are located on the viral gpl20 envelope
antigen, and that these epitopes are also
found on the recombinant form of the enve-
lope glycoprotein.

These results point to one possible route
toward the production of a safe and effica-
cious vaccine for the prevention of infection
by the AIDS retrovirus. While the demon-
stration here of virus neutralization in vitro
is encouraging, the use of an animal model,
such as chimpanzees, will be a necessary next
step (19).
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The Chronic Myelogenous Leukemia—Specific P210
Protein Is the Product of the bcr/abl Hybrid Gene

YINON BEN-NERIAH, GEORGE Q. DALEY,
ANNE-MARIE MEs-MAssON, OWEN N. WITTE, DAVID BALTIMORE

Chronic myelogenous leukemia (CML) is a human disease associated with a consistent
chromosomal translocation that results in sequences from the c-ab/ locus on chromo-
some 9 being fused to sequences in a breakpoint cluster region (4¢#) on chromosome
22. CML cells have two novel products: an 8.5-kilobase RNA transcript containing
both a4l and ber and a 210-kilodalton phosphoprotein (P210) recognized by v-abl—
specific antisera. To test whether the P210 is the product of the novel 8.5-kilobase
ber/abl fusion transcript, antibodies were prepared against ¢c-ab! and ber determinants,
By using these reagents and v-ab/—specific antisera, it was demonstrated that the P210
in CML cells is indeed the protein product of the 8.5-kilobase transcript. By analogy to
the gag/abl fusion protein of Abelson murine leukemia virus, the replacement of amino
terminal c-abl sequences by bcr sequences in P210 may create a transforming protein
involved in CML. A 190-kilodalton phosphoprotein that is a candidate for the normal
ber protein was identified in both HeLa and K562 cells.

HRONIC MYELOGENOUS LEUKEMIA

(CML) cells contain the Philadel-

phia chromosome, a product of a
reciprocal exchange of distal segments of the
long arms of chromosomes 9 and 22 (1, 2).
The breakpoints of the t(9;22) occur near to
but at variable distances from the c-a4/ locus
on chromosome 9, and are clustered within
a small (6-kb) region of chromosome 22
designated the breakpoint cluster region, or
ber (3). The translocation is associated with
two novel products: a ber/c-abl transcript of
8.5 kb (4), larger than the normal c-abl
messenger RNA (mRNA) sizes of 6 and 7
kb seen in most tissues (5); and a phospho-
protein that cross-reacts with v-abl—specific
antisera and has a molecular mass of 210
kD, larger than the normal c-abl protein
which has a molecular mass of 145 kD (6).
From sequences of complementary DNA
(cDNA), the 8.5-kb mRNA represents a
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fusion of &er sequences to c-abl sequence at
just the point where the multiple 5’ exons of
c-abl are fused to the common body of the c-
abl mRNA. The exon at which the fusion
occurs, the most upstream of the common
set of c-abl exons, has been called the “com-
mon exon” (7).

It was suggested that the 210-kD phos-
phoprotein (P210) found in CML cells is
the protein product of the hybrid ber/iabl
transcript (8). If P210 is the product of the
CML-specific 8.5-kb transcript, it should
contain, in addition to determinants which
cross-react with v-gél antisera, c-abl com-
mon exon determinants as well as bcr deter-
minants. We have prepared a set of immu-
nologic reagents specific to either c-abl or
ber and have used them to test the relation-
ship of P210 to the 8.5-kb ber/abl transcript.
The results indicate that P210 represents a
fusion of parts of two normal cellular pro-

teins and is the product of the &ev/abl hybrid
transcript.

In Fig. 1A, the proposed structure of the
P210 coding region is shown with the posi-
tions of the five peptides used for immuniza-
tion indicated. The ber antiserum was pre-
pared against a B-galactosidase/ber fusion
protein expressed in a pEX vector (9, 10)
(Fig. 1B). The antiserum to the c-2b/ com-
mon exon was prepared against a synthetic
peptide representing the sequence close to
the 5’ border of the exon (Fig. 1C). The
specificity of this serum was demonstrated
by radioimmunoassay (11). The v-abl—spe-
cific antisera pEX2, pEX4, and pEX5 were

" described previously (12). pEX2 recognizes

the protein kinase domain of v-abl; pEX4
and pEX5 are directed against carboxyl ter-
minal determinants of v-abl.

The specificity of the c-abl antiserum was
examined by immunoprecipitation of the
normal c-abl protein from HeLa cells. Ex-
tracts immunoprecipitated with c-abl antise-
ra were processed for in vitro kinase assay
with y->’P-ATP as described (13) and **P-

- labeled proteins were displayed by electro-

phoresis. Under these conditions, v-a#/ anti-
sera (pEX4 and pEX5) and the antiserum to
the c-abl common exon precipitated the
same phosphorylated protein of 140 kD
previously described as the P145 c-abl pro-
tein (13) (Fig. 2, lanes 1 and 2). The
immunoprecipitation of this 140-kD phos-
phoprotein with the antiserum to c-a4l com-
mon exon peptide could be completely in-
hibited by its cognate peptide (Fig. 2, lane
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3), whereas irrelevant peptides had no effect,
implying that the serum specifically recog-
nizes the common exon of c-abl. The appar-
ent autophosphorylation of this 140-kD
protein reflects the kinase activity of the
normal c-abl protein (13).

We used these abl-specific immunologic
reagents to examine the antigenic determi-
nants on the P210 protein from CML cells.
Protein extracts from the CML cell line
K562 were immunoprecipitated with the
different antisera, incubated with «y-32P-
ATP, and displayed by electrophoresis. As
shown previously, the v-abl-specific antise-
ra pEX2, pEX4, and pEXS precipitated a
P210 phosphoprotein from K562 cells (Fig.
3, lanes 7 to 9). The pEX2 antiserum inhib-
its the in vitro kinase activity of P210 (6)
and therefore results in a reduced signal on
autoradiograms (Fig. 3, lane 8). Antiserum
to the c-a4l common exon could efficiently
precipitate the 210-kD phosphoprotein
from K562 cells (Fig. 3, lane 10). The
addition of the cognate common exon pep-
tide to the reaction virrually completely in-
hibited the immunoprecipitation of P210
(Fig. 3, lane 11), demonstrating the specific-
ity of the immunoprecipitation. In all cases,
the *?P label in the P210 protein was not
removed by treating the electrophoretic gels
with alkali (Fig. 3B), implying that the
protein was phosphorylated on tyrosine resi-
dues. Thus, the P210 protein in CML cells
shares with the normal c-a2bl P140 the com-
mon exon determinant as well as the three
v-abl-specific determinants, pEX2, pEX4,
and pEX5.

Antisera from two rabbits immunized
against the B-galactosidase/ber fusion pro-
tein were used to examine whether P210
also contained er determinants. The preim-
mune sera precipitated a faintly evident 200-
kD background band from both K562 and
HeLa cells (Fig. 3A, lanes 1 and 4) which
was more evident when immune sera were
used (lanes 2, 3, 5, and 6). From K562 cells,
the ber antisera precipitated a 210-kD pro-
tein (lanes 3 and 6) that was even more
clearly evident after alkali treatment of the
gel (Fig. 3B). This protein was not immu-
noprecipitated from HeLa cells (Fig. 3,
lanes 2 and 5). Thus, the 210-kD protein
precipitated by the ber antiserum had the
properties of P210 (6).

To test directly whether the 210-kD pro-
tein in K562 cells carried both ber and abl
determinants, we performed a sequential
double immunoprecipitation experiment.
K562 cell extracts were first reacted with a
mixture of v-abl antisera directed against the
pEX4 and pEXS5 determinants. The precip-

A ber

itated proteins were processed for in vitro
kinase activity, dissociated from the protein
A-Sepharose, and immunoprecipitated a
second time with different sera. The v-abl
antisera (Fig. 3, lane 13), the antiserum to
the c-abl common exon (lane 14), and the
ber antiserum (lane 12) reprecipitated the
P210 protein, whereas the preimmune se-
rum did not (lane 15). Again, the precipitat-
ed P210 3?P label resisted alkali treatment
(Fig. 3B); these results demonstrate that the
P210 protein from K562 cells carries ber
determinants in addition to c-abl determi-
nants.

The ber antiserum also precipitated a 190-
kD protein in addition to P210. The protein
was evident in HeLa cells (Fig. 3A, lanes 2
and 5) as well as in K562 cells (lanes 3 and
6). The abl antisera did not precipitate a
band of this molecular weight nor did an-
other antiserum to a B-galactosidase fusion
protein unrelated to &cr (14). The 3P label
in the P190 band was sensitive to alkali
digestion (Fig. 3B) and was shown by phos-
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Fig. 1. Immunogens specific for c-abl and ber. (A) Diagram-
matic assignment of the different antigenic determinants
recognized by the tested antisera to the proposed primary
structure of P210. (B) Construction of B-galactosidase/bcr
expression vector. A 270-bp Bgl II-Pst I fragment from the
K562 ¢DNA clone K28 (4) was cloned into the Bam HI and
Pst I sites of the pEX2 vector (9). Sequence analysis around
the Bam HI/Bgl II fusion site was performed by the method
of Maxam and Gilbert (19) to confirm the proper reading
frame. The pBGAL-4cr7 plasmid was grown in the bacterial

strain POP2136 at 30°C to an ODgg of 0.2 and then
induced for protein expression at 42°C for 2 hours; under
these conditions the fusion protein was expressed at levels
>2 pg per milliliter of culture. The fusion protein was

pBGAL-bcr
fusion

precipitated from lysozyme-Triton X-100 lysates of the
bacteria, dissolved in sodium dodecyl sulfate (SDS)-B-

mercaptoethanol buffer, and displayed by SDS—polyacrylam-
ide gel electrophoresis. The fusion protein band was cut out
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of the gel and homogenized in phosphate-buffered saline
with a Polytron mixer. Two milliliters of homogenized
material containing 20 to 50 wg of the fusion protein were c

injected intradermally in New Zealand White rabbits. Blood

was withdrawn after the fourth bimonthly immunization.

(C) Sequence and position of the c-a#bl common exon
peptide. A synthetic peptide corresponding to residues 30 to -
41 of c-abl type 1 (7) was purchased from the Peptide ’
Synthesis Unit of Children’s Hospital Medical Center (Bos-

ton), coupled to KLH (20), and used to raise antiserum

(21). The box represents the common exon of c-abl. The
upstream Gln is the third amino acid of the common exon.
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phoamino acid analysis (15) to represent
phosphoserine. This protein appears to be
the normal product of the &er locus, al-
though further analysis of it is required. It
could be a serine kinase that is autophos-
phorylated or a substrate for a serine kinase
that is not itself evident. The individual ber
antisera precipitated proteins of lower mo-
lecular weight that might be products of the
ber locus but, because their occurrence is
sporadic, they are likely to be spurious.
The ability of both the &cr antisera and the
antiserum to the abl common exon to
immunoprecipitate the P210 protein con-
firms the previous suggestion (8) that the
ber/abl 8.5-kb mRNA found in CML cells
encodes the P210 tyrosine protein kinase.
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Because the antiserum to the common exon
was raised against a 5’ terminal peptide (Fig.
1C), the precipitation of P210 is consistent
with a fusion point at the 5' end of the
common exon. The &er antiserum was raised
against a peptide near the 3’ end of the ber
exon that fuses to abl (Fig. 1B), again
confirming the proposed structure of P210
shown in Fig. 1A.

The common exon of a#l is an acceptor
for splices from four c-abl upstream exons
(7) as well as two bor exons (16). The
replacement of the normal 5’ ends of abl
with ber sequences is presumed to convert
c-abl to an oncogene, just as gag sequences
do for v-abl in Abelson murine leukemia
virus and the Hardy-Zuckerman-2 feline

.

Fig. 2 (left). Immunoprecipitation analysis of the pcf)tidc antiserum. Cytosol extracts from HeLa cells
(H) were reacted with: Lane 1, a mixture of the v-abl—specific antisera pEX4 and pEXS5 (2 pl each) (8);
lane 2, antiserum to c-abl common exon (10 pl); lane 3, antiserum to common exon (10 pl) plus 30 pug
of common exon peptide; lane 4, preimmune serum (10 pl). Protein A~Sepharose immunoprecipitates

were processed for in vitro kinase assay (13), denatured by boiling for 5 minutes in 2% SDS-B-
mercaptoethanol sample buffer and subjected to electrophoresis through SDS~polyacrylamide gels
(6%). The gel was stained, fixed, dried, and exposed to XAR-5 film (Kodak) for 1 hour at room
temperature.  Fig. 3 (right). Immunoprecipitation of P210 with b/ and ber-specific antisera. Lanes
1 to 11 represent direct immunoprt&cl?itatcs processed as in Fig. 2. Abbreviations: H, HeLa extract; K,
K562 extract; pre and pre’, two different preimmune sera; a-com.ex., antiserum to common exon
peptide; a-com + pep, antiserum to common exon peptide competed with its cognate peptide (30 pg);
a-pEX4,5, a mixture of the v-a¥! antisera pEX4 and pEXS5 (6). (Lanes 12 to 15) K562 cell extracts were
precipitated by antisera pEX4 and pEX5 and processed for in vitro kinase assay on the protein A—
Sepharose beads. The precipitated proteins were denatured by boiling in 2% SDS with B-mercapto-
ethanol buffer, diluted 1: 20 in buffer containing 1% Triton X-100, 20 mM tris (pH 7.4), 50 mM NaCl,
and 1 mg/ml of bovine serum albumin and reprecipitated with different antisera as indicated. (A)
Autoradiogram of precipitated products labeled during in vitro incubation, exposed for 15 minutes at
room temperature. (B) Autoradiogram of the gel shown in (A) after hot alkali treatment. Treatment
was done as described (15) in LM KOH at 55°C for 2 hours.
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sarcoma virus (17). In this regard it is
significant that a transforming protein can
be created by simply replacing the normal
c-abl amino terminus with gag sequences
(18), suggesting that the important differ-
ences between v-abl and c-abl involve the
substitution of the amino terminus.
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