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Activation of p53 protein

Field of the invention

This invention relates to the p53 tumour suppressor
protein, and more particularly to mutant forms of the p53
protein which seem to be associated with certain types of
tumour, and are usually found at elevated levels in such
tumour cells. The inventiop also discloses the conversion

of wild type p53 to a constitutively active form.

Background to the invention

Mutation of p53 is a very common genetic alteration in
human cancers (1). Loss of the p53 tumour suppressor
activity is co-incident with a loss of Gl-S checkpoints
following DNA damage (2), increases in genomic instability
and selectable gene amplication (3,4). Mutant forms of p53
also appear to acquire a dominant growth promoting function
(5,6). The region responsible for this transforming
activity has been localized to a small C-terminal domain
(7). Mice null for the wild type p53 locus develop
normally, vyet are susceptible to the development of
neoplasia at elevated frequencies (8), indicating that wild

type p53 is dispensable for the control over normal
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development and cell differentiation, but is essential to

prevent spontaneous tumour formation. Consistent with this
data, inherited germline point mutations in p53 lead to a

predisposition to cancer in humans (9).

Wild type p53 protein levels rise dramatically in response
to the DNA-damaging agents mitomycin C (56) UV light
(10,11) and y irradiation (2). Biochemical characteriz-
ation of wild type protein has shown that p53 can function
as a sequence-specific DNA binding protein (12,13) and a
transcription factor (14-16). These results support a
model for wild type p53 in which its function is activated
pdst—translationally after DNA damage to allow DNA répair
by controlling the expression of regulatory gene products
(18). These may include the DNA damage inducible gene

gadd45 (19) and the host protein with oncogenic properties

mdm-2 (20).

Biochemical characterization of p53 has become possible
recently owing to the use of protein expression systems
which allow for an abundant source of the protein. p53
purified using immunoaffinity chfomatography has been shown
to be a sequence-specific DNA binding protein which
recognizes a motif containing two contiguous monomers of
the sequence (Pu), C(A/T)(A/T)G(Py). (21). Sequence-specific

DNA binding activity is manifested in the ability of p53 to
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bind the SV40 origin of replication (13), and by its
ability to activate transcription in vitro froﬁ templates
harbouring its DNA binding sequence (22). Mutant forms of
p53 are defective in non-specific DNA binding (23),
sequence-specific DNA binding (21) and transcriptional
activation (14) suggesting that this activity is normally

required to suppress tumour formation.

Phosphorylation of nuclear DNA binding proteins is an
effective mechanism through which gene expression 1is
controlled in response to environmental cues (24). Multi-
site phosphorylation of p53 by protein kinases (25-27)
sdggests its tumour suppressor activity may be tightly co-

ordinated by complex signal transducing pathways.

Casein kinase II (CasKIIl) is a highly conserved calcium and
nucleotide independent enzyme which phosphorylates broad
spectrum of substrates, including transcription factors and
DNA binding proteins (2&8). The activity of the kinase is
stimulated in cells exposed to a variety of mutagens and
growth factors (29). Mouse (25) and human p53 (17) are
phosphorylated at the penultimate C-terminal amino acid by
Cas KII in vitro. Mutation of this highly conserved C-
terminal serine residue of mouse p53 to an alanine
abolishes the growth suppressive function of the protein in

mammalian cells, suggesting that phosphorylation at this
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site is one important modification required to activate the
tumour suppressor function of p53 (30). Based on
biochemical and physiological data, CasKII is the only

known enzyme involved in a direct and positive regulation

of the activity of p53.

Understanding the regulation of p53 activity is a vital
step for the development of therapeutic strategies designed
to restore tumour suppressor activity of the protein in
transformed cells. Using in vitro systems, it has already
been established that wild type p53 activity is negatively
regulated in vitro by the viral oncogene, T-antigen (22),

and host associated oncogene mdm-2 (31).

It appears that sequence specific DNA binding is one
activity of p53 required for its tumour suppressor
function. To date, all mutant forms of p53, eg those
encoded by the hotspot alleles, Hisl75, Trp248, and His273,
have been shown to be defective in sequence specific DNA
binding (21) and in the activation of transcription from

templates harbouring its consensus DNA binding site (14).

Summary of the invention

Enzymatic modulation of p53 may provide a framework from

which to couple signal transducing pathways with the P53
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response to DNA damage and ultimately growth control. To
study the effects of p53 phosphorylation on the activity of
the protein, we ha§e purified unmodified recombinant p53 by
conventional chromatography from bacteria and shown it to
be a multimeric protein which is latent for sequence
specific DNA binding (17). A motif within the C-terminal
30 amino acids negatively controls p53 function as deletion
of this domain constitutively activates p53. A set of p53
activating proteins, including rabbit muscle casein kinase

II, monoclonal antibody PAb421, and E.coli Hsp70, target

this C-terminal domain. .

We have therefore shown that while sequence specific DNA
binding activity is cryptic, it can be unmasked by enzymes
and proteins, including casein kinase II (17). From the
observation that p53 is regulated positively by CasKII, we
attempted to determine if some mutant forms of p53 are
inactive 1in DNA._binding as a result of a defect in

conve.sion from a latent to an activated state.

Mutant forms of p53 encoded by common 'hotspot' alleles
were purified and their activities were characterized at
the biochemical level. We show here that two mutant forms
of p53 encoded by the His273 and Lys285 alleles are not
inherently defective in sequence-specific DNA binding, but

appear to prefer residence 1in the latent state. A
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monoclonal antibody and E.coli DnaK are able to promote
sequence-specific DNA binding by these mutant forms of P53,
but the most potent physiological activator CasKII is

unable to effectively unmask the DNA binding function.

A new biochemical class of mutant forms of p53 is thus
established which is defective in DNA binding after post-
translational modification by the growth controlling enzyme
CaskKII. This class of mutant p53, defective in the
conversion from the latent to the activated state, was our
target for the construction of molecules with the ability
to reactivate the tumour suppressor function of mutant p53,
and thus potentially lead to selective growth arrest and

induction of apoptosis in tumour cells (32,33).

According to one aspect of the invention, there is provided
a method which comprises activating a mutant p53 protein
for specific DNA binding by the action of a ligand which
binds to the mutant p53, wherein said mutant has the
properties that

(i) it occurs at elevated levels in tumours,

(ii) it does not substantially suppress tumour growth,

(iii) it is not substantially activated by CaskKII

mediated phosphorylation.

The mutant p53 will be likely to involve amino acid



WO 94/12202 PCT/GB93/02438

7
substitution of the wild-type p53 outside the C-terminal 30
amino acids. Examples are mutants in which the

substitution is at either or both of positions 273 and 28S5,

typically producing his273 and lys285.

The activation typically is mediated by the action of a
ligand which binds to the mutant p53 within the C-terminal
30 amino acids. Suitable such ligands are the monoclonal
antibody PAb421 or the bacterial heat shock protein Dnak,
but it is contemplated tpat activation will also be
mediated by a ligand which binds effectively to the same
site on the mutant p53. Such equivalent 1ligand may
comprise a binding peptide fragment of PAb421 or DnaK, or

it may be a molecular "mimetic" thereof.

The designing of mimetics to a known pharmaceutically
active compound is a known approach to the development of
pharmaceuticals based on a "lead" compound. Typically, the
three-dimensional structure of the ligand and its binding
to the receptor is modelled, generally using a computer,
and alternative molecules are devised for the ligand which
have the same or equivalent binding regions, but which may
differ markedly from the original ligand in other respects.
For example, the original ligand may be a protein or
peptide, but the mimetic may be a non-peptide molecule

having a quite different skeleton but which has atoms or
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groups at the receptor binding locations which have the
same sort of characteristics, such as size, electric
charge, hydrophobicity etc, as the corresponding parts of
the original ligand. In this way, a mimetic can be devised
which fulfils the same binding and pharmacologic function

as the original ligand, but is for example easier to

manufacture and formulate as a pharmaceutical agent.

According to another aspect of the invention, there is
provided a pharmaceutical composition for activating mutant
p53 for specific DNA binding, wherein said mutant has the
properties that
(i) it occurs at elevated levels in tumours,
(ii) it does not substantially suppress tumour growth,
(iii) it is not substantially activated by CasKII
mediated phosphorylation,
the composition comprising a ligand capable of binding to

the mutant p53 and activating it, and a suitable excipient.

The ligand used in the composition suitably has the

characteristics described above.

A further aspect of the present invention lies in the use
of constitutively activated p53, whether wild type or
mutant, for therapeutic purposes, as in the tumour or cell

growth suppression. Constitutive activation can be by the
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binding of a ligand such as PAb421 or DnaK, or the deletion
of a C-terminal region, typically the 30 C-terminal amino
acids of the full length molecule; the precise limits of

what can be deleted to obtain the effect can of course be

determined by routine experimentation.

Definitions

PAb421 is a known monoclonal antibody (Harlow et al, J
Virol (1981), vol 37, 564—573) and is available from
Oncogene Sciences, NY, USA. It has been found to bind to
the amino acid motif SKKGQSTSRHK in the C-terminal region
of pb53. Contemplated within the terms of this invention
are other antibodies, binding fragments thereof, or non-
antibody ligands, natural or synthetic, that are able to
compete with PAb421 for binding to that motif and
activating mutant p53s. Another monoclonal antibody that
recognises the same site and can activate mutant p53 is
PAb122 (Gurney et al, J Virol (1980), vol 34, 752-763), and

is available through the ATCC under deposit No ATCC TIB

116.

DnaK is a known protein (Huang et al, J Biol Chem (1991),
vol 266, 7537-7541) and is available from StressGen
Biotechnologies Corp, Victoria, BC, Canada. It is a

baterial heat shock protein found in E coli, and has been
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found to bind to the amino acid motif RHKKLMFTKTE in the C-
terminal region of p53. Contemplated within the terms of
this invention are other ligands, natural or synthetic,

able to compete with DnakK for binding to that motif and

activating mutant p53s.

DO-1 is a known monoclonal antibody (Vojtisek et al, J

Immunol Meth (1992), vol 151, 237-244).

Description of the drawings

Figure 1: Rate of phosphorylation of p53 by native and
recombinant casein kinase II. p53 (50 ng) was
phosphorylated at 30°C in DNA binding buffer (in the
absence of an ATP regeneration system and DNA) for the
indicated times using recombinant human casein kinase II
(HuCKII; 125ng) or native rabbit muscle casein kinase II
(RaCKII; MonoQ fraction; 375 ng). Reaction products were
separated by SDS gel electrophoresis. Radiolabeled p53 was
excised from the gel and radioactive phosphate was
quantified by scintillation counting. Activity is
expressed as the moles of phosphate incorporated per mole
of p53 monomer. (B). Rate of activation of p53 DNA
binding by rabbit muscle or recombinant casein kinase II.

p53 (50 ng) was phosphorylated at 30°C for the indicated
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times (in the absence of an ATP regeneration system and
DNA) using rabbit muscle (RaCKII; MonoQ fraction, 375 ng)
or recombinant casein kinase II  (HuCKII, :125ng).
Radiolabeled DNA was added and readtions were incubated at
0°C for 5 minutes, followed by gel electrophoresis.
Radiolabelled p53-DNA complexes were scanned and quantified
using a phosphoimager. Activity is expressed as the Fmoles
of DNA bound by 50 ng of p53 as a function of the time of
phosphorylation for 40 minutes with different amounts of
rabbit muscle or recombinanp casein kinase II as in parts
A and B. Reaction products were separated by
electrophoresis on a 4% polyacrylamide gel; Lane 1(p53 +
1.2ng of HuCKII), lane 2 (p53 + 12.5 ng of HuCKII), lane 3
(p53 + 125 ng of HuCKII), lanes 4-6 (as in lanes 1-3, but
with the addition of Dé—l after DNA binding), lane 7 (p53
+ 37 ng of RaCKII), lane 8 (p53 + 375 ng of RaCKII), lanes
9 and 10 (as in lanes 8 and 9, but with DO-1 added after
activation of DNA binding). (D) GTP replacement of ATP in
the activation of p53. Complete reactions (without an ATP’
regeneration system and DNA) containing 50 ng of p53 and
375 ng of native casein kinase II were assembled without
nucleotide. The indicated nucleotide was -added and
incubations were at 30°C for 40 minutes. After the
addition of the DNA binding mixture, reaction products were
analyzed. Reading from left to right; lane 1 (p53 only,

with 1mM ATP), lane 2 (p53 and CK II, without NTP), lane 3-
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5 (p53 and CK II, with 62,250 and 1000uM ATP,
respectively), lanes 6-12 (p53 and CKII, with 0.24, 0.97,
3.4, 15, 62, 250, and 100uM ATP respectively), lanes 13-19

(as in 6-12, but using GTP in place of ATP).

Figure 2: Activation of sequence-specific DNA binding of
wild type and mutant p53. Activation reactions were staged
in two parts. In the first stage, wild type p53 (60 ng) or
mutant forms of p53 (180 ng) was incubated with ATP and the
indicated activating protein at 30°C for 30 minutes. In
the second stage, the consensus site oligonucleotide was
added to the reactions to assay for sequence-specific DNA
binding. (A) PAb42l:; lane 1, 3 and 5'(p53, p53 His 273,
and p53 Lys285, respectively), lanes 2, 4 and 6 (PAb421 and
p53, p53 His273, and §53 Lys285, respectively). (B) Dnak;
lanes 1, 5, and 9 (p53, p53 His273, and p53 Lys285,
respectively), lanes 2, 6 and 10 (DO-1 and p53, p53 His273,
and p53 Lys285, respectively), lanes 3, 7 and 11 (DnaK and
p53, p53 His273, and p53 Lys285, respectively), lanes 4, 8
and 12 (DnaK and p53, p53° His273, and p53 Lys285,
respectively, followed by DO-1). (C) Casein Kinase II;
lanes 1, 5, and 9 (p53, p53 His273, and p53 Lys285,
respectively), lanes 2, 6 and 10 (DO-1 and p53, pS53 His273,
and p53 Lys285, respectively), lanes 3, 7 and 11 (Casein
Kinase II and p53, p53 His273, and p53 Lys285,

respectively), lanes 4, 8 and 12 (Casein Kinase II and p33,
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p53 His273, and p53 Lys285, respectively, followed by DO-
1). p53* marks the migration of the aqtivated p53-DNA
complex. (D) Specific activity of wild type and mutant
p53. PAb42l-activated p53 (solid bar), DnaK-activated p53
(open bar), casein kinase II-activated p53 (stippled bar).

The specific activities of wild type, His273 and Lys285 are

indicated.

Figure 3: (A) NEM sensitivity of PAb421 activated p53.
After PAb421 activation of yild type p53 (60 ng; lanes 2-
4), p53 His273 (60 ng; lanes 5-7), and p53 Lys 285 (60 ng;
lanes 8-10) as described in the methods, redox reagents
were added (DTT to 2mM or NEM to 1lmM) and incubations were
continued at 30°C for 10 minutes. Lane 1 (no protein),
lanes 2, 5, and 8 (p53's-PAb421 only), lanes 3, 6 and 9
(p53's-PAb421 and NEM followed by DTT), lanes 4, 7, and 10
(p53's-PAb421 and DTT followed by- NEM). Reactions were
then incubated with the consensus DNA oligonucleotide to
assay for sequence specific DNA binding as described in the
methods. (B) NEM sensitivity of DnaK activated p53. After
activation of p53 His273 (180 ng; lanes 1-3) and p53 (60
ng; lanes 4-6 as described in the methods, redox reagents
were added and incubations were continued at 30°C for 10
minutes. Lanes 1 and 4 (p53s only), lanes 2 and 5 (DnakK
activated p53 with DTT, followed by NEM), lanes 3 and 6

(DnaK activated p53 with NEM followed by DTT). Incubations
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were then continued with the consensus DNA oligonucleotide

to assay for DNA binding as described in the methods pb3*

marks the position of the activated p53-DNA complex.

Figure 4: p53A30 DNA sequence-specific DNA binding
activity is sensitive to sulfhydryl modifying reagents.
(A) Sensitivity of p53430 to oxidation. p53A430 (60 ng) was
first treated with redox reagents: lane 1 (full length p33
activated by PAb421), lane 2 (p53A30 only), lane 3 (p53A30
and 2 mM DTT), lane 4 (p53A39 and 2 mM DTT followed by 1 mM
NEM), lane 5 (p53430 and 1mM NEM followed by 2 mM DTT),
lane 6 (p53A30 and 0.5 mM Diamide), and lane 7 (p53A30 and
0.5 mM Diamide followed by 2 mM DTT). (B) PAb42l-activated
full length p53 is sensitive to reversible oxidation by
diamide. p53 (60 ng) was first activated by PAb421 as
indicated in the methods and then treated with the
indicated redox reagents: lane 1-4 (0.1 mM, 0.4 mM, 1.6mM,
and 5.4 mM Diamide, respectively) and lanes 5-8 (as in 'l-
4' but followed by the addition of DTT to 6 mM). After the

modifications, p53 was assayed for sequence specific DNA

binding.

Figure 5: (A) C-terminal binding sites of the p53 binding
proteins within exon 11(45). The 30 C-terminal amino acids
from 363 to 393 are listed (46). Important motifs include:

The Ol domain required for higher order oligomerization
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(38); the CKII phosphorylation site (open headed arrow)
(47); the PAb421 binding site (48), the Hsc70 binding site
(36), and the endpoint of p53A30 (closed arrow) (17). (B)
Model describing the equilibrium shifts between dimeric p53
molecules in the latent or the activated states. The solid
arrow indicates the directidn favoured in the equilibrium
for wild type or mutant p53s. Wwild type p53 can be
effectively converted to the active form by casein kinase
I1I, PAb421, or DnakK. Conformational changes which occur
after modification by the gctivating protein relieve the
inhibition of DNA binding dependent upon C-terminal amino
acids flanking the PAb421 binding site (stippled rectangle
or ellipse). This conformational change activates the
sequence specific DNA binding function. In contrast to the
wild type protein, p53 mutants may be trapped in the latent
state, even in the presence of activating proteins.
Conditions that favour the interaction of activating
proteins with p53 and that induce conformational changes in

the C-terminus may activate the tumour suppressor function

of mutant forms of p53.

Detailed description of the invention

We have already demonstrated (Reference 17: Hupp et al,

Cell, Vol 71, 875-886, November 27, 1992) that the DNA
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binding activity of p53, required for its tumour suppressor

function, is cryptic but can be activated by cellular

factors acting on a C-terminal regulatory domain of p353.
A gel mobility shift assay demonstrated that recombinant
wild-type human p53 binds DNA sequence specifically only
weakly, but monoclonal antibody PAb421 binding near the C-
terminus activated the cryptic DNA binding activity
stoichiometrically. p53 DNA binding could also be
activated by a 30 amino acid C-terminal deletion of p53
(deletion of 90 amino gcids inactivated it), mild
proteolysis of full length p53 (with trypsin), E coli DnakK
(which disrupts protein-protein complexes) or CasKII (and
coincident phosphorylation of a C-terminal site on p53).
All the foregoing is described in more detail in the Hupp

et al paper, to which reference may be made as appropriate.

Using an in vitro system coupling post-translational
modification of wild type p53 to the activation of sequence
specific DNA binding, we have examined the effect of
mutation on the latent DNA binding function of p53.
Purification and biochemical characterization of mutanf
forms of p53 from bacterial expression systems demonstrated

that a set of mutants share fundamental properties with the

wild type protein.

Like wild type p53, the purified mutants encoded by the His
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273 and Lys285 alleles (i) appear to exist as latent multi-
protein complexes and can be converted to active DNA
binding forms by PAb421 and DnaK; (ii) express the N-
terminal epitopes recognized by monoclonal antibody DO-1 in
the native p53-DNA complex; (iii) require reactive
sulfhydryl to promote sequence-specific DNA binding; and

(iv) are effectively phosphorylated by CasKII in vitro.

There is however, one noticeable difference between these
two mutant proteins and wilq type p53. It appears that the
mutants are severely defective in the GTP or ATP dependent
activation of sequence—séecific DNA binding by the cellular
enzyme CaskKII. Given that wild type p53 is regulated
positively by phosphorylation, implicating CaskKII
involvement in the p53 pathway (52), it is reasonable to
expect that defects in this modulation would result in the
net loss of p53 tumour suppressor activity. This defect
would be made manifest in perturbation of the CaskKII
signal transducing pathway, in which hypophosphorylated p53
would be inactive as a tumour suppressor. In the selection
for mutation during the process of cellular transformation,
there could be a seiection for: (i) a p53 mutation in the
CaskKII recognition site at the C-terminus, which would
prevent post-translational modification by the kinase, (ii)
a dominant p33 mutation in exon 11 which would strengthen

the activity of the negative regulatory domain, effectively
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locking p53 into the latent state, or (iii) a p53 mutation
outside the C-terminal domain which confers an immunity to

activation after phosphorylation. The two mutants

exemplified herein fall into the latter class. Mutations
residing in the C-terminus may exist, but since this region
is not highly conserved, little emphasis has been placed on

screening p53 alleles for mutation in this negative

regulatory domain.

Experimental procedures

A. Materials and methods

Enzymes and reagents

Purified fractions of recombinant human wild type p53 and
p53A30 from a bacterial expression system,' p53 specific
monoclonal antibodies PAb421 and DO-1 were obtained és
described previously (17). Mutant forms of p53 encoded by
the Lys285 and His273 alleles were purified from a
bacterial expression system using Heparin Sepharose and Gel
filtration chromatography as described for wild type p53.

Fractions containing mutant p53s eluting at approximately
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440 Kd on gel filtration (compared to protein standards)
and which could be activated for sequence-specific DNA
binding by PAb421 were concentrated»using a Centricon-30
(Amersham) to 0.5 mg/ml and stored frozen at -70°C. Mutant
forms of p53 purified by this method were greater than 90%

pure when stained with Coomasie Blue in an SDS

polyacrylamide gel.

The E.coli Hsp70 homologue gbﬁaK) was purified from an
overproducing strain by a yodification of the published
protocol (49). Active fractions of DnaK eluting from
MonoQ (49) were applied to an ATP-Agarose column in Buffer
P (10% glycerol, 25 mM HEPES (pH 7.6), 0.1 mM EDTA, and 1
mM DTT) containing 10 mM MgCl,. After a 10 column volume
wash in Buffer P containing 1.0 M KC1 + 10 mM MgCl, and a 5
column volume wash with Buffer P containing 10 mM KCl1 + 10
mM MgCl,, bound DnaK was eluted with Buffer P containing 10
mM MgCle+ 5mM ATP. The fractions of DnaK eluting from ATP
agarose were dialyzed overnight at 3°C against Buffer P
containing 2 mM EDTA and 0.25 M KCl. DnaK was further
purified on Superose-12 gel filtration equilibrated iﬁ

Buffer P containing 0.25 M KCl. NEM and Diamide were from

Sigma.
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Sources of casein kinase I1

CaskKIll from rabbit muscle was purified as described (17)
with the following modifications. Muscle from a rabbit was
ground in 2 liters of homogenization buffer (4 mM EDTA, 2
mM DTT, 1 mM Benzamidine) and centrifuged at 4000xg for 45
minutes. The soluble supernatant containing 27.5 grams of
protein was batch adsorbed to 200 ml Qf phosphocellulose
resin in Buffer P for 2 hours. The column was washed with
Buffer P containing 0.35 M'KCl, and CasKII activity was
step eluted with Buffer P containing 1.2 M KCl and 0.1%
Triton X-100. After Phosphocellulose, fractions containing
CaskKII were applied to a Heparin Sepharose column and
eluted with a linear gradient from 0.05 to 1 M KCl in
Buffer P containing 0.1% Triton X-100. Active fraction
were applied to a MonoQ column and eluted with a linear KC1
gradient in Buffer P containing 0.1% Triton X-100. Active
CasKII wés concentrated to 0.75 mg/ml using Centricon-30
and stored at 4°C. Kinase activity was monitored by
assaying for radioactive phosphate incorporation into p53
and casein as described (17). Casein and p53 kinase
activities ere co-incident after Heparin 'Sepharose and
MonoQ chromatography. Recombinant human CasKII holoenzyme

expressed in E.coli was 95% pure and was obtained from

Boehringer Mannheim.
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Synthesis of oligonucleotides and preparation of duplex

substrates

Oligonucleotides containing the 20-mer p53 consensus DNA
binding site (PG) (22) and Hind III compatible ends were:
5' AGC TTA GAC ATG CCT AGA CAT GCC TA 3' and 5' AGC TTA GGC

ATG TCT AGG CAT GTC TA 3'. Oligonucleotides without the

consensus sequence (TL) were: 5' TAT GTC TAA GGG ACC TGC

GGT TGG CAT TGA TCT TG 3' and 5' GTG CCA AGA TCA ATG CCA
ACC GCA GGT CCC TTA GAC A 3'. Complementary
oligonucleotides were hybridized and end-labelled with 3*?P-v

“ATP as described (Maniatis et al, 1982) and stored at 4°C.

p53 sequence-specific DNA binding using a gel mobility

shift assay

A 20pl reaction volume contained DNA binding buffer (20%
glycerol, 25mM HEPES (pH 7.6), 50mM KCl, 1mM DTT, 1lmg/ml
BSA and 0.1% Triton X-100) and was mixed with PG
radiolabelled DNA, unless indicated otherwise (1-5ng),
competitor DNA (20-100ng of pBluescript I1), the indicated
amounts of p53 (Fraction III) and the indicated p53-
specific monoclonal antibodies. Incubations followed a 0°C
for 30 minutes unless indicated otherwise. Reaction

products were loaded onto a 4% polyacrylamide gel
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containing 0.33 X TBE and 0.1% Triton X-100, which had
undergone pre-electrophoresis at 100V for 15 minutes at 3°C.
Electrophoresis was continued at 200V from 30 to 90 minutes

at 3°C. Gels were dried prior to exposure to X-ray film.

Phosphorylation of p53

Reactions (10pl contained DNA buffer (without DNA)
supplementea with 100pM ATP containing 3*?P-y-ATP, and 125hg
of p53 (Fraction III). ‘ CaskKII obtained after gel
filtration (80ng) was added and after incubations at 30°C
for the indicated times, reactions were quenched by the
addition of SDS-PAG sample buffer. Products were separated
by electrophoresis on a 10% SDS-polyacrylamide gel. p53
was localised by staiﬁing with Coomassie Blue and the bands
were excised and counted using a liquid scintillation

counter (Beckmann LS 1801).
Activation of p53 by CasKII and DnakK

Reactions (10upl) contained DNA binding buffer (without DNA)
supplemented with 30ng of p53 (Fraction II1I), 1lmM ATP, and
with an ATP regenerating system containing 0.1lmg/ml
creatine kinase II and 20mM phosphocreatine. After the

addition of the indicated amounts of CasKII or purified
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DnaK, reactions were incubated at 30°C for 30 minutes. A 2-
fold concentrated mixture containing radiolabelled DNA,
competitor DNA, and the indicated monoclonal antibodies
(10pl) was added and incubations were continued at 21°C for

10 minutes. Reaction products were analysed as described

above.

Activation of wild type or mutant forms of p53

Activation of the sequence—specific DNA binding function of
wild type and mutant forms of p53 were performed using the
assay conditions previously described with the following
modifications. In a 10ul reaction containing 20% glycerol,
25 mM HEPES (pH 7.6), 0.05% Triton X-100, 5 mM Mg Cl,, 50 mM
KC1l, 0.1mM EDTA, 1lmg/ml BSA, 0.1 mg/ml creatine kinase, 20
mM phosphocreatine, 1 mM ATP, the indicated amounts of wild
type or mutant p53 and the indicated activating protein,
reactions were incubated at 30°C for 30 minutes. A 10ul
aliquot containing the radiolabeled consensus DNA binding
oligonucleotide (5' AG-CTT AGACATGCCT AGACATGCCT A 3' and
5' AGCTTAGGCATGTCT AGGCATGTCT A 3') defined by El-Deiry
(21) with competitor plasmid DNA was added and reactions
were incubated at 30°C for 5 minutes. Unless indicated
otherwise, PAb421 (400 ng), DnaK (2ug), CasKII (240 ng), or

DO-1 (400 ng) were added. Reaction products were separated
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by electropohoresis in a native 4% polyacrylamide gel

containing 0.1% Triton X-100 and 0.33 X TBE at 3°C.

B. Results

The bacterial and mammalian cell expression of p53
exhibiting sequence specific DBA binding, activation of
wild-type p53 by Fab421, DnaK or CasKII, and by limited

tryptic digestion or by C-terminal deletion.

These results, .and the details of the experiments, are

provided in our paper Hupp et al (17).
Activation of mutant forms of p53 by PAb421 and DnakK

Our recent identification of the létent biochemical
phenotype of wild type p53 (17) supports the possibility
that some mutant forms of p53 may be inactive due to a
relative defect in activation of DNA binding by a post-
translational modification (Figure 5). Identification of
such a class of mutant p53 would provide suggestive
evidence for the importance of a CasKII signalling pathway
in the cell and define a class of p53 which could
presumably have the capacity to have its tumour suppressor

function re-activated by alternative post-translational
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modifications.

To test this possibility, we have examined the behaviour of
mutant forms of pS53 iﬁ sequence-specific DNA binding
assays. Mutant forms of p53 encoded by the Hisl75, Trp248,
His273, and Lys285 alleles were purified using Heparin
Sepharose and gel filtration chromatography as described
for wild type p53. The mutant proteins eluted as a multi-
protein complex of approximately 440Kd on gel filtration,
similar to that observed with wild type p53 (17). These
results indicate that the mutations have not prevented

stable associations between monomers.

Wild type p53 did not exhibit sequence-specific DNA binding
unless activated by the monoclonal antibody, PAb421 (Figure
2A, lane 2 vs.lane I). PAb421 binds to the C-terminus of
p53 and presumably induces a conformational change that
neutralizes the function of a negative regulatory domain
(Figure 5A). Highly purified mutant forms of p53 encoded
by the His273 and Lys285 alleles were also unable to bind |
DNA sequence-specifically, but were effectively activated

for DNA binding by PAb421 (Figure 2A, lanes 4 and 6 vs.

lanes 3 and 5). The specific activities for the mutant

proteins were 6-8 fold lower than wild types p53 (See

Figure 2D and the following Table).
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Table

Specific activity of activated wild-type and mutant p53s

(Fmol DNA bound/pg protein)

_p53 PAb421 DnakK CaskII
wild type 166 57 64
His273 55 31 3.8
Lys285 47 14 2.6

Apparently, these point mutations in p53 do not abolish
sequence-specific DNA binding as the cryptid function can
be activated (Figure 5B). The other two common mutants
studied, Hisl175 and Trp248 could not be activated in DNA
binding by PAb421 under these conditions, suggesting that

the cryptic activity may be permanently locked into the

latent state (Figure 5B).

p53 can bind to DnaK and Hsc70 in vivo (35). Hsc70 binds
to the C-terminus of p53 synthesized in reticulocyte
lysates (36), suggesting that this family of proteins
targets the same domain as PAb421 and CaskKII (Figure 5A).
We have found that this interaction may have functional
significance, since purified recombinant DnakK is able to

activate sequence specific DNA binding of wild type P53.
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The His 273 and Lys285 mutant p53s were also activated by
DnaK to give rise to products similar in mobility to
activated wild type p53 (Figure 2B, lanes 3, 7, and 11 vs.
lanes 1, 5 and 9). A monoclonal antibody specific for the
N-terminus of p53, DO-1, was able to supershift the DnakK
acfivated wild type and mutant p53s (lanes 4, 8 and 12 vs.
lanes 3, 7 and 11). DnaK activated mutant p53 bound by DO-
1 are 4-6 fold less active than wild type p53 activated by
this head shock protein (Figure 2D). The enhancement of
DnaK activated mutant p53 DNA binding function was observed
upon the inclusion of DO-1 (Figure 2B). The mutant forms
of p53, though in an activated state, may yet favour
equilibrium towards the latent state (Figure 5), and the
inclusion of DO-1 may help to lock the protein into the

high affinity DNA binding conformation.

Mutant forms of p53 are severely defective in activation by

casein kinase II

The third protein which we have been using to activate wild
type p53, and one which 1is presently the most
physiologically relevant, is casein kinase II. The C-
terminal CasKII phosphorylation site is required for tumour
suppressor function is mammalian cells (30). Covalent

modification of wild type p53 by CasKII in vitro is GTP or
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ATP dependent and activates the cryptic segquence-specific
DNA binding function of P53 (Figure 1). Although wild type
p53 was activated very effectively by CaskKII, both latent,
mutant forms of p53 (Figure 2C, lanes 3, 7 and 11 vs. lanes
1, 5 and 9; Figure 2D) were activated to a very low extend
by CaskKII; this is more noticeable after the addition of
DO-1, which supershifted the protein-DNA complexes (lanes
4, 8 and 12 vs. lane 2). Quantification of the products of
DNA binding indicates that CaskII is 20-30 times less
effective than PAb421 in activation of these two mutant
forms of P53 (Figure 2D). The mutant proteins were
phosphorylated as effectively as wild type p53 by casein
kinase II in vitro. This modification was inhibited by
PAb421, indicating that phosphorylation is occurring within

the C-terminus as is observed with wild type p53.

Activated wild type and mutant forms of p53 both require a

reactive sulfhydryl for sequence-specific DNA binding

Independent biochemical analysis of wild type p53 has shown
that it requires reactive sulfhydryl for effective sequence
specific DNA binding, and it was of interest to determine
if the altered conformation of activated mutant forms of
p53 could express this biochemical phenotype. In stage

activation of wild type and mutant forms of p53 by PAb421,
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the inclusion of NEM after the activation step inhibited
sequence specific DNA binding (Figure 3A, lanes 3, 6 and 9
vs. lanes 2, 5 and 8). As with wild type p53, the prior
inclusion of DTT followed by the addition of NEM prevented
inhibition of DNA binding of the PAb421 activated mutant

forms of p53 (lanes 4, 7 and 10 vs. lanes 3, 6 and 9).

A similar analysis was carried out using DnaK activated p53
His273 and wild type p53 (Figure 3B). After the activation
by DnaK (lanes 2 and 5 vs. lanes 1 and 4), NEM inhibited
sequence specific DNA binding of both mutant and wild type
p53s (lanes 3 and 6), while the control reactions
containing an excess of DTT were not affected by NEM (lanes
2 and 5). These results suggest that post-translational
modulation of the reactive sulfhydryl group through a redox
mechanism will greatly affect p53 function and imply that
mutant p53 proteins are not defective in DNA binding owing

to a propensity of this sulfhydryl group to exist in an

oxidized state.

The constitutively active p53430 requires a reactive

sulfhydryl for DNA binding

Even the possibility that a reactive sulfhydryl is required

at some undetected state during the activation of wild type
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or mutant forms of p53, we studied the effects of
sulfhydryl modifying agents on p53430 activity. This
recombinant enzyme is constitutively active for sequence-
specific DNA binding as it lacks the C-terminal 30 amino
acids containing the negative regulatory motif which, in an
unmodified state,vprevents activity. The inclusion of NEM
inhibited DNA binding of this protein as it does wild type
full length activated p53 (Figure 4A, lane 5 vs. lanes 2-
4). Diamide, which unlike NEM, reversibly oxidizes
sulfhydryl residues, also inactivated p53430 activity (lane
6 vs. lanes 2-4). The addition of DTT to diamide-oxidized

p53A30 reactivated the function of the protein (lane 7).

Wild type full length p53 also responded similarly to
Diamide. The inclusion of increasing amounts of Diamide
inactivated the DNA binding activity of PAb42l-activated
full length p53 (Figure 4B, lanes 1-4). The subsequent
treatment of the reactions with an excess of DTT reversed

the oxidation promoted by Diamide (lanes 5-8).
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Determination of the target site for binding of DnaK in

relation to the sites for PAb421 and CaskKII1

The C-terminal 30 amino acid region of p53 is denoted by
amino acid residues 363-393. We screened a series of
synthetic peptides derived from the C-terminus of p53 for
the ability to compete with DnaK activation of the protein.
Wild type p53 waé first activated for DNA binding by
PAb421, DnaK and CaskKII in the absence of peptides.
Peptide C379-393 was unable to compete effectively with
activation by PAb421 and CaskKII. The PAb421 epitope is
lacking in this peptide, so it was expected that it would
not interfere with activation of p53. 1In contrast, peptide
C379-393 at concentrations from 500pM to 5uM blocked DnakK
activation. The peptide C369-383 inhibited PAb421
activation by p53, while it was ineffective at inhibiting
DnaK or CaskKIl activation of p53 binding. This suggests
that the DnaK targets the C-terminal 15 amino acids of pS3,
flanking the PAb421 epitope and CasKII phosphorylation
sites. Peptide C374-388 could block DnaK activation as
well as peptide C379-393, suggesting that teh C-terminal 5
amino acids, containing the CasKII phosphorylation site,
are not recognised by DnakK. The peptide C369-383
containing the PAb421 epitope removed important

determinants of DnaK binding.
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Summary

From our studies, we have identified a class of mutant p53
which is defective in a GTP or ATP dependent post-
translational activation of its‘ sequence-specific DNA
binding function by casein kinase 1I. However, these
mutants can be converted to activated states by a distinct
set of proteins, including PAb421 and E.coli Hsp70 (DnaK).
Two important criteria appear necessary for this
conversion. These modifications presumably will be
relevant in the cell and include: (i) a specific, high
affinity binding of an ‘'activating' polypeptide (or
mimetic) involved in neutralization of the C-terminal
negative regulatory domain; and (ii) a highly reduced
environment which can maintain p53 in an activated state.
Activation of mutant p53 from its cryptic state by a
monoclonal antibody and a heat shock protein has tremendous
therapeutic implications. Given the clear association
between the DNA binding activity and tumour suppressor
functions of p53, these results imply that in many tumour
cells there are high 1levels of mutant p53 that can

potentially be activated to restore significant wild type

function.
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Therapeutic applications of the present invention include
the administration of an activating ligand for p53, or
administration of a constitutively active p53, such as p53
having the C-terminal 30 amino acids deleted. The latter
is based on our disclosure in Hupp et al (17) on wild-type
p53, but a similar effect may be obtained with mutant p53.
There is also evidence that the C-30 deleted form may be

even more active in DNA binding than the PAb421 activated

full length molecule.

Instead of administering these agents directly, they could
be produced in the target cells by expression from an
encoding gene introduced into the cells, eg in a viral
vector (a variant of the VDEPT technique - see below). The
vector could be targeted to the specific cells to be

treated, or it could contain regulatory elements which are

switched on more or less selectively in the target cells.

Alternatively, the agent (constitutively active p53 or p53-
activatiné ligand) could be administered in a precursor oOr
form, for conversion to the active form by an activating
agent produced in, or targeted to, the cells to be treated.

This type of approach is sometimes known as ADEPT or VDEPT;

the former involving targeting the activating agent to the
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cells by conjugation to a cell-specific antibody or ligand,

while the latter involves producing the activating agent,
eg an enzyme, in the target cells by expression from

encoding DNA in a viral vector (see for example, EP-A-

415731 and WO 90/07936).

Various methods of administration of the therapeutic agent
can be used, following known formulations and procedures,
Dosages can be determined by routine experimentation. As
noted above, administration may be systemic or targeted,
the latter employing direct application of the agent to the
target cells or the use of targeting systems such as
antibody or cell-specific 1ligands. Targeting may be
desirable for a variety of reasons: for example if the
agent 1is unacceptably toxic, or if it would otherwise
require too high a dosage, or if it would not otherwise be

able to enter the target cells.

The normal cellular environment is  sufficiently reducing
for P53 to be active - see (ii) above - but there may be an‘
enhanced effect from the administration of a reducing
agent, as we have found that in tissue culture wild-type

p53 can be activated by the extracellular addition of a

reducing agent (dithiothreitol) to the culture medium.
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Claims

1. A method which comprises activating a mutant p53
protein for specific DNA binding by the action of a ligand
which binds to the mutant p53, wherein said mutant has the
properties that

(1) it occurs at elevated levels in tumours,

(ii) it does not substantially suppress tumour growth,

(iii) it is not substantially activated by CasKII

mediated phosphorylation.

2. A method according to claim 1 wherein the activation
is by the action of a llgand which binds to the mutant p53

within the C-terminal 30 amino acids.

3. A method according to claim 2, wherein the activation
is by the binding of monoclonal antibody PAb421 or the
bacterial heat shock protein DnaK, or a ligand which binds

effectively to the same site on the mutant p53.

4. A method according to any one of claims 1, 2 and 3,
wherein the mutant p53 involves amino acid substitution of

the wild-type p53 outside the C-terminal 30 amino acids.
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5. A method accofding to claim 4 wherein the substitution

is at either or both of positions 273 and 285.

6. A method according to claim 5 wherein the substitution

gives either or both of his273 and lys285.

7. A pharmaceutical composition for activating mutant p53
for specific DNA binding, wherein said mutant has the
properties that
(i) it occurs at elevated levels in tumoufs,
(ii) it does not substantially suppress tumour growth,
(iii) it is not substantially activated by CasKII
mediated phosphorylation,
the composition comprising a ligand capable of binding to

the mutant p53 and activating it, and a suitable excipient.

8. A composition according to claim 7, wherein the llgand

binds to the mutant p53 within the C-terminal 30 amino

acids.

9. A composition according to claim 8, wherein the ligand
is monoclonal antibody PAb421 or the bacterial heat shock

protein DnaK, or a ligand which binds effectively to the

same site on the mutant p53.
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10. A composition according to any one of claims 7 to 9,
wherein the mutant p53 involves amino acid substitution of

the wild-type p53 outside the C-terminal 30 amino acids.

11. A composition according to claim 10, wherein the

substitution is at either or both of positions 273 and 285.

12. A composition according to claim 11 wherein the

substitution gives either or both of his273 and 1lys285.

13. The use of an activated form of p53 for therapy,
wherein the activation is obtained by the binding of a

ligand to the C-terminal region or deletion of a C-terminal

region of the p53 molecule.



WO 94/12202 PCTIGBRY3/02438

AL

o p53 phosph lation, HUCKH@
2 10 ~
Q
£
o
«©
Lo
&
© 0.5 i
Lo
Q.
B
0.0 i 1 i
0 20 40 60
Time (minutes)
B 60 p53 Activity
2 60
s
Q
sl
< 40
&
Fig.l 5
E
LL
0 1 i i i
0 10 20 30 40
Time of Phosphorylation (min)
C12 345 678910
0.
l....
Z
D %
[ s
P~
= O
o o CTE ATE GTP
0 1D ¢
Q 6

SUBSTITUTE SHEET



WO 94/12202 PCT/GB93/02438
2 /1

A PaAba21 Activation

e N53*

12 3456

Dnak Activation

|~ DO-1 shifted

| 53

1 234567809101112

Fig.2

C Casein Kinase I Activation

<= D0O-1 shifted
e PB3*

128345678 9101112

= 150 0
o) /]
£ N £
Y =
100k || &
e 0. % @ = =
5
c ©
@ 6° & & b3
< o X g by g
$ S0y ] fxE § g
) ey o © e
' £ .g < o -S:_
'/ :‘b"; QO [&]
Lys285

0 L -
Wild type  His273

SUBSTITUTE SHEET



WO 94/12202 PCTIGBI3/02438

3//[‘~

A NEM sensitivity of PAb421-p53*

ws DB
1 23 45 6 7889 10
Fig.3
B NEM sensitivity of DnaK-p53”
wayr PE3*
- 53"
FlgA <o P53A30

1 23 45 6 728

SUBSTITUTE SHEET



WO 94/12202 PCT/GB93/02438

L /1,

Fig.5

A exon 11

AHSSHLKSKKGQSTSRHKKLMFKTEGPDSD
° ° ? 393
CKIHI site
|
PAb421 epitope I

363 O1 domain

Hsc70 binding site

wild type

PAb421
GTP-ATP/CKIll
ATP/DnaK

INACTIVE <EE— ACTIVATED
LATENT p53 = WILD TYPE OR

mutant MUTANT p53

SUBSTITUTE SHEET



INTERNATIONAL SEARCH REPORT Int  onal Application No
PCT/GB 93/02438

A. CLASSIFICATION OF SUBJECT MATTER
A 61 K 37/02,A 61 K 45/05,A 61 K 39/395

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED .
Minimum documentation searched (classification system followed by classification symbols)

A 61 X,G 01N 33/00

Documentation scarched other than minimum documentation to the extent that such documents are included in the fields searched

Elecu'onicdmbascccnsnwddm'ngmeintanaﬁoulm(mmeofdaubueand.whaepncﬁuhmmmd)

C. DOCUMENTS CONSIDERED TO BE RELEVANT
Category * | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

P,X CHEMICAL ABSTRACTS, vol. 119, 1-13
no. 13, issued 27 September
1993 (Columbus, Ohio, USA),
T.R. HUPP et al. "Activation
of the cryptic DNA binding
function of mutant forms of
p53.u

page 333, abstract no.
133812p

& Nucleic Acids Res. 1993,
21(14), 3167-74.

A EP, Al, 0 475 623 1-13
(THE REGENTS OF THE UNIVER-
SITY OF CALIFORNIA) 18 March
1992 (18.03.92),

claims.

A CHEMCIAL ABSTRACTS, vol. 113, ' 1-13

D Further documeants are listed in the continuation of box C. D Patent family members are listed in annex.

* Spedial categories of cited documents 2 T later d ¢ publi the in tional filing date
. " . L or priority date and notin conilict with the application but
A’ doctiment defining the general state of the art which is not cited to understand the principle or theory underlying the
considered to be of particular relevance invention
“E" eariier document but published on or after the international “X° document of particular relevance; the dlaimed invention
filing date cannot be considered novel or cannot be considered t
‘L° document which may throw doubts on priority daim(s) or involve an inventive step when the document is tsken alone
which is cited,to establish the publication datc of another *Y* document of particular relevance; the ciaimed invention
citation or other speciai reason (as specified) cannot be considered to involve an inventive step when the
*0° document referring to an oral disclosure, use, exhibition or document is cornbined with one or more other such docu-
other means ments, such combination being obvious to 2 person skilied
“P* document published prior to the international filing date but e in the art. .
later than the priority date ciaimed & document member of the same patent family
Date of the actual compietion of the international search Date of mailing of the international search report
31 January 1994 75 -P3- 1394
Authorized officer

Name and mailing address of the ISA
European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040, Tx. 31 651 epo nl, SCHNASS e.h.
Fax: (+31-70) 340-3016

Farm PCT/SA/210 (second sheet) (July 1992)



INTERNATIONAL SEARCH REPORT O ——
-2 PCT/GB 93/02438

C.(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT

Category * | Citation of d t, with indication, where appropriate, of the relevant passages Relevant to claim No.

no. 3, issued 16 July 1990
J.V. GANNON et al. "Activat-
ing mutations in p53 produce
a conformational effect. A
monoclonal antibody specific
for the mutant form." .
page 166, abstract no. 18807e
& EMBO J. 1990, 9(5),
1595-602.

P,A WO, Al, 93/21 529 1-13
"(DUKE UNIVERSITY)

28 October 1993 (28.10.93),
abstract.

Form PCT/ISA/218 (continuation of second theet) (July 1992)



ANHANG ANMNE X

um internatiunaién Recherchen~ to the International Search
bericht dber die internationale Repart to the International Patent
Patentanaeldung Nr. Application No.

PCT/BB 93/02438 SAE B2073

In diesen Anhang sind die Mitglieder This Annex lists the patent fasily

der Patentfamilien der im obenge- seabers relating to the patent docusents
hannten internationalen Recherchenbericht cited in the above-mentioned inter-
angefihrten Patentdokusente angegeben, national search repert. The Office is
Diese Angaben dienen nur zur Unter- in no way liable for these particulars
richtung und erfolgen ohne Gewdhr. which are given merely for the purpose

of information.

AahNEXE

au rapport de recherche inter-
national relatif 4 la demande de brevet
international n°

La présente annexe indique les

gepbres de la famille de brevets .
relatifs aux docusents de brevets cités
dans le rapport de recherche inter-
national visée ci-déssus. Les reseigne-
gents fournis sont donnés 4 titre indica-
tif et n’engagent pas la responsibilité
de 1'0ffice.

In Recherchenbericht Datum der Mitglied(er) der Datun der
angefihrtes Patentdokusent Verdffentlichung Patentfamilie Verdffentlichung
Patent docusent ctited Publication Patent family Publication
in search report date seaber (5) date
Docuaent de brevet cité Date de Mesbre(s) de la Date de
dans le rapport de recherche publication famille de brevets publication
EFP Al 47562F 18-03-92 AU Al B82629/91 27-02-92
CA AA 2047090 25—-02-92
FI AO 213978 23-08-91
FI A 213978 25-02~92
NO AO F12665 0B-07-91
NO A Q12665 25-02-92
Wa Al 9321329 28-10-93 keine —- none -~ rien

o S g T S o 2ot o St et i S8 et S



	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

