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ABSTRACT

The DNA binding domain (DBD) is the
most mutated region of p53 in tumors and
has proven to be relatively resistant to the
generation of specific antibodies. Template
assembled synthetic peptide (TASP) synthe-
sis of a peptide derived from the DBD cre-
ates a highly immunogenic molecule with-
out the need for large carriers such as
keyhole limpet hemocyanin (KLH). In addi-
tion, a rapid means of generating mono-
clonal antibodies can be achieved through
immunization in conjunction with ABL/
MYC retrovirus injection into recipient
mice. In this paper, we demonstrate that an
antibody generated by this means, KH2, re-
acts specifically with the DBD of p53. To
date, this is the first example of a peptide
immunogen used successfully in ABL/MYC
monoclonal antibody production. KH2 is
also thefirst example of a monospecific an-
tibody that directly binds to and, by defini-
tion, assumes the conformation of the DNA
binding region of p53.
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INTRODUCTION

The tumor suppressor, p53, isone of
the most frequently mutated genes in
cancer (10), and, in fact, it wasthe orig-
inal observation that antibodies to p53
were often found in patients with a
wide range of tumors (4,6) that first in-
dicated p53 might be associated with
many different types of cancer. Expect-
edly, the presence of p53 antibodies ap-
pearsto correlate well with the acquisi-
tion of p53 mutations, as 30%—40% of
patients carrying a mutant p53 have
been found to develop p53 antibodies
(14). While it may not be the first step
in tumor progression, mutation of p53
appears to be an important component
of the tumorigenic pathway because
p53 mutations correlate well with more
advanced stages of malignancy and
lower overall rates of survival (1). Asa
negative regulator of cell growth in re-
sponse to DNA damage, p53 has long
been thought to be indispensable to the
survival of the cell. Paradoxicaly, re-
moving p53 function in p53 knockout
mice does not result in embryonic
lethality, thereby hinting at some func-
tional redundancy that must exist in
p53 family members (7). Indeed, the
discovery of two additional members of
the p53 family, p73 (11) and p51/Ket
(17,20), representing two plausible re-
placements for p53 activity as a com
parison of p53, p73 and p51 sequences,
reveals substantial amino acid and
structural homology.

Since p53 is so often found mutated
in tumors and particularly in the most
malignant subtypes, the concept of im
muni zing with mutant p53 to induce an
immune response and eventual tumor
rejection holds great therapeutic poten-

tial (18). However, most p53 antibodies
available today bind strictly to the im
munodominant N- or C-terminal re-
gions (12,19). Since these regions re-
side outside the DNA hinding domain
(DBD), they rarely acquire mutations
to p53, and predictably, most p53 anti-
bodies will not distinguish between
wild-type and mutant p53. A rare and
extremely valuable exception has been
pAB240, which was derived originally
from adenatured p53 (9), but which ap-
pears to react with most mutant p53
mol ecules. Following the el ucidation of
the crystal structure of p53 (5), an ex-
planation for the broad reactivity of
pPAB240 was that a mutant conforma-
tion is unfolded, exposing the normally
hidden pAB240 epitope (2). A subtle
and important distinction is that
pAB240 does not actually bind to the
DNA binding region of p53 but binds
asa"“pocket” antibody to the conforma-
tion presented by the surrounding re-
gion. Furthermore, previous attempts at
generating peptide-specific antibodies
have only succeeded in producing anti-
bodies reactive to various regions sur-
rounding the p53 DNA binding site,
again not binding directly within this
region (23). Very recently, several small
synthetic compounds have been identi-
fied that effectively bind to the p53
DBD, thereby stabilizing the conforma-
tion of amutant p53 and slowing tumor
growth (8). During the course of exam
ining differences between tumorigenic
and nontumorigenic variants in a
mouse T-cell lymphoma, we have
found properties corresponding to ma-
lignancy or immunogenicity that could
be traced to a p53 R246Q or G242S
mutation, respectively (3). In this pa-
per, we now report a novel approach to
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generate peptide-specific antibodies to
the DBD of p53 by coupling the highly
immunogenic template assembled syn-
thetic peptide (TASP) approach of pep-
tide synthesis (15) withthe ABL/MYC
retroviral/immunization method for
generating antigen-specific monoclonal
antibodies (24).

MATERIALSAND METHODS

Peptide Synthesis

Mutant p53 sequences correspond-
ing to amino acid residues 240-251
were designed to be synthesized as
TASP (22) with the following
sequences. KH1-MAEAAMGSMNR-
RPILTIG, KH2-MAEAAMGGMNR-

QPILTIG, wherein both the amino-
terminal MAEAA and the carboxy-ter-
minal G are used as spacers. The pep-
tides KH1 and KH2 (Figure 1) were
synthesized as mutants for residue 246
(KH1) or residue 242 (KH2). The 4o,
helix bundles were generated using a
convergent strategy with four identical
chains ligated via chemoselective liga-
tion (oxime bond formation) to acyclic
template molecule (21). Theindividual
building blocks were synthesized ac-
cording to the Fmoc strategy on solid
phase. After completion of the template
sequence  T:c[KK(S)GPK(S)KK(S)-
GPK(9)], the four serine residues at-
tached to the eNH2 groups of the
lysines were oxidized with NalO4 to
the aldehyde. The two helix sequences
(o1 and a2), each carrying an amino-

oxy acetyl function at the N terminus,
were reacted in aqueous sodium acetate
buffer selectively with the aldehyde
groups of the template to yield the two
4 helix bundle TASP molecules KH1
and KH2, respectively (16). The final
products were purified by RP-HPLC
and characterized by analytical HPLC
and Echelle Spectrograph Spectrograph
and Imager (ESI) mass spectroscopy.

Immunization and the Gener ation of
a Monospecific Antibody

Two- to three-month-old BALB/c
mice were immunized with the KH1 or
KH2 TASP conjugates resuspended in
PBS followed by a boost 14 days later.
Micewereinfected with ABL/MY C on
day 21 following thefirst immunization
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Figurel. Synthesisof KH1 and KH2 peptides. Both KH1 And KH2 were synthesized asidentical 4o helical bundles (o) ligated to acyclic template molecule
(T). Sequencesfor KH1 And KH2 are shown below along with the molecular weights for each.
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(24). Positive tumors were found in two
micefor KH1 and in four micefor KH2
at 30 days postimmunization, which
were labeled 1KH1, 2KH1, 1KH2,
2KH2, 3KH2 and 4KH2. Crude ascites
from each positive tumor were assayed
for activity against lysates prepared
from the T-cell lines T-60 and T-25
Adh, derivatives of the 49 T-cell lym
phoma. Nearly all plasmacytomas in-
duced by conventional methodsinclud-
ing mineral oil, pristane, v-abl plus
pristane, Ep-cMyc/v-Hras, v-myc/v-raf
and the ABL/MY C technique used here
routinely generate only one antibody
expressing a single Ig light chain and
heavy chain. While it is unlikely, it is
neverthel ess conceivable that the origi-
nal antibody could possibly be oligo-
clonal. Therefore, 3KH2 was trans-
planted by subcutaneous injection of
tumor cells into syngenic mice, a
method used successfully in a vast
number of plasmacytomas for conver-
sion from solid tumor to ascites (18). In
the current study, g1, g2 and g3 tumors
were generated, which were shown to
be monoclonal by specific reactivity to
IgG only (as opposed to IgM, IgA,
etc.). Monoclonality was further con-
firmed by Southern blot analysis of Ig
light chain and heavy chain genes. Ge-
nomic DNA was isolated from KH2 g3
and from other plasmacytomasinduced
by mineral oil alone (MOPC265in Fig-
ure 2, lane 3), digested with EcoRl,
BarHI or Hindlll restriction enzymes
and were hybridized to IgJk, 19Cx,
IgCA and IgJh region probes following
size separation and transfer to nylon fil-
ters. Upon examination for specific
monoclonal rearrangements of the anti-
body genes, the expected germline
EcoRI band of 6.6 kb and two IgJh re-
arrangements are evident in KH2 (des-
ignated “b” at 2.5 kb and designated
“a at 5.0kb (in Figure 2, lane 2). Typi-
cally, a nonproductive 1gJh allele can
often be found in concert with the pro-
ductive IgJh allele when assaying Ig re-
arrangements, and we are confident this
is the case with KH2, as there appears
to be only a single Igxk light chain re-
arrangement (data not shown).

Immunoprecipitation and Western
Assays

Suspension cells from the T-cell
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lymphoma, T-60 (mutant at p53 residue
246), avariant of the T-60 lymphoma,
T-25 Adh (an immunogenic T-cell lym
phoma mutant at p53 residue 242),
T1198 (a mouse plasmacytoma wild-
typefor p53), T1165 (mouse plasmacy-
toma wild-type for p53), Wilson (hu-
man Burkitt’s lymphoma wild-type for
p53) and Keeper (human Burkitt’slym
phoma mutant for p53, R248Q) were
disrupted by polytron followed by 1
mM PMSF treatment and centrifuga-
tion (15 000x g) to make lysate prepa-
rations. For Western blotting, approxi-
mately 40-60 pg wholecell lysatewere
heated at 100°C, subjected to PAGE
and then transferred to nitrocellulose
filters by electroblotting. Nonspecific
binding was blocked by pre-incubating
in 5% milk/TBS for 1 h at room tem
perature. The primary antibodies, KH2,
p53 (Pab 246; Santa Cruz Biotechnolo-
gy, Santa Cruz, CA, USA), p73 (C-20;
Santa Cruz Biotechnology) or p51/Ket
(R-20; Santa Cruz Biotechnology)
were incubated overnight followed by
three washes in TBS plus 0.01%
Tween® 20. Incubation for 1 h at room
temperature with the secondary anti-
body (goat antimouse 1gG) conjugated
to horseradish peroxidase was followed
by three washes as before. The mem
brane was then incubated in the chemi-
luminescence luminol reagent for
visualization (ECL®; Amersham Phar-
macia Biotech, Piscataway, NJ, USA).

In the preparation of lysates for im
munoprecipitation, cells (108) from a
suspension culture of ABPC20 (a
mouse plasmacytoma wild-type for
p53) were resuspended in alysis buffer
consisting of 10 mM Tris-HCI, pH 7.5,
0.5mM EDTA, pH 8.0, 0.5 mM EGTA,
1.2% Triton® X-100, 1 mM PMSF and
1 pg/mL leupeptin. An appropriate di-
lution of the KH2 antibody was added
to 1 mL lysate and incubated at 4°C
overnight. Following a 2-3 h incuba-
tion at 4°C with a 50-uL mixture of
protein A (Sigma, St. Louis, MO,
USA) and protein G agarose (Life
Technologies, Rockville, MD, USA),
the agarose beads were washed exten-
sively with PBS.

For Western analysis after immuno-
precipitation, the samples were resus-
pended in loading buffer, boiled (5
min) and size separated by PAGE
(10%). Following electrophoresis, pro-

teins were electrophoretically trans-
ferred to nitrocellulose followed by
pre-incubation in TBS (with 5% milk)
for 1 h at room temperature. The prima-
ry antibodies, KH2 or Pab246 (Santa
Cruz Biotechnology), were incubated
overnight followed by washesin TBS
plus 0.01% Tween 20 (3x). The sec-
ondary antibody (sheep antimouse 1gG;
Amersham Pharmacia Biotech) conju-
gated to horseradish peroxidase wasin-
cubated for 1 h at room temperature
followed by three washes as before.
The membrane was then incubated in
the ECL for visualization as before.

RESULTS

Peptide Immunization

To generate ahighly effective mono-
specific antibody to the DNA binding
region of p53, we have combined two
novel protocols, TASP synthesis (15)
and ABL/MY C retroviral induction of
plasmacytomas (24). The rationale be-
hind this two-tiered approach was to
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Figure 2. Southern blot analysis of IgH gene
rearrangement in plasmacytomas. Approxi-
mately 10 pug genomic DNA from BALB/c liver
(lane 1) and the plasmacytomas KH2 g3 (lane 2)
and MOPC265 (lane 3) were digested with
EcoRl, gel electrophoresed in 0.7% agarose and
hybridized to radiolabeled probes from the IgH
(pJ11) following transfer to nylon membranes.
The germline (nonrearranged) band at 6.6 kb is
indicated (solid bar) as are the specific rearranged
bands (arrows).
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couple the generation of a highly im
munogenic (and soluble) peptide that
could be used in the absence of carrier
(which often interferes with reactivity
to small peptides) with an efficient
method of generating monoclonal anti-
bodies via immunization/retroviral in-
jection of mice. As described in Mate-
rials and Methods, 20 BALB/c mice
were injected with highly purified
preparations of peptides specific to the
DNA binding region but mutant for p53
at residues 242 (KH1) or 246 (KH2).
From the initial immunization/retrovi-
ral protocol, we obtained tumors (two
from KH1 and four from KH2) for
which crude ascites was tested for reac-
tivity to the T-60 (246-Q) or T-25Adh
(242-S). All antibodies appeared to re-
act to the same-sized band of 53 kDa,
with the exception of 4KH2, which also
reacted to a larger species and was
probably oligoclonal. From this initial
study, the most highly reactive anti-
body, 3KH2, was selected for further
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Figure3. Immunopr ecipitation/Wester n blot of
KH2. A cell lysate from the mouse plasmacytoma
ABPC20 was immunoprecipitated as described
using the KH2 antibody followed by a mixture of
protein A-agarose (Sigma) and protein G-agarose
(Life Technologies) (lane 1). The filter of lane 1
was re-incubated with anti-KH2 (primary Ab) fol-
lowed by sheep antimouse as the secondary Ab
(lane 2). Theresultant signal is53 kDain size.
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specificity studies and will be referred
to as KH2. As described in Materials
and Methods, monoclonality was con-
firmed by isotype-specific reactivity to
IgG and by direct Southern analysis of
genomic DNA isolated from KH2 as-
citescells (Figure 2).

Reactivity Pattern and Specificity of
the KH2 Antibody

Specificity of the KH2 antibody was
rigorously tested first by immunopre-
cipitation and then by Western blotting.
In our initial immunoprecipitation ex-
periments with KH2 on a mouse cell
lysate (ABPC20, wild-type for p53), a
number of bands including at least 3—7
visible bands by Commassie® stain be-
tween the 47.5- and 73-kDa markers
were observed (Figure 3). To elucidate
which bands reacted with KH2, we
turned to Western transfer and blotting
of thefilters. When thefiltersin Figure
3 (left panel) were re-incubated with
the KH2 antibody, followed by sheep
antimouse secondary antibody, asingle
distinct band of 53 kDa was observed
(Figure 3, right panel).

As the size of the band recognized
by KH2 was 53 kDain size, we made a
direct comparison of the size of the
band generated by KH2 to that of the
commercialy available p53 antibody,
Pab246. In this experiment, the KH2
antibody was used for the initial im
munoprecipitation, the samples trans-
ferred to nitrocellulose membranes,
separated and finally incubated with
anti-KH2 (Figure 4, lane 1) or anti-p53
(Pab246) (Figure 4, lane 2). Clearly, a
distinct 53-kDa band reacted to both
KH2 and p53. We also tested the speci-
ficity of KH2 against other members of
the p53 family, including p73 and Ket,
by combining immunoprecipitation
with Western blotting. Repeating the
KH2 immunoprecipitation followed by
specific incubation with Ket or p73 an-
tibodies showed no cross-reactivity,
whereas KH2 or p53 antibodies reacted
to a53-kDa band as expected (data not
shown). We also tested KH2 for reac-
tivity to mutant or wild-type p53 as
well as across species boundaries (i.e.,
mouse or human p53). In Western
analysis, KH2 reacts exclusively with a
single band of 53 kDa in both human
and mouse lysates (Figure 5).
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Figure 4. Immunopr ecipitation/Western blot
comparison of KH2 versus p53. Cell lysates
from the plasmacytoma ABPC20 were immuno-
precipitated initially with KH2 antibody followed
by protein A and protein G agarose. Precipitates
were then denatured by heat shock (98°C, 5 min)
and subjected to PAGE. Following electrophoret-
ic transfer, the filters were cut and treated as fol-
lows: lane 1, treated with KH2 (primary Ab) fol-
lowed by sheep antimouse (secondary Ab); lane
2, treated with Pab246 (anti-p53 primary Ab) fol-
lowed by sheep antimouse (secondary Ab); lane
3, treated only with secondary sheep antimouse
Abasacontral.
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Figure 5. KH2 recognizes human p53 as well
aswild-type or mutant mouse p53. Cell lysates
were |oaded onto PAGE asfollows: lane 1, T-25-
Adh; lane 2, Wilson; lane 3, Keeper; lane 4,
TEPC1198 and lane 5, 70Z. For all samples, at-
temptswere madeto load similar amounts of pro-
tein. Following PAGE and transfer to nitrocellu-
|ose membranes, the samples were incubated in
the presence of KH2 antibody (primary) followed
by secondary antibody (antimouse 1gG) coupled
to horseradish peroxidase. Indicated is the size
(53 kDa) of the KH2 reacting protein.
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DISCUSSION

Previously, we had found that muta-
tions in two distinct residues of mouse
p53 confer vastly different phenotypic
properties with regard to tumor malig-
nancy and immunogenicity in a T-cell
lymphoma. An R246Q substitution re-
sulted in ahighly malignant phenotype,
whereas a G242S substitution appears
to rescue this phenotype in an apparent
gain of immunogenicity (3). Interest-
ingly, the X-ray crystal structure of p53
offers an explanation as to how glycine
at codon 242 might be particularly im
portant to the structure of p53 (5). The
L3 loop of p53 does not favor a side
chain in the amino acid encoded at
residue 242 (the eguivalent residue to
mouse 242 in human p53 is codon
245), while glycine permits afavorable
conformation. Furthermore, the back-
bone carbony! of glycine at residue 242
forms a hydrogen bond with an argi-
nine at residue 246. It is quite likely,
therefore, that residues 242 and 246
may be conformationally linked, and
thus it may not be coincidental that
residues 242 and 246 are the mouse
equivalents to two of the most frequent-
ly mutated p53 residues in human can-
cer [i.e., residues 245 (6.0%) and 248
(9.6%), respectively]. These residues
are also centrally located in the DNA
binding region of p53, which has been
essentially resistant to the generation of
specific antibodies. Despite efforts to
generate monoclonal antibodies that
recognize mutant p53, past immuniza-
tions with full-length p53 have consis-
tently generated monoclonal antibodies
that were reactive to the N- and C-ter-
minal regions of p53 (13,19,23), and
even removal of these classic hinding
sites from the immunogen has failed to

yield antibodies specific to the p53
DBD. From the region in which we
generated the KH2 peptide, we find an
extraordinary conservation of amino
acids (Figure 6), suggesting that the
conformation as presented by the
DBDs of p53, p73 and p51/Ket might
be similar. We might have further pre-
dicted that antibodies rendered against
apeptide from this region might recog-
nize all three proteins, but this seems
not to be the case.

By utilizing a novel technique of
placing multiple peptides on a single
template, we eliminated the need to use
large carriers such as keyhole limpet
hemocyanin (KLH), which frequently
interferewith the specificity of the anti-
bodies generated by conventional anti-
peptide modalities. We have combined
the TASP synthesis with a method of
generating monoclonal antibodies using
the ABL/MY C system, which bypasses
the need to use rabbits for immuniza-
tion. A distinct advantage of the
ABL/MYC system over hybridoma
technology is that far less screening is
necessary to identify monospecific anti-
bodies to theimmunogen. In the current
study, 5/6 (83.3%) of the antipeptide
antibodies generated by this technique
show reactivity to p53 (with the KH2
antibody exhibiting the greatest reactiv-
ity). Previous studies have successfully
generated antibodies to lysozyme as
well as sSRBCs with high efficiencies of
11/13 and 25/32, respectively (24). One
caveat isthat, whileit isclear that inthe
current studies KH2 reacts to the core
of the wild-type p53 DBD, KH2 also
reacts to T-25-Adh, which carries only
a mutant p53 (3). Thus, KH2 will not
distinguish between wild-type and mu-
tant p53 (Figure5).

Mutationsin p53 have been found to
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Figure 6. Sequence comparisons with the KH2 peptide. The KH2 peptide sequence is shown above
and in comparison to the same region from rat p51/K et, mouse p53, human p53 and human p73. | dentity

is depicted by adash.
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reduce the thermodynamic stability of
the DBD, thereby interrupting the func-
tion of p53 as a tumor suppressor and
transcriptional regulator. To promote
the activity of mutant p53, attempts
have been directed towards stabilizing
the DBD through physical interaction
with antibodies or alternative com
pounds. While no antibodies have been
found to date that react to the DBD,
compounds have recently been identi-
fied that regenerate an active mutant
p53 by assuming the conformation of
the DBD (24). The unlimited availabili-
ty of compounds makes this approach
invaluable and restricted only by the
necessity to screen extremely large
numbers of compounds to improve po-
tency and ensure universal reactivity to
all mutations. We would suggest that an
antibody such as KH2 could be a useful
intermediate in screening large num
bers of compounds, as KH2 clearly as-
sumes the conformation of the DBD of
p53. Hence, anti-idiotypic antibodies to
KH2 would react to the precise confor-

mation assumed by the compounds de-
sired and thereby assist in the selection
of the most potent compounds capable
of stabilizing p53.
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