Our studies to evaluate the gp70 interaction
with cell surface receptor were not successful. Although
the electrophoretic homogeneity (Fig. 4) and thev
immunoprecipitation with anti-gp70 antiserum suggests that
our gp70 preparation is pure, the presence of 1arge.(59%)
amounts of gp70 which do not bind to specific antiserum
suggest that its antigenicity, and presumably its receptor
binding activity, have been damaged. Chloramine-T
iodinations may damage receptor binding activity by over-
iodination or by the strong oxidative environment which
the method provides (205). Solid-phase lactoperoxidase
catalysed-iodination may solve this problem because of the
milder, controlled oxidation reaction which
lactoperoxidase provides (203).

Other investigators are characterizing and
isolating the gp70 receptor more extensively. Numerous
reports on the tissue specifities, binding kinetics,
affinities and number of receptor molecules per cell for
different cell types have been published (117,128-133).
Furthermore, several laboratories have isolated gp70-
binding proteins from susceptible host cells during the

same recent period of time as our efforts described above
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(134-137). However, these putative receptors range in
molecular weight from 10,000 to 190,000 daltons per
monomeric (reduced) subunit which suggests that the gp70

receptor has not yet been unambigously identified.
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IV. MUTANT CELLS THAT ABNORMALLY PROCESS PLASMA MEMBRANE
GLYCOPROTEINS ENCODED BY MURINE LEUKEMIA VIRUS

A. General Introduction

Cells infected with replication-competent murine
leukemia viruses (MuLVs) contain two major virus-encoded
glycoproteins in their surface membranes: gp70 encoded by
the viral env gene, and gp93gég encoded by the viral gag
gene (45,78,80). gp70 performs important but poorly
understood functions in virus attachment to susceptible
cells and in virus interference (117). Furthermore, gp70
has been implicated in other important processes such as
differentiation of lymphocytes (118-121) and in
leukemogenesis (122,123). The functions of membranous gag
glycoproteins, however, are almost completely unknown.
Nevertheless, both of these membrane glycoproteins
interact with the host immune system (85) and therefore
are probably important in the host response to virus-
induced cancers.

We have begun to develop genetic techniques for
analyzing the plasma membrane components that are encoded
by MuLVs. An important element of our approach is the
immunoselection of infected cell mutants that lack virus-
encoded antigens on their surface membranes (171-173).
This technique involves the efficient killing of infected
cells with specific antisera in the presence of complement
and the isolation of immunoresistant subclones (section

II, I). In this chapter, we describe our methods for
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isolation and analysis of immunoselected mutants with
cellular defects that prevent gp70 and gp93g§g processing
into cellular plasma membranes. These analyses provide
evidence that MulVs may be able to bud efficiently through

membranes that lack any known MulV-encoded constituents.

B. General Properties of Immunoresistant Cell Lines

Cytotoxic immunoselection of MuLV infected
normal rat kidney (NRK) fibroblasts which antisera to
gp70, p30 or pl2 in the presence of complement has enabled
us to isolate stable resistant variants whichappear to
lack these antigens in their surface membranes (see
Materials and Methods, section II, I);\ As shown below,
the immunoresistant variants contain defects in cell-
encoded components that are required for processing the
virus glycoproteins into plasma membranes. In contrast,
immunoresistance of infected BALB/c fibroblasts was
relatively frequent and was caused by loss or decrease of
virus gene expression, perhaps by provirus elimination
(206) or by repression (207). These results suggest that
heritable loss of virus—-encoded antigens from plasma
membranes of infected cells can occur by several
mechanisms, which occur at different relative frequencies
in different cell lines. Furthermore, we have observed
that some cell lines are unsuitable for immunoselection by
our procedure. For example, infected NIH/3T3 fibroblasts
are killed inefficiently by antisera compared with many

other cell lines, and they are highly sensitive to
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nonspecific cytolysis and to loss of adherence caused by
complement. Consequently, the immunoselection procedure
could select these cells for a complex set of membrane
changes rather than simply for the absence of a target
viral antigen. Because such extraneous membrane
alterations could influence virus metabolism indirectly,
we decided not to use this cell line.

As would be expected of cellular mutants with
abnormalities of membrane synthesis, the immunoresistant
MuLV-infected NRK cells often have abnormal morphologies
and behaviors. Although the morphological alterations are
usually minor, approximately 5% of the immunoresistant
subclones have substantial anomalies. For example, the
cell line shown in Fig. 5A, which was selected using
antiserum to pl2 (cell line pl2-12), contains a large
proportion of giant cells with large pseudopodia and with
several nuclei of different sizes. Approximately 50% of
the nuclei in these cultures occurs in multinucleated
cells, These multinucleated cells seem to be formed by
failure of plasma membrane division at the time of
mitosis. Surprisingly similar cell lines were also
obtained by use of antiserum to p30 (cell line p30-12,
Fig. 5B). These morphologically abnormal cell lines lack
plasma membrane MuLV antigens but contain the MuLV-encoded

components intracellularly in normal amounts.
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Figure 5. Morphologically Abnormal MulV Infected
NRK Fibroblasts Obtained After
Immunoselection.

Cell line pl2-12 (Panel A) was immunoselected with
antisera directed against Rauscher-MuLV pl2. Cell
line p30-12 (Panel B) was immunoselected with
antisera directed against Rauscher-MuLV p30.
Immunoselection was conducted as described in
Materials and Methods (section II, I) with rabbit
complement and cytotoxic antisera directed against
the cell surface membrane glycoprotein, gp93

which contains both pl2 and p30 antigenic
determinants (45,78). Bar=60u,.
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C. A Mutant Resistant to Antiserum to gp70 Which

is Deficient in Cell Surface gp70 and gp93

The H-4 cell line was isolated as a clone from a
population of MulLV-infected NRK cells resistant to killing
with antiserum to gp70 (172). To analyze the synthesis
and processing of viral proteins, we pulse labeled the

cells with [35

S]-methionine and subsequently gave them a
cold chase with an excess of unlabeled methionine. At
intervals throughout this procedure, radiocactive gp70 and
p30 antigens were prepared for electrophoresis in
polyacrylamide gels containing SDS. Fig. 6 shows an

electrophoretic comparison of gp70 synthesis in wild-type

cells (lanes 1-5) to its synthesis in H-4 cells (lanes 6-

env

10). Although H-4 cells synthesize gPr90 , they do not
process this precursor to form gp70 or pl5(E).

The processing of proteins encoded by the viral
gag gene is also altered in H-4 cells, as shown in Fig. 7.
It is believed that the cytoplasmic polyprotein Pr65229 in
wild-type cells is cleaved to form p30 and other virion
internal core proteins and that this cleavage is often
inhibited as a secondary consequence of various
abnormalities of MuLV metabolism (72,76). Furthermore,
gPr80ggg is believed to occur in the endoplasmic reticulum
and to be further glycosylated to form gp933§g (46,47,79).
As shown in Fig. 7, the kinetics of pr65329 processing to

form p30 is reduced in H-4 cells (lanes 6-10) compared

with wild-type cells (lanes 1-5). 1In addition, the
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Figure 6. Pulse-Chase Analysis of Synthesis and
Processing of F-MulV env Gene Products
in Wild-Type F1l2 NRK and Immunoresistant
H-4 Cells.

Wild-type or anti-gp70 immunoresistant H-4 cells
were labelg at 50% confluency for either 5 or 15
min with [77S]-methionine (50 uCi/ml). After
labeling for 15 min, the appropriate flasks were
chased for 30 min, 2 or 4 hr using unlabeled
complete medium. At the end of the appropriate
chase interval, the flasks were drained, and lysates
were made and immunoprecipitated with antiserum to
gp70. The immunoprecipitates were electrophoresed
in 10-20% polyacrylamide gradient gels containing
0.1% SDS, and the bands were visualized by
flourography. The unlabeled bands are nonspecific
contaminants. Lanes 1-5 contain immunoprecipitates
from wild-type cells; lanes 6-~10 contain
immunoprecipitates from H-4 cells (1 and 6) 5 min
pulse, (2 and 7) 15 min pulse, (3 and 8) 30 min
chase, (4 and 9) 2 hr chase, (5 and 10) 4 hr chase.
"gPr90" is synonomous with gPr90—— discussed in the
text.
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Figure 7. Pulse-Chase Analysis of Synthesis and
Processing of F~MulV gag Gene Products
in Wild-Type F12 NRK and Immunoresisant
H-4 Cells.

Wild-type or anti-gp70 immunoresistant H-43gells
were labeled for either 5 or 15 min with [~~8]-
methionine (50 uCi/ml) at 50% confluency. After
labeling for 15 min, the appropriate flasks were
chased for 30 min, 2, or 4 hr using unlabeled
complete medium. At the end of the appropriate
chase interval, the flasks were drained, and lysates
were made and immunoprecipitated with antiserum to
p30. The immunoprecipitates were electrophoresed in
10-20% polyacrylamide gradient gels containing 0.1%
SDS, and the bands were visualized by flouroaraphy.
The unlabeled bands which migrate above gp93—-a-‘g are
nonspecific and precipitate also with normal goat
serum. Lanes 1-5 contain immunoprecipitates from
wild-type cells; lanes 6-10 contain
immunoprecipitates from H-4 cells (1 and 6) 5 min
pulse, (2 and 7) 15 min pulse, (3 and 8) 30 min
chase, (4 and 9) 2 hr chase, (5 and 10) 4 hr chase.
"Pr6>", "gPr80"_and "gp93" are synonomous with
Pr653§g, gPr809-ég and gp939§3 discussed in the text.
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gp93Sig that is made in H-4 cells appears to be
reproducibly chased away more rapidly than in wild-type
cells, Thus, from densitometric scans of exposed
autoradiograms (see Materials and Methods, section II, G),
we estimate that 82% of the radiocactivity in gp939iﬂ is
lost from H-4 cells during a 30 min cold chase, whereas
only 20% is lost from wild-type cells during this time.
Using an erythrocyte rosette assay (section II,
H2), we can detect gp70 (see below) and gag (Fig. 83)
antigens on the surfaces of MulV-infected wild-type cells.
The gag antigens can be rosetted using antisera to p30,
pl5 or pl2. However, pl0 cannot be detected, suggesting
that this portion of gp933§3 may be buried in the
membranes. Furthermore, as shown previously (178),
erythrocyte binding was always absent from control cell
monolayers which were routinely incubated with normal goat
serum instead of specific antisera. As expected, the
rosetting that occurs with antiserum to p30 (Fig. 8A) is
competitively blocked by adding 2 ug/ml of purified p30
(Fig. 8B). In contrast to these results, neither gag nor
gp70 antigens could be detected on the surface membranes
of H-4 cells either by rosetting (Fig. 8C and D) or with
cytotoxic antisera. 1In agreement with these results,

lactoperoxidase catalyzed cell surface iodinations with

125I

[ ]-iodine indicated that gp70 is present on wild-type

cells but is not detected on H-4 cells: However, the cell
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Figure 8. Erythrocyte Rosette Assay for Detection
of Virus-Coded Antigens on the Surface
of F12 NRK and H-4 Cells.

The binding of erythrocytes coated with protein A to
the fibroblast monolayers occurs only in the
presence of specific antibodies which react with
molecules on the fibroblast surface membranes.

Frame (A) shows F-MuLV infected normal rat kidney
fibroblasts (clone F-12) reacted with goat antibody
to p30. Frame (B) shows the same cells reacted with
goat antibody to p30 in the presence of 2 ug/ml of F-
MuLV p30 that had been purified by phosphocellulose
chromatography (124). The anti-gp70 immunoresistant
H-4 cells are shown reacted with goat antibody to
either gp70 (frame C) or to p30 (frame D). Bar =
60u.
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surface gag component encoded by Friend MulLV cannot be
labeled by the iodination procedure, suggesting that this
molecule may lack exposed tyrosines. These results
suggest that H-4 cells have plasma membranes deficient in
both gp70 and ggg'éntigens.

H-4 has a Cellular Encoded Defect. To determine

whether the defect in H-4 cells is encoded by a viral or
cellular gene, we fused the H-4 cells with normal
uninfected NRK cells and used the rosette assay to examine
the resulting heterokaryons for cell surface gp70
antigens. The control MuLV-infected NRK cells express
gp70 on both single and multinucleated cells (Fig. 9A);
single H-4 cells or NRK cells lack gp70, whereas their
heterokaryons contain cell surface gp70 antigens. Fig. 9B
shows a representative example of such a heterokaryon
which is rosetted in the presence of antiserum to gp70.
‘As expected, control fusion cultures made with either H-4
cells alone or NRK cells alone did not rosette with
antiserum to gp70 (data not shown). Thus the processing
defect in H-4 cells is complemented by a factor preéent in
uninfected NRK cells.

AMdditional evidence that H-4 cells have a
cellular gene-encoded defect was obtained by
superinfecting H-4 cells either with wild-type MulLV or
with a preparation of Friend virus complex which contains
MuLV plus spleen focus-forming virus (SFFV) in a 1l:2 ratio

(177) and examining the superinfected cells for gp70 (Fig.
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Figure 9. Complementation Rescue of Defective gp70
Processing in the H-4 Cells by Fusion
of H-4 Cells to Uninfected NRK Cells.

Cell Fusion induced by polyethylene glycol (section
II, J) was used to rescue by complementation the
cellular defect in gp70 processing. Frame (A) shows
wild-type MuLV-infected NRK fibroblasts (F12 NRK)
fused to themselves; frame (B) shows H-4 cells fused
to uninfected NRK cells. The surface expression of
gp70 antigens was detected by the rosette assay
(section II, H2) in which protein A coated
erythrocytes bind in the presence of anti-gp70
antiserum to cells expressing cell surface gp70.

Bar = 60u.
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10). As expected, the H-4 cells (lane 1) differ from the
wild-type cells (lane 2) in lacking gp70. Furthermore, H-
4 cells superinfected with MulV (lane 3) or with the
Friend virus complex (lane 4) also lack gp70. The

; which is encoded by SFFV (177,208},

(@)

synthesis of gp5
occurs in the H-4 cells superinfected with the Friend
virus complex, indicating that the superinfections were
successful and that wild-type gPrQOEEX cannot be processed

to gp70 in H-4 cells.

D. Mutuant Cell Lines Resistant to Antiserum

to p30

Two phenotypically distinct clones, p30-2 and
p30-5, were isolated from a population of MulLV-infected
NRK cells selected for resistance to killing during
prolonged exposure to antiserum to p30. Figure 11 shows
an electrophoretic analysis of [358]—methionine—labeled
gag gene products synthesized during a pulse-label and
cold-chase experiment in wild-type cells (lanes 1-5), in
pP30-2 cells (lanes 6-=10) and in p30-5 cells (lanes 11-15).
Although the mutanﬁ cell lines appear to process pr65929
to form p30 somewhat less rapidly than wild-type cells,
their striking abnormality is an absence of gp933§3, which
cannot be seen even in extensively overexposed
autoradiograms. In addition, these variant cell lines
contain relatively little gPr80gig (the gp933§g
precursor), either because of reduced synthesis or

enhanced degradation. Furthermore, the p30-2 cells
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Figure 10. Analysis of gp70-Related Proteins in the
MuLV-Infected Wild-Type and H-4 Variant

Cells After Superinfection

by Wild-Type

Friend or by the Friend Virus Complex.

Cells were pulse labled by incubation with [355]-

methionine for 2 hr. The lysates were

immunoprecipitated with monospecific antiserum to
gp70 and the immunoprecipitates were electrophoresed

in 10-20% polyacraylmide gradient gels
0.1% SDS. Immunoprecipitates analyzed
(lane 1) H-4 cells, (lane 2) wild-type
infected NRK fibroblasts, (lane 3) H-4
superinfected with F-MulLV and (lane 4)
superinfected as describedin Materials
(section II, C3) with a preparation of
complex contraining F-MulV plus spleen
virus (SFFV) in & ratioe of 1:2 (177).

containing
were from
F-MulLV

cells

H-4 cells

and Methods
Friend virus
focus forming
"gProg" is

synonomous with gPrQO—EX-discussed in the text.
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Figure 1ll. Pulse Chase Analysis of Synthesis and
Processing of F~MuLV gag Gene Procducts
in Wild-Type F12 NRK and in the Anti-p30
Immunoresistant Cell Lines, p30-2 and
p30-5.

Wild-type or anti-p30 immunoresistant3gells were
labeled for either 5 or 15 min with [~“S]-methionine
(50 uCi/ml) at 50% confluency. After pulse labeling
for 15 min, the appropriate flasks were chased for 30
min, 2, or 4 hr using unlabeled complete medium. At
the end of the appropriate chase interval, the flasks
were drained, and the lysates were made and
immunoprecipitated with antiserum to p30. The
immunoprecipitates were electrophoresed in 10-20%
polyacrylamide gradient gels containing 0.1% SDS, and
the bands were visualized by fluorography, The
unlabeled bands which migrate above gp93 9 are
nonspecific and precipitate also with normal goat
serum. Lanes 1-5 contain immunoprecipiates from the
wild-type cells; lanes 6-15 contain ,
immunoprecipitates from the anti-p30 resistant lines,
p30-2 (lanes 6-10) and p30-5 (lanes 11-15). (1, 6
and 11) 5 min pulse, (2, 7 and 12) 15 min pulse, (3,
8 and 13) 30 min chase, (4, 9 and 14) 2 hr chase, (5,
10 and 15) 4 hr chase. Lane 16 contains a normal
goat serum immunoprecipitate of wild-type cells pulse
labeled for 15 min. _"Pré65", "§E£80" and "5523" are
synonomous with Pr659ag, gPr80 29 and gp93 d
discussed in the text.
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contain a new component "X" which contains p30 antigens
(Fig. 11). 1In contrast, gp70 synthesis in p30-2 and p30-5
cells is indistinguishable from that described above for
wild-type cells (Fig. 6, lanes 1-5).

Rosette analysis supports the immunoresistance
results and indicates that p30-2 and p30-5 cells both lack
cell surface gag antigens (Figures 12A and 12C). Although
they both contain gp70 on their surface membranes, p30-2
cells rosette homogeneously (1l2B), whereas different cells
in the p30-5 cultures rosette to differing extents (12D).
Furthermore, 12 subclones of the p30-5 cell population
rosette with gp70 antiserum in this heterogeneous fashion.
Lactoperoxidase catalyzed iodination with [lzsI]-iodine
confirmed that these cell lines contain surface membrane

gp70.
Mutants p30-2 and p30-5 have Cellular Gene

Encoded Defects. Consistent with evidence described

below, p30-2 and p30-5 cells both release infectious MuLV.
Furthermore, wild-type NRK cells infected with MuLV
released from these cell lines synthesize gp93gég and
rosette with antiserum to p30 (data not shown). The wild-
type cells infected with virus released from p30-2 cells
do not synthesize the abnormal component "X" described
above. Thus the virus released from these cell lines

appears to be wild-type MulLV in all of its properties.
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Figure 12. Erythrocyte Rosette Assay for Detection
of Virus-Coded Antigens on the Surface
of p30-2 and p30-5 Cells.

The binding of erythrocytes coated with protein A to
the fibroblast monolayers occurs only in the presence
of specific antibodies which react with molecules on
the fibroblast surface membranes. Frames (A) and (B)
show the immunoresistant p30-2 cells reacted with
goat antibody to p30 or gp70, respectively. Frames
(C) and (D) show the immunoresistant p30-5 cells
reacted with goat antibody to p30 or gp70,
respectively. Bar = 60u.
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E. Release of Virus Particles from Mutants

Lacking Cell Surface gag or env Antigens.

Most of the mutant cell lines described in
section IV release particles containing reverse
transcriptase into their culture media (Table 2). These
cell lines include the H-4 cells that appear deficient in
surface membrane gp70 and gp93g§g, and the p30-2 and p30-5
cells that appear to lack gp939—ég but to contain gp70 on
their surfaces. However, the morphologically abnormal
cell lines shown in Fig. 5 do not release significant
amounts of virion particles containing reverse
transcriptase (Table 2). In addition, electron microscopy
(section II, L) indicated the presence of budding type-C
particles on the surfaces of H-4 and P30-2 cells (we did
not examine p30-5 cells), but not on the morphologically
abnormal pl2-12 cells. The virus released from H-4 cells
was noninfectious and lacks gp70, whereas that released
from p30-2 and p30-5 cells contains gp70 and was
infectious (see previous section). These conclusions were
substantiated by analyzing the radioactive particles that
banded in a sucrose density gradient at 1.13-1.17 g/cc and
that were released from wild-type and H-4 cells during <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>