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Understanding the way in which single nucleotide polymorphisms and mutations in the human
genome result in individual susceptibility to disease is a major goal in the postgenomic era.
Such knowledge should accelerate the development of personalised medicine in which drug
treatment can specifically match an individual’s genotype. High-throughput DNA sequencing
is generating the initial information required, but new technologies are required that can
rapidly characterise the phenotypic effects of the identified polymorphisms. For example,
many thousands of allelic variants of the p53 gene have been described and are responsible
for more than 50% of cancers, however few of the protein products have been functionally
characterised. Here we have quantified in parallel the effects of mutations and polymorphisms
on the DNA-binding function of the p53 oncoprotein using a protein microarray, allowing their
subclassification according to functional effect. Protein-protein interactions between p53
variants and (i) a regulatory oncoprotein, (ii) a regulatory kinase resulting in on-chip phos-
phorylation, are also described, suggesting the more general utility of this high-throughput
assay format.
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1 Introduction

In the postgenomic era, attention is turning towards the
assignment of function to proteins encoded by genomes.
As part of this effort, attempts are being made to describe
the genetic differences between individuals that underlie
phenotypic diversity and disease [1, 2]. Understanding
this genetic variation will lead to more effective, person-
alised medicine whereby drug treatment can be tailored
to the individual genotype of the patient. Commonly,
genetic biomarkers such as single nucleotide polymorph-
isms (SNPs) are identified by DNA sequencing and meas-
urements of their frequencies in different populations pro-
vide correlations with disease. Whilst a statistical associ-
ation between a genetic marker and a phenotype can be
valuable in disease prediction, defining the mechanistic

effects of genetic changes will be key to understanding
the molecular basis of individuality and the subsequent
design of new targeted therapies.

When a genetic marker falls within a gene and changes
the amino acid sequence of the encoded protein (i.e. a
coding SNP or mutation), direct measurement of its
effect, for example on catalytic efficiency or affinity, is
possible. Such analyses are typically performed in a low-
throughput manner and involve comparison of only a few
mutant proteins with the wild-type. Obtaining this type of
data with any degree of accuracy across large sets of pro-
tein variants is technically difficult, requiring isolation of
many protein variants in an assayable format. We have
used the protein microarray format [3–6] to perform com-
parative analyses of naturally occurring sequence var-
iants of a single protein with the aim of dissecting the mo-
lecular mechanisms of function (or malfunction) that
underlie natural variation and disease. The parallel, high-
throughput nature of microarray experiments makes this
format attractive for analysing large numbers of protein
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interactions and the uniform intra-array conditions both
simplify and increase accuracy of assays. Additionally,
the small volumes of ligand or reaction solution required
to perform assays, typically tens to hundreds of microli-
tres, can provide economic advantages, for example
when using expensive recombinant proteins.

We chose to study sequence variants of the p53 protein
because of its importance in regulating the deleterious
effects of oncogene activation, DNA damage and che-
motherapeutic agents through activating DNA repair and
apoptosis pathways [7, 8]. Approximately half of all hu-
man cancers lose p53 activity by mutation and more
than 17 000 somatic and germline sequence mutations
have been described [9, 10]. We have analysed 45 mis-
sense and nonsense germline mutations of p53 (affecting
the amino acid sequence of the protein), many of which
result in an autosomal dominant disorder known as Li-
Fraumeni syndrome (LFS) characterised by soft-tissue
sarcomas, leukaemias, osteosarcomas, breast tumours,
brain tumours and adrenocortical carcinoma [11, 12].
The majority of mutations are found within the DNA-bind-
ing domain with two present in the tetramerisation do-
main (Fig. 1A). We have also included the widely distribut-
ed polymorphism R72P [13, 14] and three control mutants
in this analysis. Individual mutants have been charac-
terised previously, often in the form of the isolated core
domains, according to parameters such as DNA-binding
function or folded state [15, 16]. Here we have used three
physiologically relevant functional assays to carry out a
side-by-side characterisation on this set of full-length,
clinically relevant mutants using a microarray format. Our
results clearly demonstrate differences in behaviour in
vitro that may explain different functional effects of p53
mutations and polymorphisms in vivo.

2 Materials and methods

2.1 Cloning of p53 cDNA

The wild-type p53 gene was PCR amplified from a HeLa
cell cDNA library using primers 5’-ATG GAG GAG CCG
CAG TCA GAT CCT AG-3’ and 5’-GAT CGC GGC CGC
TCA GTC AGG CCC TTC TG-3’. The product was
cloned into an Escherichia coli expression vector (pQE-
80L; Qiagen, Valencia, CA, USA) in frame and down-
stream of sequences encoding six histidine residues
and the BCCP domain (amino acids 74–156 of the E.
coli AccB gene). XL1-Blue competent cells (Stratagene,
La Jolla, CA, USA) were transformed and following iso-
lation of plasmid DNA, the p53 gene was sequence-ver-
ified and confirmed as matching Swiss-Prot entry
P04637.

Figure 1. Microarrayed p53 variants. (A) Linear map
showing domain structure of p53 and locations of the
germline mutations used in this study. Presence of a
longer bar indicates two separate variations. The majority
of mutations are present in the DNA-binding domain
(mutated amino acids 133 to 286). Outside this domain,
mutant residues 72 and 82 are shown towards the N-ter-
minus and 306, 325, 337 and 344 in the C-terminal region.
Positions 23 and 392 are experimental controls and not
indicated. (B) The p53 microarray probed with Cy3-
labelled anti-His-tag antibody and visualised using a
DNA microarray scanner. The identity of the p53 proteins
are shown by the array map and comprise wild-type p53
(WT), the sequence variants (wild-type identity, amino
acid position and mutation e.g. R175H) and wild-type
co-spotted with 250 mM biotin (WT 1 b).

2.2 Construction of p53 variants

Variants of p53 were generated by inverse PCR using the
wild-type p53 expression vector as template. Phospho-
rylated forward primers bore the sequence variation at
the 5’ terminus followed by 20–24 nucleotides of p53
sequence. Unphosphorylated reverse primers were com-
plementary to the 20–24 nucleotides immediately before
the mutated position. PCR was performed using Pwo
polymerase (Roche, Indianapolis, IN, USA) and generated
blunt ended products corresponding to the entire p53-
containing vector. PCR products were gel purified, ligated
and parental template DNA was digested with DpnI (New
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England BioLabs, Beverly, MA, USA). XL1-Blue cells were
transformed as for the original plasmid and mutant p53
genes verified by DNA sequencing.

2.3 Expression of p53 in E. coli

Individual p53 clones were inoculated into 5 mL of Luria-
Bertani medium with ampicillin at 100 mg/mL (LB amp)
and shaken overnight at 250 rpm, 377C. Four mL of
each overnight culture was used to inoculate 200 mL of
LB amp in shake-flasks that were incubated at 250 rpm,
377C until an OD600 of 0.4 was obtained. Isopropyl-beta-
D-thiogalactopyranoside (IPTG) and free biotin were
added to 100 mM and 50 mM ,respectively, and proteins
expressed at 307C for 4 h. Cells were harvested by cen-
trifugation, washed in PBS to remove excess biotin and
stored as cell pellets, equivalent to 2 mL of expression
culture, at 2807C. To prepare lysates, pellets were
thawed on ice and resuspended in 80 mL of p53 buffer
(25 mM HEPES pH 7.6, 50 mM KCl, 20% v/v glycerol,
1 mM DTT, 1 mg/mL BSA, 0.1% v/v Triton X-100) supple-
mented with 20 mL of 4 mg/mL lysozyme in water. The
lysis mixture was incubated at 47C for 30 min and super-
natants obtained by centrifugation at 13 000 rpm, 10 min,
47C. The mean protein concentration of the cleared
lysates was 5 mg/mL as determined by Bradford assay
[17] and, from SDS-PAGE and Western blot analyses, it
was estimated that p53 was present at 1% of total solu-
ble protein.

2.4 Fabrication of p53 microarrays

Cleared expression lysates were pipetted into a 384-well
plate and printed onto streptavidin-coated membrane
(SAM2; Promega, Madison, WI, USA) or neutravidin-de-
rivatised, dextran-coated slides (XanTec Bioanalytics,
Muenster, Germany) with a DNA microarraying robot
(Genetix, New Milton, UK) refrigerated to 47C and using
300 mm tipped pins. Each lysate was spotted in quadru-
plicate onto each microarray and, for microarrays printed
onto SAM2 membrane, each coordinate was triple-
spotted to increase protein loading. After printing, SAM2
membranes were rinsed in p53 buffer to remove unbioti-
nylated proteins and blocked in p53 buffer containing 5%
w/v milk powder for 30 min. Following three65 min
washes in p53 buffer, microarrays were ready for assay.
Microarrays printed onto the dextran slides were washed
for 5 min in p53 buffer with 50 mM biotin to block unbound
neutravidin and then twice for 5 min in p53 buffer. Printed
microarrays were stored in p53 buffer with 50% v/v gly-
cerol at 2207C, and showed no loss of activity after two
months.

2.5 DNA-binding assays

Oligonucleotides with the GADD45 promoter element
sequence (5’-GTA CAG AAC ATG TCT AAG CAT GCT
GGG GAC-3’ and 5’-GTC CCC AGC ATG CTT AGA CAT
GTT CTG TAC-3’) were radiolabelled with g 33P-ATP
(Amersham Biosciences, Little Chalfont, UK) and T4
kinase (Invitrogen, Carlsbad, CA, USA), annealed in p53
buffer and then purified using a Nucleotide Extraction col-
umn (Qiagen). The duplex oligonucleotides were quanti-
fied by UV spectrophotometry and a 2.5-fold dilution se-
ries made in p53 buffer. Five hundred mL of each dilution
were incubated with microarrays at room temperature for
30 min, then washed three times for 5 min in p53 buffer to
remove unbound DNA. Microarrays were then exposed to
a phosphorimager plate (Fuji, Japan) overnight prior to
scanning. ImaGene software (BioDiscovery, Marina del
Rey, CA, USA) was used to quantify the scanned images.
Four replicate values for each mutant at each DNA con-
centration were fitted to simple hyperbolic concentration-
response curves R = Bmax/((Kd/L)11), where R is the re-
sponse in relative counts and L is the DNA concentration
in nM.

2.6 Fluorescent DNA and antibody assays

Assays were performed on dextran-neutravidin slides.
For the DNA-binding assays, the oligonucleotides
described in Section 2.5 were synthesised with 5’ Cy3
labels and annealed. Binding assays were performed
with 250 nM DNA as above. For antibody binding, anti-
His-tag antibody (Sigma, St. Louis, MO, USA) was
labelled with Cy5 Amine Reactive Dye Pack (Amersham
Biosciences) and used at a final concentration of 5 mg/
mL in PBST. Binding was for 60 min followed by
three65 min washes. In both cases, microarrays were
centrifuged to remove moisture and dried; analysis of
microarrays was then performed using a DNA microarray
scanner (Affymetrix, Santa Clara, CA, USA).

2.7 MDM2 interaction assays

MDM2 cDNA (encoding amino acids 17–125) was ampli-
fied from a pooled cDNA library and cloned 3’ to
sequences encoding a His-FLAG-tag in an Escherichia
coli expression vector. Constructs were verified by DNA
sequencing and expression was confirmed by Western
blot. For pull-down assays, 10 mL MDM2- and 10 mL
p53-containing expression lysates were mixed with 20 mL
anti-FLAG agarose (Sigma) in 500 mL PBS containing
300 mM NaCl, 0.1% v/v Tween 20 (PBST) and 1% w/v
BSA. This was incubated at room temperature for 1 h
and FLAG-bound complexes harvested by centrifugation
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at 5000 rpm for 2 min. After washing in PBST, complexes
were eluted in SDS-PAGE loading buffer and analysed by
Western blot using a streptavidin-HRP conjugate, ECL-
Plus and Hyperfilm (Amersham Biosciences). For the
microarray assay, the MDM2-fusion protein was purified
on Talon resin (Clontech, Palo Alto, CA, USA) and labelled
with a Cy3 Amine Reactive Dye Pack. Approximately
0.75 mg of purified, Cy3-labelled MDM2 protein was incu-
bated with p53 microarrays (printed on SAM2 mem-
branes) in 500 mL PBST with 1% w/v BSA for 1 h at room
temperature. After washing three times for 5 min in the
same buffer, microarrays were dried, mounted onto glass
slides and fluorescence quantified using a DNA microar-
ray scanner (Affymetrix).

2.8 Phosphorylation assay

One unit of purified casein kinase II from rat liver (Sigma)
was incubated with p53 microarrays printed on SAM2
membranes, in 400 mL p53 buffer supplemented with
15 mM MgCl2 and 100 mM ATP at 307C for 30 min. Micro-
arrays were then washed three times for 5 min in TBST
(150 mM NaCl; 10 mM Tris, pH 8.0; 0.05% v/v Tween 20).
An anti-phosphoserine392 antibody (Cell Signaling Tech-
nology, Beverly, MA, USA) was added at 1/1000 dilution in
10% v/v nonfat dry milk/TBST for 1 h. After washing three
times for 5 min in TBST, an anti-rabbit HRP conjugate
(Cell Signaling Technology) was added at 1/2000 dilution
for 1 h. After further washing, bound antibody was
detected using ECLPlus and Hyperfilm.

3 Results

3.1 Microarray fabrication

Full-length p53 cDNA was cloned into an expression plas-
mid downstream of sequences encoding a His-tag and
residues 74–156 of the E. coli biotin carboxyl carrier pro-
tein (BCCP). The germline mutations were subsequently
introduced into this construct by PCR mutagenesis and
all clones verified by DNA sequencing and Western blot;
following expression in E. coli, soluble, biotinylated p53 of
the expected size was produced. Cleared cellular lysates
from expression cultures were printed onto streptavidin-
derivatised, phosphocellulose membrane or neutravidin-
derivatised, dextran-coated glass slides at 47C using a
microarraying robot with 300 mm tipped, solid pins. Each
spotting event delivered ,50 nL liquid containing
,10 fmol biotinylated p53 and after 30 min, microarrays
were washed to remove unbiotinylated proteins. The
coefficient of variation for protein loading between repli-
cate spots was 15%. Figure 1B shows a p53 microarray

on neutravidin slides, probed with a Cy3-labelled anti-
His-tag antibody and demonstrating that similar amounts
of each p53 variant were present. Addition of biotin to the
lysate prior to arraying (spot WT 1 b) reduced the loading
of p53, indicating that the majority of immobilisation was
through the BCCP tag.

The three-dimensional nature of the membrane resulted
in a higher protein-binding capacity than the coated glass
slides and higher intensity signals from assays, but
required mounting on glass slides for fabrication and
analysis. The neutravidin-dextran coated glass slides pro-
vided simpler handling during fabrication and assays due
to its compatibility with slide-based instrumentation, but
bound less protein than the membrane due to the thinner
layer of the surface coating.

3.2 Binding of p53 to GADD45 promoter element
DNA

Replicate p53 microarrays were incubated in the pres-
ence of 33P labelled duplex DNA, corresponding to the
sequence of the GADD45 promoter element, at varying
concentrations (Fig. 2A). The microarrays were imaged
using a phosphorimager and individual spots quantified.
The data were normalised against a calibration curve to
compensate for the nonlinearity of this method of detec-
tion and backgrounds were subtracted. Replicate values
for all mutants were plotted and analysed by nonlinear
regression analysis allowing calculation of both Kd and
Bmax values (Table 1). Figure 2B shows DNA binding to
wild-type p53 (high-affinity), R273H (low-affinity) and

Table 1. Summary of assay data from microarray experi-
ments

Mutation DNA binding MDM2 CKII

Bmax/% wild-type Kd/nM

Wild-type 100 (90–110) 7 (5–10) 1 1

W23A 131 (119–144) 7 (5–10) 2 1

W23G 84 (74–94) 5 (3–9) 2 1

R72P 121 (110–132) 9 (7–13) 1 1

P82L 70 (63–77) 7 (5–10) 1 1

M133T ND 1 1

Q136X No binding 1 2

C141Y ND 1 1

P151S ND 1 1

P152L 31 (23–38) 18 (9–37) 1 1

G154V ND 1 1

R175H ND 1 1

E180K 31 (21–41) 12 (4–35) 1 1

R181C 88 (81–95) 11 (8–13) 1 1

R181H 48 (40–57) 11 (6–21) 1 1

H193R 21 (16–26) 22 (11–42) 1 1
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Table 1. Continued

Mutation DNA binding MDM2 CKII

Bmax/% wild-type Kd/ nM

R196X No binding 1 2

R209X No binding 1 2

R213X No binding 1 2

P219S 21 (14–30) 10 (3–33) 1 1

Y220C ND 1 1

S227T 101 (94–110) 7 (5–9) 1 1

H233N 60 (52–68) 5 (3–8) 1 1

H233D 70 (58–84) 7 (3–14) 1 1

N235D 32 (25–40) 27 (15–49) 1 1

N235S 46 (36–56) 9 (4–20) 1 1

S241F 38 (30–47) 19 (10–37) 1 1

G245C ND 1 1

G245S 44 (38–51) 11 (7–18) 1 1

G245D ND 1 1

R248W 107 (95–120) 12 (8–17) 1 1

R248Q 85 (77–95) 17 (12–23) 1 1

I251M ND 1 1

L252P 22 (12–32) 16 (4–63) 1 1

T256I 32 (22–41) 14 (6–34) 1 1

L257Q 26 (19–35) 17 (7–44) 1 1

E258K ND 1 1

L265P ND 1 1

V272L ND 1 1

R273C 70 (56–85) 20 (11–37) 1 1

R273H 59 (40–79) 54 (27–106) 1 1

P278L ND 1 1

R280K 54 (40–70) 21 (9–46) 1 1

E286A 32 (23–41) 22 (10–46) 1 1

R306X No binding 1 2

R306P 90 (81–100) 7 (5–11) 1 1

G325V 73 (67–79) 7 (5–10) 1 1

R337C 88 (80–95) 6 (4–8) 1 1

L344P No binding 1 2

S392A 121 (107–136) 10 (6–14) 1 2

The images from the DNA-binding experiment (Fig. 2)
were quantified using a phosphorimager. Data were
plotted and the affinity constant (Kd) and Bmax value for
each variant were determined by nonlinear regression
analysis. Relative Bmax values were calculated following
normalisation of the data for protein loading and are
expressed as a fraction of wild-type binding capacity. Fig-
ures in parentheses are 95% confidence intervals; ND,
quantitative data not determined due to low signal inten-
sity. Data from MDM2 interaction (Fig. 3A) and CKII phos-
phorylation (Fig. 4) are also summarised.

L344P (nonbinder) predicting a wild-type affinity of 7 nM.
DNA binding was not observed in spots containing trun-
cated p53 clones, e.g., Q136X, effectively controlling for
DNA binding by residual E. coli proteins remaining post-
purification. A microarray was then fabricated using a
streptavidin-derivatised, dextran-coated glass slide and

Figure 2. DNA-binding assays. (A) p53 protein microar-
rays probed with 2.5-fold dilution series of 33P-labelled
GADD45 DNA with the highest concentration at 100 nM.
Bound DNA was measured with a phosphorimager after
washing to remove unbound material. (B) Sample
GADD45 DNA-binding curves for wild-type (s; high affini-
ty), R273H (n; lower affinity) and L344P (h; non-binder). (C)
p53 microarray printed onto a neutravidin-derivatised dex-
tran hydrogel surface probed with Cy3-labelled GADD45
duplex oligo at 250 nM. Protein identities as in Fig. 1.

probed with Cy3-labelled GADD45-DNA under saturating
ligand concentrations in a format compatible with DNA
microarray analysis instrumentation (Fig. 2C). Only clones
that exhibited high activity and affinity during the quanti-
tative analysis on membranes retained DNA-binding ac-
tivity on slides.

3.3 Interaction of p53 and MDM2

Bacterially expressed FLAG- and His-tagged MDM2 pro-
tein was purified and labelled with Cy3 fluorophore.
Microarrays were incubated in the presence of MDM2-
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Cy3 and then washed rapidly. The Cy3 fluorescence
intensity of each spot was quantified using a DNA micro-
array scanner showing that MDM2-Cy3 bound all proteins
on the microarray, though with greatly reduced binding to
control mutations W23A and W23G (Fig. 3A; Table 1).
Confirmation of the results in a different assay format
was achieved by coincubating p53 (WT or W23A) and
MDM2 E. coli expression lysates, after which complexes
were immunoprecipitated with FLAG agarose beads.
Only wild-type p53 associated with MDM2 (Fig. 3B, first
lane).

Figure 3. MDM2 interaction assays. (A) p53 microarray
probed with purified Cy3-labelled MDM2 protein. Detec-
tion was performed using a DNA microarray scanner (B)
Bead-based pull-down assay. FLAG-MDM2 was immu-
noprecipitated from a mixture of MDM2 and p53 (wild-
type and W23A mutant) expression lysates. Coprecipi-
tated, biotinylated p53 was detected by SDS-PAGE and
Western blot with streptavidin-peroxidase conjugate
and chemiluminescence (left blot, first lane: WT p53 1

MDM2). A blot of the input E. coli lysates is also shown
(right) demonstrating biotinylated p53 (upper band), two
faint p53 degradation products and the endogenous E.
coli BCCP (lower band of predicted mass 16.7 kDa)

3.4 On-chip phosphorylation of p53 by casein
kinase II (CKII)

Microarrays were incubated in assay buffer containing
ATP in the presence and absence of CKII. Phosphoryla-
tion of p53 at residue S392 was detected using an anti-
phosphoserine 392 antibody and chemiluminescence
(Fig. 4). In the presence of CKII, most mutants were phos-
phorylated and once the signal was normalised for p53

Figure 4. Phosphorylation of p53 by CK II. The p53 pro-
tein microarray was incubated with CKII and ATP. Specific
phosphorylation of S392 was detected using residue-
specific antiphosphoserine primary antibody with detec-
tion by secondary antibody-peroxidase conjugate and
chemiluminescence. Mutations with X denote truncations
due to introduction of premature stop codons and there-
fore lack S392. Protein identities as in Fig. 3.

loading, it was apparent that this was to similar levels.
Exceptions were the S392A negative control, mutations
resulting in C-terminal truncations due to introduction of
premature stop codons and the germline mutant L344P
(summarised in Table 1).

4 Discussion

For many of the p53 mutations analysed in this study little
mechanistic data exists, only an association with inher-
ited cancers. Where individual mutations have been char-
acterised previously, comparison of data is often compli-
cated by differences in experimental protocol. For exam-
ple, the cell-based functional analysis of separated alleles
in yeast (FASAY) method [18] provides information on
the transactivational functionality of variants, but without
detailed mechanistic information. The electrophoretic
mobility shift assay (EMSA) provides quantitative informa-
tion on DNA binding but is relatively low-throughput and
therefore unsuitable for parallel analysis of many proteins.
These issues are addressed effectively by the protein
microarray format since many proteins can be assayed
in the same experiment under identical conditions.
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To circumvent the need for high-throughput protein puri-
fication, we exploited the high specificity and affinity of
the biotin-avidin interaction to purify and immobilise pro-
teins directly from lysates in a single step. To achieve
this, p53 was fused to the compact, 80 amino acid
BCCP of E. coli [19]. This affinity tag is biotinylated in
vivo by endogenous biotin protein ligase (BPL) at a sin-
gle, surface-exposed lysine residue located ,50Å from
the N- and the C-terminus. BCCP thus provides an
orientated, highly specific and essentially irreversible
linkage to the surface and no significant leaching or
loss of p53 activity was observed after two months of
storage at 2207C in a glycerol-containing buffer. The
addition of a N-terminal affinity tag to p53 is assumed
not to affect activity and such fusions (with glutathione-
S-transferase or hexahistidine) have been used pre-
viously in functional studies of DNA-binding, protein
interactions and phosphorylation (e.g. [20–22]). As a
general approach for fabricating protein microarrays,
surface binding via an affinity tag may offer increased
levels of protein activity since it is often observed that
proteins lose activity during nonspecific adsorption or
covalent cross-linking with amine-reactive chemistries.
One consequence of printing crude lysates rather than
prepurified proteins is that there is less control over the
absolute amount of protein immobilised in each position
of the microarray. We observed a two- to three-fold
range in the amount of immobilised protein across the
panel of mutants (Fig. 1B), probably reflecting small dif-
ferences in expression levels and cell densities during
growth of the individual cultures.

4.1 DNA binding

Quantitative analysis of the DNA binding data obtained
from the microarrays yielded both affinities (Kd) and rela-
tive maximum binding values (Bmax) for wild-type and
mutant p53. Protein function microarrays have not
been used previously in this way, therefore these data
demonstrate their utility in obtaining this quality and vol-
ume of data in a parallel fashion. The alternative
approach of normalising binding data for the amount of
affinity-tagged protein in the spot provides a rapid
means of analysing large data sets [6], however it takes
into account neither the varying specific activity of the
microarrayed protein nor whether the signal is recorded
under saturating or subsaturating conditions. The quan-
titative analysis carried out here allowed the functional
classification of mutants into groups according to
GADD45 DNA-binding: those with wild-type affinity;
those exhibiting reduced stability (low Bmax); those with
reduced affinity (higher Kd); and those showing com-
plete loss of activity (Table 1).

Proteins with mutations outside of the DNA-binding do-
main generally had near wild-type affinity for DNA and
include R72P, P82L, R306P and G325V. R337C is known
to affect the oligomerisation state of p53 but at the assay
temperature used here it is thought to be largely tetra-
meric [23], consistent with the affinity measured here. By
contrast, total loss of binding was observed for mutations
resulting in truncated proteins (Q136X, R196X, R209X and
R213X where X indicates a stop codon) and mutations
that monomerise the protein (L344P [24] and the tetra-
merisation domain deficient R306X).

Within the DNA-binding domain, we found that mutations
generally reduced or abolished DNA binding. Exceptions
were R181C/H, S227T and H233N/D that are solvent
exposed positions, distant from the protein-DNA interface
and result in wild-type binding. Mutations R248Q/W,
R273C/H and R280K, present at the protein-DNA inter-
face, exhibited low affinities with Kd values 2–7 times
higher than wild-type (Table 1) consistent with either loss
of specific protein-DNA interactions or steric hindrance
due to the mutated residue. A previous study of DNA bind-
ing affinity of DNA contact mutants R248Q and R273H
demonstrated a complete loss of interaction [15] in appar-
ent contradiction to the reduced affinities measured here.
However, this study was performed with monomeric
“core” DNA binding domains. An earlier paper [25] demon-
strated that, in the case of R273H, the full-length version
bound DNA weakly (in accordance with our observations)
due to the contributions of other contacts whilst the mono-
meric domain did not. This probably explains the differ-
ence between these datasets and suggests that compari-
sons between assay results from monomeric and tetra-
meric forms of p53 should be made with caution.

Many of the remaining mutants fall into a group displaying
considerably reduced specific activities, apparent from
very low relative Bmax values. In some cases, residual
DNA binding was with near wild-type affinity (e.g.,
P219S, N235S) whilst in others activity was compromised
to such a level that although some binding was observed,
it was not quantifiable due to low signal to background
ratios e.g., P151S and G245C. For other mutants with
low specific activities, Kd values were measurable, but
with wide confidence limits e.g., L252P.

Some of the mutations in this study have previously been
shown, in the form of isolated core domains, to exhibit
decreased thermostability and increased unfolding rates
relative to the wild-type [15, 16]. Little biophysical data of
this kind is available on full-length mutants but the sur-
prisingly high thermostability exhibited by tetrameric, E.
coli-expressed, full-length, wild-type p53 [26] suggests
that some mutants may be more stable as tetramers, per-
haps through interdomain contacts [27, 28], than as core
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domains. It is assumed in this work that, unless the muta-
tion specifically disrupts oligomerisation by C-terminal
truncation or disruption of the tetramerisation domain
(discussed above), the arrayed proteins are predominant-
ly tetrameric. In addition, since p53 binds phospho-
cellulose [26], it is possible that the substrate used for
the quantitative microarray experiments may stabilise
mutants that would otherwise rapidly lose activity post
immobilisation, thus permitting affinity measurements to
be made for such proteins. Support for this hypothesis
comes from the observation that fluorescence-based
DNA-binding assays on a protein resistant, dextran-
coated glass slide gave rise to broadly comparable DNA-
binding profiles under saturating conditions (Fig. 2C);
mutants with impaired DNA binding on phosphocellulose
showed no DNA binding on the dextran surface whilst
those classified as wild-type showed strong binding. It is
well accepted that immobilisation can stabilise labile en-
zyme activities, therefore surface chemistries which ex-
hibit high levels of protein resistance, and seem intuitively
attractive for protein function microarrays, may in fact
prove less optimal due to poor maintenance of the activity
of less stable proteins.

4.2 MDM2 binding

The association of the MDM2 oncoprotein with the N-ter-
minus of p53 and the consequent negative regulation of
p53 activity through nuclear export and degradation is
well understood at the mechanistic and molecular level
[29] but the effect of mutation on this crucial interaction
is less well understood. Although a comparison of the
MDM2-p53 structure [30] with the germline mutation
database [31] revealed that no mutations were present in
the interface, long-range cooperative effects of the muta-
tions might still retain the potential to disrupt MDM2 bind-
ing. Using a microarray p53-MDM2 interaction assay we
observed wild-type phenotypes for all mutants except the
negative control W23A/G interfacial mutants (Fig. 3A).
Extrapolating from these in vitro data, it seems unlikely
that these inherited mutations would affect the regulation
of p53 activity by MDM2 in vivo. However, the experiment
demonstrated the feasibility of the format for investigating
other p53-protein interactions and offers some advan-
tages over the commonly used two-hybrid methods [32–
34], including increased throughput and control over
binding conditions (e.g., concentrations and buffers).

4.3 Phosphorylation

In general, many proteins are regulated by post-transla-
tional modification and in the case of p53, biological ac-
tivity is strongly dependent on multisite phosphorylation

by a number of kinases [35]. Despite its importance, few
data exist on possible perturbations of phosphorylation
patterns due to disease-related mutations. It is possible
that mutations, either of the phosphorylated residue itself
or in the region of the kinase interaction, might reduce
phosphorylation and affect subsequent downstream
events. The use of recombinant protein from E. coli aids
the study of phosphorylation and other post-translational
modifications since the protein is produced in an unmodi-
fied form. Therefore, addition of new modifications can be
easily monitored [36]. The microarray-based analysis of
the effect of variants on phosphorylation of the penulti-
mate C-terminal residue, S392, by CKII [36] using assays
based on either an antiphosphoserine 392 antibody
(Fig. 4) or g-33P-ATP-based (data not shown) revealed
that all p53 proteins were specifically phosphorylated
except the negative control S392A, all C-terminal trunca-
tions and L344P. This latter mutation contains the phos-
phorylation site but shows a low level of modification in
this assay, consistent with previous findings that it dis-
rupts the structural integrity of p53 [23, 24] and is located
at the CKII interaction site [20]. The analysis performed
here is not limited to the substrate profiling of CKII: pro-
viding appropriate antiphosphoserine antibodies are
available, it could be used to analyse the natural or aber-
rant interactions of other kinases with p53 and its mutant
forms in order to elucidate the mechanisms of p53 mal-
function.

5 Concluding remarks

Integrating the logistically difficult purification process
with the immobilisation step during microarray fabrica-
tion has resulted in a scaleable, generic method of
microarray fabrication that is capable of handling large
collections of recombinant proteins. The broad spectrum
of assays possible in this format may accelerate the
functional characterisation of the large number of poly-
morphisms and mutations being identified and cata-
logued [1, 2]. We have performed such a study on p53,
a protein representative of a wider group where se-
quence variants are correlated with disease from epide-
miological and pathological studies, but where few data
are available on their mechanistic effect. An improved
understanding of how mutations disrupt protein function
may lead to new therapeutic strategies involving phar-
macological rescue of mutant activities, recently demon-
strated using p53 as an example [16, 37, 38]. Protein
microarrays may thus provide an effective format for
screening compounds across panels of proteins, either
for rescue of function, or for assay of efficacy across
the allelic variations present between different human
populations.
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