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A library of recombinant bacteriophage was prepared from ts167 avian erythroblastosis virus-transformed
erythroid precursor cells (HD6), and integrated proviruses from three distinct genomic loci were isolated. A
subclone of one of these proviruses (pAEV1) was shown to confer temperature-sensitive release from
transformation of erythroid precursor cells in vitro. The predicted amino acid sequence of the v-erbB
polypeptide from the mutant had a single amino acid change when compared with the wild-type parental virus.
When the wild-type amino acid was introduced into the temperature-sensitive avian erythroblastosis virus
provirus in pAEV1, all erythroid clones produced in vitro were phenotypically wild type. The mutation is a
change from a histidine to an aspartic acid in the temperature-sensitive v-erbB polypeptide. It is located in the
center of the tyrosine-specific protein kinase domain and corresponds to amino acid position 826 of the human
epidermal growth factor receptor sequence.

Avian erythroblastosis virus (AEV) is a replication-
defective retrovirus which causes fibrosarcomas and (pre-
dominantly) rapid erythroblastosis in vivo in newborn chicks
and is capable of transforming both fibroblasts and erythroid
precursor cells in vitro (17). The ES4 strain of AEV is
unusual, however, in that it has transduced parts of two
unlinked cellular loci as integral components of the viral
genome; these have been termed v-erbA and v-erbB (1, 35).
v-erbA is a fusion polypeptide containing gag sequences and
is synthesized from genomic RNA, whereas v-erbB is trans-
lated from a spliced subgenomic mRNA (21, 22, 29, 31).

Deletion studies have demonstrated that v-erbA is dis-
pensable for transformation in vitro, whereas v-erbB expres-
sion is absolutely required (12, 33, 34). An adjunct to the
argument that v-erbB is sufficient for in vitro transformation
was provided by analysis of a new isolate of AEV (termed
AEV-H), which has acquired only a transduced v-erbB gene
and which is different (in several portions of the predicted
polypeptide sequence) from the erbB protein in AEV-ES4
(44, 45). The v-erbB gene of AEV-ES4 encodes a 61-
kilodalton polypeptide which is glycosylated and
phosphorylated to generate a series of precursor glycopro-
teins, gp62.5, gp66, and gp68 (20). The intermediate gp68 is
further glycosylated to form a mature gp74 whose localiza-
tion to the plasma membrane is required for cell transforma-
tion (4).
The amino acid sequence of v-erbB as deduced from the

DNA sequence has extensive homology with the receptor
for human epidermal growth factor (EGF) (9) and is related
to the src family of oncogenes (44) which contain tyrosine-
specific protein kinase activity (30). Recently, tyrosine-
specific kinase activity for the erbB protein has been dem-
onstrated in vitro and in vivo (13, 23).
To date, five conditional mutants have been isolated which

allow temperature-sensitive release from the AEV-induced
self-renewal of erythroid precursors that leads to a partial
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block in differentiation (15, 27). The two of these mutants
which have been studied in the greatest detail are designated
ts34 and ts167, both originally isolated from mutagenized
cells which were infected with AEV-ES4 (15, 27). Phenotyp-
ically, the two temperature-sensitive mutants differ slightly
in that ts167 appears to allow a greater proportion of the
thermally released CFU-E precursor erythroid cells to
progress to maturity (27).
Our interest in erythroid cell development led us to

undertake the present study, which was designed to reveal
the nature of the lesion(s) which confers the temperature
sensitivity to ts167 AEV-transformed erythrocyte precursor
cells. Our aim was to identify the thermosensitive lesion(s) in
the hope that analysis of such mutants might shed light on
the mechanism by which the erb gene products are able to
restrict the further development of erythroid cells. At the
same time, we anticipated that an analysis of how this lesion
affected the transforming potential of the transduced viral
oncogene might also provide further insight into the question
of why this truncated receptor for the EGF (9) induces the
self-renewal of erythroid cells at a particular stage of devel-
opment.

MATERIALS AND METHODS

Cells and cell lines. Chicken embryo fibroblasts (CEF) were
prepared from 10- to 11-day-old embryos purchased from
SPAFAS, Inc. (Norwich, Conn.) by the procedure of Vogt
(43) and were propagated in growth medium consisting of
Dulbecco modified Eagle medium, 10% tryptose phosphate
broth, 5% calf serum, and 1% heat-inactivated chicken serum
(GIBCO Laboratories, Grand Island, N.Y.). Normal bone
marrow cells were prepared from 1- to 3-week-old SPAFAS
chicks as described by Graf (14), and mature erythrocytes
were removed with lymphocyte separation medium
(Histopaque; density, 1.077; Sigma Chemical Co., St. Louis,
Mo.) as previously described (5). A continuous cell line (HD6)
transformed with ts167 AEV and erythroblast clones
transformed with various molecular clones of AEV were
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grown in a nutrient medium (EBM+H) consisting of
Dulbecco modified Eagle medium, 8% fetal bovine serum, 2%
heat-inactivated chicken serum, 10 mM HEPES (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH 7.3),
and 5 x 10-5 M thioglycerol.
Genomic blotting. High-molecular-weight DNA from HD6

cells and normal chicken erythrocytes was prepared as
previously described (10). After digestion with restriction
enzymes, DNA (2.5 ,ug per lane) was subjected to electro-
phoresis on a 0.8% agarose gel and then blotted to nitrocel-
lulose (10, 38).

Construction and screening of HD6/XEMBL3 library. The
genomic DNA library of HD6 DNA was constructed accord-
ing to published procedures (11, 24). High-molecular-weight
DNA of HD6 cells was prepared and partially digested with
MboI. Fragments of 20 to 22 kilobases (kb) were purified on
10 to 40% sucrose density gradients. Bacteriophage
XEMBL3 (11) DNA was double digested with BamHI and
EcoRI after ligation of the cohesive ends. To reduce the
background from internal fragment religation, oligonucleo-
tides produced by digestion of the BamHI-EcoRI linker
sequence were removed by differential precipitation (11)
from the DNA containing the essential genes for A replica-
tion and the internal nonessential fragments to be replaced
by inserted HD6 DNA. After dephosphorylation of the
XEMBL3 BamHI ends (by treatment with calf intestine
alkaline phosphatase), 3.75 jig of 20- to 22-kilobase-pair
(kbp) HD6 DNA was ligated to 7.5 p.g of XEMBL3 arms. The
ligation mixture was directly packaged in vitro with extracts
prepared as previously described (7, 25) followed by a CsCl
step gradient (1.7, 1.5, and 1.45 g of CsCl per ml in 0.1 M
NaCl-0.05 M Tris hydrochloride [pH 7.51-0.001 M MgCl2) to
remove unreacted components of the packaging extracts
which are toxic to host-cell growth. The titer of the library
was 5 x 106 PFU, and the unamplified library was used
directly for screening on host strain Escherichia coli 803
supF. Approximately 5 x 105 PFU were screened by plaque
hybridization (2), using a nick-translated 0.5-kbp BamHI-
EcoRI fragment of v-erbB and a 0.45-kbp PstI fragment of
v-erbA (42) as a mixed probe in the hybridization reaction.
The positive plaques were picked and subjected to second-
ary and tertiary screening with separate probes for v-erbA,
v-erbB, and pRAVlOR (see below). Phage DNA was pre-
pared and purified according to published procedures (24).
DNA sequencing and construction of reciprocal mutants.

The plasmid containing temperature-sensitive AEV
provirus, pAEV1, was constructed by ligation of a 7.7-kb
HindIll fragment (from XAEV6a) to pAT153 DNA which
had been cleaved at the HindIII site (39). The plasmid
pAEV11-3 (described by Sealy et al. [34]) was used as the
molecular clone representative of wild-type AEV-ES4. All
plasmids were propagated in E. coli MC1061 and prepared
by alkaline lysis and polyethylene glycol precipitation meth-
ods described in published procedures (6, 24).
The DNA sequence of the v-erbB region of pAEV1 was

determined by the chemical cleavage method of Maxam and
Gilbert (26) as modified by Smith and Calvo (36) and
compared with the sequence of same region of pAEV11-3
(J. M. Bishop, unpublished observations).
The reciprocal mutants between pAEV1 (temperature

sensitive) and pAEV11-3 (wild type) were prepared by
exchange of a 558-base-pair (bp) BamHI fragment from the
v-erbB region of the two viruses. To simplify the construc-
tion, a 2.2-kbp SalI-EcoRI fragment containing parts of both
erbA and erbB from pAEV1 and pAEV11-3 was individually
subcloned into pBR322 digested with Sall and EcoRI. After

exchanging the 558-bp BamHI fragments in each of the two
intermediate recombinants, the temperature-sensitive
2.2-kbp SalI-EcoRI fragment containing the wild-type
BamHI fragment was isolated and ligated into pAEV1 which
had been digested to completion with SalI and partially with
EcoRI. The reciprocal mutant was prepared in the same
manner. Both mutants were confirmed by restriction enzyme
mapping and by DNA sequencing of the exchanged regions.

Transfection of CEF. Secondary CEF were plated 24 h
before transfection, and a 50 to 70% confluent monolayer
was refed with fresh medium 4 h before the addition of the
DNA precipitate. Transfections were performed essentially
by the method of Graham and van der Eb (19) as modified by
Parker and Stark (28). A solution containing 10 parts of AEV
plasmid DNA and 1 part of pRAVlOR (a generous gift from
H. J. Kung) Rous-associated virus-1 (RAV1) helper virus
DNA (final total DNA concentration, 20 ,u.g/ml) was adjusted
to 250 mM CaCl2 and added slowly to an equal volume 2x
HBS (280 mM NaCl, 50 mM HEPES, 1.5 mM Na2HPO4, pH
7.13) with constant agitation. The mixture was allowed to
form a fine visible precipitate for 30 min at room tempera-
ture, and then 0.5 ml of this DNA-CaPO4 precipitate was
added directly to 5 ml of medium in a 60-mm culture plate.

After 4 h of incubation at 37°C, the medium containing the
CaPO4-DNA precipitate was aspirated, and cell monolayers
were treated with 2 ml of 15% glycerol in HBS for 3 min at
room temperature, washed twice with medium (without
serum), and then overlaid with complete growth medium.
Cells were passaged three times (1:4 split) before assay for
reverse transcriptase or AEV-specific RNA by dot hybrid-
ization. For focus assays (see below), second and third
passage-transfected cells were plated under soft agar.
Dot hybridization. For viral RNA isolation, virions in

culture supernatant were pelleted by centrifugation at 40
krpm in an SW50.1 rotor at 4°C for 1 h after removal of cell
debris by low-speed centrifugation (7,000 x g) for 10 min.
Virus pellets were suspended in 300 RI of 20 mM Tris
hydrochloride (pH 7.4)-0.1 M NaCl-10 mM EDTA contain-
ing 0.5 mg of freshly prepared proteinase K per ml and 0.5%
sodium dodecyl sulfate, and S ,ug of carrier RNA was added.
The mixture was incubated at 37°C for 1 h, and RNA was
extracted twice with neutral phenol-CHCl3-isoamyl alcohol
(25:24:1) and once with chloroform, followed by ethanol
precipitation. The RNA pellet was dissolved in 200 ,ul of 6x
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-7.4% formaldehyde and then denatured at 63°C for 5
min; the solution was then filtered through a dot-blot appa-
ratus (Schleicher & Schuell, Inc., Keene, N.H.) onto a
nitrocellulose filter which had been presoaked in 20x SSC.
Each sample well was then rinsed with 400 ,ul of 6x SSC.
The nitrocellulose filter was then baked in a vacuum oven at
80°C for 2 h, followed by prehybridization, hybridization,
and washing under previously described conditions (6). The
nick-translated v-erbB probe containing the 0.5-kbp BamHI-
EcoRI fragment (described above) was used to detect AEV
viral sequences. RAV1 RNA was also prepared and used as
a negative control, while HD6 culture supernatant served as
the positive control.

Clonal cell propagation. Focus assays were performed as
described previously (16). CEF foci were picked into 24-well
dishes and grown in either EBM+H or growth medium.
Bone marrow cells were infected with virus from culture

supernatants of transformed CEF and seeded in semisolid
medium containing methylcellulose as previously described
(18). Erythroid colonies were picked from methylcellulose
into 24-well dishes after 8 to 10 days of incubation at 37°C.
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These cells were grown in EBM+H for 5 to 10 days at 37°C
and then tested for inducibility of differentiation by temper-
ature shift to 42°C as described previously (3). Hemoglobin
production was monitored as the assay for terminal
erythroid differentiation by acid and neutral benzidine stain-
ing (3, 27).

Miscellaneous. Restriction enzyme maps of phage were
determined by gel electrophoresis of single and double
digests of phage DNA and by hybridization of double blots
to v-erbA and v-erbB probes (7, 24). For detailed maps of the
subclone pAEV1, the technique of Smith and Birnsteil (37)
was employed. 32P-labeled probes were prepared by nick
translation of fragments excised from plasmids: a 0.45-kbp
PstI fragment for the v-erbA probe and a 0.5-kbp BamHI-
EcoRI fragment for the v-erbB probe (described above).
Reverse transcriptase activities in virions were measured
with a synthetic template by the method of Sealy et al. (34).

RESULTS

Analysis of integrated proviruses in HD6 cells. An initial
decision was made to employ HD6 cells as the source of
DNA for cloning integrated Ws67 AEV provirus. HD6 is a
transformed erythroid precursor cell line which has been
established from bone marrow cells initially infected with
ts167 AEV and RAV2 as a helper virus (5). HD6 cells shed
active ts167 AEV virus particles, and this supernatant virus
has been shown to confer conditional erythroblast-
transforming activity on freshly infected bone marrow cells
in vitro (see below).
To determine the number of provirus copies which inte-

grated into the host chromosome in HD6 cells, genomic
DNA was prepared from cultured HD6 cells and from
normal chicken erythrocytes by standard procedures (10)
and analyzed by Southern blotting (38) with a nick-translated
v-erbB fragment as a probe. The restriction enzyme frag-
ments hybridizing to the v-erbB probe in normal chicken
erythrocyte DNA were those expected from hybridization to
the c-erbB locus (41) (Fig. 1). Additional bands in lanes
containing digested HD6 DNA imply that there exist three
different cellular loci for provirus integration, although it is
not clear whether the provirus integrated into three separate
loci in a homogeneous cell population or whether proviruses
integrated into one or more loci in a heterogeneous popula-
tion of cells (see Discussion).

Molecular cloning of integrated copies of ts167 AEV
provirus. Since it has been shown that virus recovered from
HD6 cells confer temperature sensitivity to erythroid cell
transformation (5; and therefore that at least one of these loci
must harbor a temperature-sensitive provirus) we prepared a
genomic recombinant DNA library of HD6 DNA which had
been partially digested with MboI in the vector XEMBL3
(11) and screened the bacteriophage library (without ampli-
fication) with nick-translated v-erbA and v-erbB probes (2,
7). A total of 37 recombinants reacted with this mixed probe
on primary screening; on further analysis with separate
v-erbA and v-erbB probes, 11 of the 37 recombinants which
showed positive hybridization response to both probes were
identified as integrated AEV provirus clones. The rest of the
recombinants were subsequently identified as either c-erbA
or c-erbB coding regions by comparison of these recombi-
nants to those already isolated and described (41; 0. Choi
and J. D. Engel, unpublished observations).
Abbreviated restriction enzyme maps of 10 of the inte-

grated provirus recombinants are shown in Fig. 2. As
expected from the genomic blotting analysis (Fig. 1), the
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FIG. 1. erbB homologous sequences in normal chick erythro-
cytes and in ts167 AEV-transformed erythroid cell line HD6.
Genomic erythrocyte and HD6 DNAs were isolated as previously
described (10). A 2.5-,ug portion of each DNA sample was digested
with HindIII (lanes A and C), HindlIl and Sall (lanes B and D), or
EcoRI (lanes E and F), electrophoresed on a neutral 0.8% agarose
gel, and blotted to nitrocellulose as described previously (10, 38). A
subclone containing a 0.5-kbp BamHI-EcoRI fragment of the v-erbB
gene from wild-type AEV-ES4 was nick translated and hybridized to
a nitrocellulose filter which was then exposed for autoradiography.
The bands visualized in the chick erythrocyte DNA (lanes A, B, and
E) correspond to those from c-erbB coding sequences (41). The
additional bands visualized in the lanes containing HD6 DNA (lanes
C, D, and F) are due to hybridization to homologous AEV v-erbB
sequences contained within the proviruses integrated into the HD6
cell line (see Fig. 2). Numbers in the gel define loci.

recombinants containing both v-erbA and v-erbB comple-
mentary sequences can be divided into three different group-
ings based on the restriction enzyme patterns of flanking
cellular sequences. Each of these three separate loci con-
tained either all or part of a proviral copy of AEV, and the
restriction fragments of cellular flanking sequences of indi-
vidual groups did not cross-hybridize with one another (data
not shown). The loci were arbitrarily numbered; the groups
numbered 1, 2, and 3 in Fig. 2 were shown to be derived from
the loci labeled 1, 2, and 3 in genomic HD6 DNA (Fig. 1) by
comparison of restriction enzyme digest patterns (data not
shown).
The provirus locus 1 (in Fig. 1 and 2) was chosen as the

first possible locus for harboring active temperature-
sensitive AEV because of the relatively greater intensity of
the genomic DNA band which hybridized to the v-erbB
probe (Fig. 1). The 7.7-kb HindlIl fragment containing an
entire provirus copy ofAEV from recombinant XAEV6a was
subcloned into the plasmid pAT153 at the HindIII site and is
subsequently referred to as pAEV1. A detailed restriction
enzyme map of this plasmid is shown in Fig. 3.

Phenotype of cells transformed by provirus in pAEV1. To
determine whether the virus from the cloned DNA in pAEV1
is temperature sensitive for erythroblast transformation,
DNA transfection was employed to recover active virus
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FIG. 2. Provirus recombinants isolated from HD6 cells. Recombinants hybridizing to both v-erbA and v-erbB probes were mapped with
Sall and EcoRI. The restriction maps overlap in three separate groups, thus identifying three separate loci of viral integration in HD6 cells.
Symbols: A, SalI linker in XEMBL3; A, Sall; I , EcoRI. Recombinants were mapped as previously described (7). The position of the provirus
is displayed as a box containing both a single Sall and EcoRI site.

particles, followed by analysis of the thermal inducibility and
differentiation capacity of erythroid precursor cells trans-
formed with the recovered virus.
To obtain infectious replication-defective AEV, CEF were

transfected with DNA employing a cotransfection procedure
adding cloned RAV1 DNA as a helper virus. This helper
(pRAV1OR) has been used successfully in previous studies
to recover replication-defective AEV (42). We transfected
secondary CEF with 10 parts of pAEV1 DNA to 1 part of
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pRAVlOR DNA (containing a single copy of the RAV1
helper virus) by modification of the CaPO4 coprecipitation
method (19, 28). Virus production was monitored by assay
for reverse transcriptase activity within gently lysed virions
(34). The abundance of AEV-specific genomic sequences in
supernatants from the transfected CEF was assayed by
dot-blot hybridization with radiolabeled v-erbB as probe.
The levels of reverse transcriptase activity recovered from
CEF supernatants were the same when comparing pAEV1-
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FIG. 3. Restriction enzyme map of pAEV1. (A) Recombinant XAEV6a was digested with Hindlll; a 7.7-kb fragment containing the entire

provirus and cellular flanking sequences was subcloned into the HindIll site of pAT153 (B; 39). The restriction maps shown in panels B and
D were resolved by conventional double-digest (24) and end-labeled partial digest (37) restriction endonuclease methods. Letters in lines A
and B correspond to restriction endonuclease sites for BamHI (B), PstI (P), XhoI (X), Sall (S), EcoRI (E), and Hindlll (H3). D and A in line
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pRAVlOR cotransfected cultures to pRAVlOR transfection
supernatants alone. Virion RNA hybridizing to erbB probe
was obtained only from the supernatants of cultures
transfected with both pAEV1 and pRAVlOR (data not
shown).
As a biological assay for the transforming activity of the

virus and as a procedure for the cloning of transformed cells,
we employed a standard focus assay (16). Transfected cells
were passaged two or three times and then overlaid with soft
agar; after 10 to 14 days of incubation, typical (diffuse) AEV
foci were scored and picked into 24-well dishes containing
0.5 ml of EBM+H (Materials and Methods). An average of
two to three foci were obtained per 60-mm dish. Individual
foci were expanded to confluency in 100-mm dishes, and the
culture supernatant of these cloned foci was examined for
the presence of high-titer AEV by dot hybridization analysis.
The hybridization signal intensity from the culture superna-
tant of individual expanded foci was usually about 100-fold
stronger than the signal intensity from mass culture super-
natants of transfected cells.
To determine whether the recovered virus was tempera-

ture sensitive for erythroid cell transformation, bone marrow
cells were infected in vitro with supernatant virus from
expanded foci of CEF and then seeded in methylcellulose at
a density of 1 x 106 to 2 x 106 bone marrow cells per ml (5).
Resulting erythroid colonies were picked 8 to 10 days later,
and individual colonies were then grown in 0.5 ml of
EMB+H after seeding into a 24-well dish. Individual
erythroid precursor cell clones were then tested for the
induction to maturity by determining the proportion of cells
expressing hemoglobin as analyzed by acid benzidine stain-
ing (3, 27). By this assay, the virus contained in pAEV1 was
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FIG. 4. Histographic representation of benzidine-stained

erythroblasts at 37 and 42°C. Individual erythroblast clones obtained
after infection of bone marrow cells with AEV supernatants from
transfected CEF were incubated at permissive (37°C) and restrictive
(42°C) temperatures for 3 days as described in the text and then
stained for hemoglobin with acid benzidine (3, 27). (A) The data for
erythroblast clones infected with virus recovered from pAEV1
transfection, the provirus recombinant which is representative of
locus 1 (Fig. 1 to 3); (B) the data for cells infected with pAEV1 virus
containing the 558-bp BamHI fragment in the v-erbB gene substi-
tuted from pAEV11-3; (C) the data for pAEV11-3 virus-transfected
erythroblasts in which the provirus has now been modified by
replacement of the 558-bp BamHI fragment in v-erbB with the
homologous fragment from pAEV1. t indicates clones which died
after incubation at 42°C for 3 days.

shown to be temperature sensitive for erythroid transforma-
tion (Fig. 4). Therefore, we assume that pAEV1 harbors an
active, integrated proviral form of ts167 AEV.

Nature of the temperature-sensitive lesion in ts167 AEV.
The product of the v-erbB gene has been identified as the
transforming protein of AEV by analysis of v-erbA and
v-erbB deletion mutants (12, 33, 34). Furthermore, in studies
with ts34 and ts167 AEV, it has been observed that cell
surface expression of the glycoprotein encoded by the
v-erbB gene is required for transformation of cells (4, 20) but
that correct carbohydrate processing of this glycoprotein is
not required for subcellular localization or transformation of
cells (32). These results taken together suggested that the
lesion conferring the conditional transforming activity of
v-erbB might be exhibited as a thermally inducible
conformational change which affects the transport of v-erbB
to the cell surface, an enzyme activity, or another property
of the v-erbB protein (or some combination of these factors).
To determine the mutation(s) responsible for the tempera-
ture sensitive lesion, we sequenced the v-erbB gene of the
cloned temperature-sensitive AEV locus in pAEV1.
The nucleotide sequence of temperature-sensitive v-erbB

shows five nucleotide changes but only a single predicted
amino acid sequence change in the entire peptide (see the
legend to Fig. 5); this mutation occurs in the tyrosine-
specific protein kinase region (30) when compared with the
sequence of wild-type AEV-ES4 (Fig. 5). This nonconserva-
tive amino acid change in v-erbB is a histidine in the
wild-type erbB gene product which has been changed to an
aspartic acid residue in pAEV1 at amino acid 826 (numbered
relative to the predicted human EGF receptor protein se-
quence; 40).
Temperature sensitivity of erythroid cells infected with

reciprocal virus mutants. To determine whether the identified
lesion of v-erbB protein was both necessary and sufficient for
the conditional transforming activity of ts167 AEV, we
constructed two reciprocal substitution mutants between
temperature-sensitive AEV (pAEV1) and wild-type AEV-
ES4 (pAEV11-3) (Fig. 6). Transfection, infection, and assay
of transformed erythroblast clones for conditional differen-
tiation were performed as described above.

Figure 4B shows that the erythroblasts transformed with
an in vitro reconstructed temperature-sensitive provirus
with the wild-type 558-bp BamHI fragment (containing the
histidine) display a phenotype indistinguishable from wild-
type AEV-transformed erythroblasts. In contrast, the wild-
type virus containing a substituted BamHI fragment from
pAEV1 (with an aspartate at position 826) displays an
unusual temperature-sensitive phenotype. The yield of virus
from transfection experiments was consistently lower than
that of the temperature-sensitive AEV provirus containing
the wild-type BamHI fragment recombinant virus. Thus,
infection of bone marrow cells with wild-type AEV contain-
ing the temperature-sensitive BamHI fragment construction
gave rise to a total of only five transformed erythroblast
colonies, whereas 24 random colonies from several hundred
were picked for testing from the temperature-sensitive AEV
containing the wild-type BamHI fragment virus. These
former clones (wild-type AEV containing the temperature-
sensitive BamHI fragment transformants) underwent spon-
taneous differentiation, and about 50% of the cells from
these erythroblast clones showed hemoglobin expression
without thermal induction (Fig. 4C). Only one clone of the
five showed a substantive increase in the number of benzi-
dine-positive cells after temperature shift to 42°C (Fig. 4C;
two clones died during the incubation).
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SA
I

1 TTTATCCTGAAGTGTAAGGAAAGTAAGGAAATCATAGATTAGTTGTTTCTTTCCTTTTTGCAGGGCCCAGACCACTGC 78
557 560 570 580

79 ATGAAGTGTGCTCATTTTATAGATGGTCCCCACTGTGTGAAGGCCTGCCCCGCTGGGGTCCTGGGTGAGAATGATACCCTGGTCTGG 165
MetLysCysAlaHisPhelIeAspGlyProHisCysValLysAlaCysProAlaGlWalLeuGlyGluAsnAspThrLeuValTrp

590 600 610
166 AAGTATGCAGATGCCAATGCTGTTTGCCAGCTCTGCCATCCAAACTGTACACGAGGGTGCAAGGGACCAGGTCTTGAAGGATGCCCA 252

LysTyrAlaAspAlaAsnAlaValCysGlnLeuCysHisProAsnCysThrArgGlyCysLysGlyProGlyLeuGluGlyCysPro
620 630 640

253 AATGGCTCCAAAACTCCATCTATCGCGGCTGGTGTTGTCGGAGGACTCCTGTGCCTGGTTGTGGTTGGTCTAGGCATCGGTCTTTAC 339
AsnGlySerLysThrProSerIleAlaAlaGlyValValGlyGlyLeuLeuCysLeuValValValGlyLeuGlyIleGlyLeuTyr

650 660 670
340 CTGCGGCGACGCCATATCGTGCGGAAGCGCACCCTGCGCAGGCTGCTGCAAGAGAGGGAGCTTGTCGAACCACTGACACCCAGTGGG 426

LeuArgArgArgHisIleValArgLysArgThrLeuArgArgLeuLeuGlnGluArgGluLeuValGluProLeuThrProSerGly
680 690 7:/-

427 GAGGCACCAAACCAAGCCCACCTGAGAATTTTAAAGGAAACAGAATTTAAAAAGGTCA TTTTGGGCTTTGGAGCTTTTGGCACT 513
GluAlaProAsnGlnAlaHisLeuArgIleLeuLysGluThrGluPheLysLysValLy alleuGlyPheGlyAlaPheGlyThr

514 GTTTATAAGGGACTTTGGATCCCAGAAGGGGAAAAGGTTACAATTCCTGTTGCTATTAAAGAATTGAGAGAGGCTACATCGCCAAAA 600
ValTyrLysGlyLeuTrpIleProGluGlyGluGlyValThrIleProValAlalleLysGluLeuArgGluAlaThrSerProLys

740 750
601 GCCAACAAGGAAATACTTGATGAAGCCTATGTGATGGCTAGTGTTGACAATCCTCATGTGTGCCGCTTGCTGGGAATCTGCCTCACT 687

AlaAsnLysGluIleLeuAspGluAlaTyrValMetAlaSerValAspAsnProHisValCysArgLeuLeuGlyIleCysLeuThr
760 770 780

688 TCCACTGTGCAGCTCATCACCCAGCTTATGCCTTATGGCTGCCTCCTTGACTACATCCGAGAGCACAAGGACAACATTGGCTCCCAG 774
SerThrValGlnLeuIleThrGlnLeuMetProTyrGlyCysLeuIbeuAspTyrIleArgGluHisLysAspAsnIleGlySerGln

790 800 810
775 TACCTTCTCAACTGGTGTGTGCAGATTGCAAAGGGAATGAACTACCTGGAGGAACGTCACATGGTGCACCGTGACCTTGCTGCCAGG 861

TyrLeuLeuAsnTrpCysValGlnlleAlaLysGlyMetAsnTyrLeuGluGluArgHisLeuValHisArgAspLeuAlaAlaArg
820 . 830 840

862 AACGTCCTTGTTAAGACTCCAC A TGAAAATCACAGACTTTGGGCTGGCAAAGCAGCTTGGGGCAGATGAGAAGGAGTATCAC 948
AsnValLeuValLysThrProGl sjValLysIleThrAspPheGlyLeuAlaLysG1nLeuGlyAlaAspGluLysGIuTyrHis

850 860 870
949 GCAGAGGGAGGCAAGGTTCCTATTAAATGGATGGCATTGGAGTCAATTTTACACCGAATTTATACTCATCAAAGTGATGTCTGGAGT 1035

AlaGluGlyGlyLysValProIleLysTrpMetAlaLeuGluSerlIeLeuHisArgIleTyrThrHisGlnSerAspValTrpSer
880 890 900

1036 TATGGTGTGACAGTTTGGGAGTTGATGACATTTGGGTCCAAGCCTTATGACGGGATCCCCGCAAGTGAAATCTCCTCCGTCTTGGAG 1122
TyrGlyValThrValTrpGluLeuMetThrPheGlySerLysProTyrAspGlylleProAlaSerGluIleSerSerValLeuGlu

910 920 930
1123 AAGGGAGAGCGTTTGCCCCAGCCACCCATTTGTACCATTGATGTGTACATGATCATGGTCAAATGCTGGATGAGTGATGCAGACAGC 1209

LysGlyGluArgLeuProGInProProIleCysThrlIeAspValTyrMe-tIleMetValLysCysTrpMetSerAspAlaAspSer

1210 CGCCCCAAGTTTCGTGACC TTGCAGAGTTCTCCAAAATGGCTCGTGACCCTCCCCGCTATCTTGTTATACAGGGAGATGAAAGG 1296
ArgProLysPheArgGluLe IleAlaGluPheSerLysMetAlaArgAspProProArgTyrLeuValIleGlnGlyAspGluArg

1297 ATGCACTTGCCTAGCCCTACAGA TCCAAGTTTTATCGCACCCTGATGGAGGAGGAGGACATGGAAGACATTGTGGATGCAGATGAG 1383
MetHisLeuProSerProThrAspSerLysPheTyrArgThrLeuMetGluGluGluAspMetGluAspIleValAspAlaAspGlu

1000 1010 1020
1384 TATCTTGTCCCACACCAAGGTTTTTTCAACAGCCCCTCTACATCTCGGACTCCTCTTCTGAGTTCATTGAGCGCTACTAGCAACAAT 1470

TyrLeuValProHisGlnGlyPhePheAsnSerProSerThrSerArgThrProLeuLeuSerSerLeuSerAlaThrSerAsnAsn
1030 1036

1471 TCGGCTACAAACTGCATTGACAGAAATGGGGGGCACCCTGTGAGGGAAGACGGCTTCCTGCCTGCTCCAGAGTATGTAAACCAGCTG 1557
SerAlaThrAsnCysIleAspArgAsnGlyGlyHisProValArgGluAspGlyPheLeuProAlaProGluTyrValAsnGlnLeu

1558 ATGCCCAAGAAACCATCTACTGCCATGGTCCAGAATCAAATCTACAACTACATCTCTCTCACAGCAATCTCAAAGCTCCCCATCGAC 1644
MetProLysLysProSerThrAlaMetValGlnAsnGlnlleTyrAsnTyrIleSerl.euThrAlaIleSerLysLeuProMetAsp

1645 TCAAGATACCAGAATTCCCACAGCACAGCTGTGGACAACCCTGAGTATCTTGAGTGA 1701
SerArgTyrGlnAsnSerHisSerThrAlaValAspAsnProGluTyrLeuGlu *

1702 TCACAGTGAGTCCATACAGAAGAAGTTCCAGCCAATGTAAGGAACACGTCAATAAGATCGGCGTGGACAGCGACCCAATTGGAAGTT 1788

FIG. 5. DNA sequence and predicted amino acid sequence of the v-erbB gene in pAEV1. The DNA sequence of the v-erbB gene in pAEV1
was determined by modifications (36) of the standard chemical reactions (26). Over 95% of the DNA sequence was confirmed by both 3' and
5' end labeling of DNA fragments and by overlapping various sequences from multiple labeling sites. The predicted amino acid sequence is
aligned and numbered with the amino acid sequence prediction from the human EGF receptor (40) from amino acid 557 to 1037. The
correspondence between the two is excellent, and therefore we chose that amino acid numbering for comparison. The homology between the
two predicted proteins indicates that there exist a missing Thr in erbB at amino acid position 614, a small deletion after amino acid position
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FIG. 6. Strategy for reciprocal replacement of amino acid substitutions between wild-type (wt) and ts167 AEV. Recombinants containing
wild-type AEV (from pAEV11-3; blank virus) (A), tsl67 AEV (from pAEV1; black virus) (B), wild-type AEV substituted with the (black)
ts167 AEV BamHI fragment (containing the aspartate) (C), and ts167 AEV substituted with the (blank) wild-type AEV BamHI fragment
(containing the histidine) (D) were transfected into CEF; foci were expanded, and the supernatants were used to infect bone marrow cells
(Materials and Methods). Resulting erythroid colonies were subjected to differentiation conditions (5), and the thermally induced cultures
were scored for erythroid maturation by acid benzidine staining (3, 27) (Fig. 4). Symbols used in the abbreviated restriction enzyme maps
shown for the viruses are as follows: t, BamHI; Y, XhoI; A, Sall; 4, EcoRI. The BamHI fragment exchanged is from nucleotide 530 to
nucleotide 1088 of Fig. 5 (corresponding to amino acid numbers 707 through 709 to 893 through 895). ts, Temperature sensitive.

DISCUSSION

The salient features of the current study are the following.
First, an integrated provirus recombinant isolated from a cell
line which produces conditional mutant (ts167) AEV can
itself produce active transforming virus which is indistin-
guishable in transforming properties of erythroid precursor
cells from ts167 AEV; second, within this virus, a single
amino acid change (in comparison with wild-type AEV)
occurred within the sequence encoding v-erbB, the primary
transforming oncogene of AEV-ES4; third, the aspartate
residue in ts167 AEV is a histidine that is conserved in erbB
proteins from wild-type AEV-ES4, AEV-H, and in the
cellular gene counterpart of erbB, the EGF receptor (40, 45);
and fourth, when a molecular clone of ts167 AEV is altered
to include the wild-type histidine at position 826 of v-erbB,
pAEV1 becomes phenotypically indistinguishable from wild-
type AEV. Thus, as illustrated in the diagram of Fig. 7, this
single amino acid substitution is necessary for conferring a
temperature-sensitive phenotype to AEV.

Unexpectedly, the clones of erythroid precursor cells
infected with wild-type AEV containing the temperature-
sensitive amino acid change in erbB displayed a different
phenotype from those infected with temperature-sensitive
AEV from pAEV1 in that they grew very poorly and
differentiated at the permissive temperature and in that they
did not exhibit a clear-cut temperature-sensitive phenotype.
A possible explanation for this observation is that the
phenotype displayed by ts167 AEV does not result from a

single amino acid change; rather there exists another alter-
ation which is undefined by the present analysis. This
alteration either may have been present in the original
mutant or may have arisen as a result of the cloning
procedure.
Although the transformation activity of recovered virus

(from pAEV1-transformed CEF foci) in erythroid cells is
indistinguishable from that of ts167 AEV, we did not test all

transformation parameters of CEF infected with the virus.
What is the likelihood, then, that pAEV1 does not contain
the genuine ts167 AEV, but is the result of reintegration of a
slightly mutated form of ts167 AEV into what was (origi-
nally) a clonal population of erythroid precursor cells con-
taining a single integrated temperature-sensitive virus? We
chose a representative recombinant from locus 1 (Fig. 1 and
2) in that eventuality; on the original Southern blot (Fig. 1),
the band containing locus 1 was the most intense. We
reasoned that if the other integrated provirus loci arose in the
population at a later time, they would be less represented in
the total genomic DNA ofHD6 cells, since these cells would
now be a mixed population containing either one, two, or
three integrated proviruses, all having originally arisen from
a cell line harboring the virus only at locus 1. The less likely
alternative is that either locus 2 or 3 was the original
integration site and that reinfecting defective virus integrated
at a new site (locus 1) which conferred a growth advantage to
the population of cells containing that integrant. We are
presently analyzing which of these possibilities is true by
recloning HD6 from single cells (and subsequent analysis of
genomic DNA) and by comparing the erythroblast-
transforming phenotypes of the recombinant viruses en-
coded by locus 2 and locus 3 (Fig. 2).

Erythroid precursor cells transformed with ts167 AEV or
ts34 AEV display a unique phenotype with respect to the
erbB gene product when propagated at 42°C under condi-
tions which allow differentiation (5). The mature gp74erbB
plasma membrane protein is absent from the surface of these
transformed erythroid cells when they are grown at the
nonpermissive temperature in differentiation medium. The
glycosylated and phosphorylated precursor polypeptides
gp66erbB and gp68 erbB are synthesized and found in intracel-
lular membranes under these conditions but are not correctly
processed or transported to the plasma membrane (4). How-
ever, inhibitors of glycosylation do not interfere with the
transport of the erbB product to the cell surface, nor do these

1037, and subsequent substantial 3' sequence discrepancies. The predicted amino acid sequence shown differs in three places from the
published prediction (30) for the wild-type v-erbB protein in AEV-ES4. We resequenced parts of pAEV11-3 (containing wild-type AEV-ES4),
and showed that amino acid 809 (amino acid 136 in reference 30) should be a leucine instead of a methionine as originally reported; further,
M. Privalsky (personal communication) has determined that amino acid 930 (amino acid 260 in reference 30) is actually an aspartate, rather
than a glycine as originally reported. Thus, the only amino acid sequence change predicted by the DNA sequence is found at position 826
(boxed). The transmembrane domain is heavily underlined, while the tyrosine-specific kinase domain is lightly outlined. SA, position of the
3' splice junction used in formation of the v-erbB mRNA; *, termination codon used for v-erbB.
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FIG. 7. Comparison of the human EGF receptor to cloned v-erbB polypeptides. Amino acid comparisons are diagramatically represented

showing the best correlation of overlap of three sequenced v-erbB genes to the human receptor for EGF (9, 30, 44). The sequences are aligned
to demonstrate the alteration in the histidine (corresponding to amino acid 826 of the human EGF receptor sequence) to aspartate in tsl67
AEV as compared with wild-type AEV-ES4 and AEV-H. The sequences have been separated into the EGF-binding (extracellular) domains,
the transmembrane region (TM; black box), the protein kinase region (stippled area), and sites for tyrosine phosphorylation in the human EGF
receptor (P) (8).

inhibitors alter the transformed state of these cells (32). The
data indicate that cell surface expression of erbB is required
for transformation and that the erbB transport process is
thermolabile in erythroid precursor cells infected with tem-
perature-sensitive AEV. For this reason it seemed likely that
the lesion(s) conferring the temperature-sensitive phenotype
to these viruses would be located in the erbB gene and might
be in the region which is involved in the transport process.
Perhaps surprisingly, the mutation in the erbB polypeptide

in pAEV1 was not found to be in the extracellular domain (in
which the glycosylation sites reside) nor in the
transmembrane region but in the middle of cytoplasmic
domain. This single mutation (substitution of a basic amino
acid [histidine] for an acidic amino acid [aspartatel) might
simply be responsible for the folding of one domain of the
v-erbB protein. By this passive model, then, at the restric-
tive temperature, the altered conformation of the protein
might not be recognized by factors which facilitate glycopro-
tein transport from intracellular membranes to the plasma
membrane or, alternatively, does not allow a stable confor-
mation of the temperature-sensitive v-erbB gene product
when it is in the plasma membrane. It is not known whether
ts167 AEV also displays temperature-sensitive tyrosine
kinase activity in addition to temperature-sensitive trans-
forming activity, but surprisingly, the dramatic change from
a basic amino acid (histidine) to an acidic amino acid
(aspartic acid) in the middle of the tyrosine-specific kinase
region (Fig. 7) did not abolish transforming activity, but only
caused the rather mild phenotypic change from a
nonconditional (wild type) to a temperature-sensitive condi-
tional (ts167) mutation for transformation. While this amino
acid substitution does not occur at a position which is
homologous to other amino acids within the conserved
sequence for tyrosine kinase activity of related oncogene
proteins (30) nor within the ATP-binding domain, it none-
theless may or may not be critical for formation of an active
site for tyrosine kinase activity. Which of these alternatives
is the correct one awaits in vitro analysis of the wild-type
and mutant v-erbB polypeptides.
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