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The greatest challenge in the postgenomic era is
the description of proteome interactions, such as pro-
tein—protein or protein—DNA interactions. Surface
plasmon resonance (SPR) is an optical technique in which
binding of an analyte to the surface changes the refractive
index at the surface/solution interface. Molecular inter-
actions are analysed in real time without a labeling
step. Currently, the limit to SPR imaging is the small
number of reactions that can be simultaneously analysed.
Using a novel grafting technology and a new imaging
system, we increased the throughput of SPR imaging. The
interaction between p53 and DNA was chosen as a
paradigm for validation of this assay. Using a tagged
DNA methodology, we simultaneously targeted multiple
DNA sequences on a single chip. The interaction between
p53 and these DNA sequences was monitored by SPR
imaging. Qualitative and quantitative analysis provides
results similar to those obtained with conventional
technologies.
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Detection of DNA binding activity is predominantly
performed by several gel-based assays, such as electro-
phoretic mobility shift assay (EMSA) (Fried and
Crothers, 1981) or DNA footprinting (Galas and
Schmitz, 1978). These methods are not adapted to
high-throughput formats, require labeling, usually with
a radioisotope, and are end point methods that do not
allow kinetic analysis. Surface plasmon resonance (SPR)
imaging is a label-free, surface-sensitive spectroscopic
technique that can be used to detect the binding of
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DNA, RNA, and proteins onto arrays of probe
biomolecules covalently attached to chemically modified
gold surfaces (Rich and Myszka, 2000). Our previous
work focused on the creation and characterization
of robust surface chemistries for the attachment of
various biomolecules onto chemically modified
gold surfaces with a novel methodology based on
polypyrrole-based surface functionalization (Guedon
et al., 2000). We also showed that multispot parallel
DNA hybridization and denaturation could also be
detected (Livache et al., 2003), unlike the commercially
available instruments that are limited to four channel
detection.

p53 activation in response to a stress leads to the
transcription of numerous genes that contain one or two
p53 recognition sites in either their promoter or intronic
sequences (Vogelstein et al., 2000).

The interaction with DNA is certainly one of the most
important, but also one of the least well-known
activities of the p53 protein, as, in contrast with other
transcription factors, the recognition site is extremely
degenerated (El-Deiry et al., 1992; Kim and Deppert,
2003). None of the p53 target genes identified to date
contains the same sequence (Tokino et al., 1994). This
heterogeneity could at least partially account for the
variability of the p53 response as a function of the type
or intensity of stress. It is highly probable that this
response is also modulated by other cellular proteins.
The situation is made even more complex by the
discovery of other members of the p53 family, that is,
p63 and p73 (Melino et al., 2002). These proteins are
also able to recognize the same regulation sequence as
p53 with an activating or inhibitory effect depending on
the isoform. These proteins therefore present a potential
for complex positive and negative transcriptional
regulation, the biological significance of which remains
unknown. The interaction capacities of mutant p53 with
DNA are also complex and have been insufficiently
investigated. First of all, there is a very marked
heterogeneity of loss of function of mutant p53 in terms
of their capacity to recognize certain transcription
promoters, resulting in different transactivation activ-
ities. The best known example is that of the H175P
mutant, which no longer recognizes the transcription
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promoters of apoptotic genes such as bax, but recog-
nizes that of the antiproliferative gene p21 (Friedlander
et al., 1996; Rowan et al., 1996). Several recent studies
have shown that the majority of mutant p53 proteins
presents varying degrees of residual transactivation
activity, which could account for the great phenotypic
diversity of the behavior of tumors in response to
therapy (Kato ez al., 2003; Resnick and Inga, 2003). It
has also been shown that some mutant p53 proteins
could acquire the capacity to recognize new DNA
sequences, such as nuclear matrix attachment region
sequences (MARs) (Muller et al., 1996; Deppert et al.,
2000). In order to validate this high-throughput SPR
imaging approach to a biological problem, we used this
technique to simultaneously study the interactions
between p53 and five different DNA sequences. We
chose three response elements found in p53-induced
genes (WAF1, mdm2, and bax) that have been shown by
gel shift assay to have different p53 binding activities
(Figure 1). The other sequence BB9 corresponds to a
wild-type (wt) consensus sequence previously shown to
strongly bind to p53 (Halazonetis et al., 1993), whereas

BB9M is a mutated sequence used as a negative control
(Table 1).

To increase the versatility of this assay, we used a
modification of the Zip-code strategy developed by
Gerry et al. (1999). The gold layer was functionalized by
polymerization of a mix of pyrrole and single-stranded
oligonucleotide probes containing a pyrrole residue on
the 5’ end (Zip-Pyr) (Figure 2). Each zip-code sequence
is composed of a 24-mer sequence composed of six
tetramers designed to prevent any cross-hybridization
between the various sequences (Table 1). The number of
possible zip-codes can be easily increased and they have
been previously used for high-throughput detection of
p53 (Dong et al., 2001), ras (Dong et al., 2001), or
BRCA1 (Favis et al., 2000) mutations. The target
sequence is a partial duplex DNA with a single-strand
sequence complementary to a specific zip-code and a
duplex section containing the p53 binding site (Table 1).
This strategy presents several advantages. Firstly, target
DNA can be removed either by heating or with alkaline
buffer so that the chip can be used several times. This
reaction can be easily monitored by SPR. Secondly, the
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Figure 1 DNA binding activity of p53 analysed by EMSA. (a) p53 was incubated with radiolabeled double-stranded probes
containing the BB9 (consensus), WAF1, mdm?2, or Bax binding sites, as described in Experimental protocol. Bound and free probes
were separated by gel electrophoresis and were quantified by phosphoimaging (The apparently higher DNA binding activity of p53 to
bax is due to overexposure of the autoradiogram. This does not affect the ratio between bound and free probe). (b) Quantification of
the analysis shown in (a). (¢) Partial view of (b) indicating the values obtained with a small amount of p53 protein
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Table 1 DNA probes and targets
Zip 9 5" Pyr-T(10)- GACCATCGTGCGGGTAGGTAGACC 3
5 GGGCATGTCCGGGCATGTCC 3
cZC9BB9 3 CTGGTAGCACGCCCATCCATCTGGCCCGTACAGGCCCGTACAGG 5
Zip 2 5 Pyr-T(10)- CAGCACCTGACCATCGATCGCAGC 3
5 GAACATGTCCCAACATGTTG 3
cZC2WAF]1 3 GTCGTGGACTGGTAGCTAGCGTCGCTTGTACAGGGTTGTACAAC 5
Zip 6 5" Pyr-T(10)- GACCGGTATGCGACCTGGTATGCG 3
5 GGTCAAGTTCAGACACGTTC 3
cZC6MDM?2 3 CTGGCCATACGCTGGACCATACGCCCAGTTCAAGTCTGTGCAAG 5
Zip 7 5’ Pyr-T(10)- TGCGATCGCAGCGGTAACCTGACC 3
5 TCACAAGTTAGAGACAAGCCT 3
cZC6BAX 3 ACGCTAGCGTCGCCATTGGACTGGAGTGTTCAATCTCTGTTCGGA 5
Zip 4 5" Pyr-T(10)- TGCGGGTACAGCACCTACCTTGCG 3
5 GGGCAGGACCGGGCAGGACC 3
cZC4BBIM 3 ACGCCCATGTCGTGGATGGAACGCCCCGTCCTGGCCCGTCCTGG 5

The zip oligonucleotide used as the surface bound probe contains a pyrrole residue at the 5’ end for grafting to the gold layer functionalized
surface. It is followed by a series of 10 T residues to facilitate the accessibility of the zip sequence. Zip sequence and numbering are taken from
Gerry et al. (1999). The target sequences contain a partial single strand sequence complementary to a specific zip-code sequence followed by a
20 bp duplex sequence corresponding to the p53 binding site. The WAF1 (5 response element), mdm2, and bax sequence are of human origin.
BBY is a consensus sequence deduced from a comparison of all p53 binding sites. It binds p53 with a high affinity. BBOM is a derivative of BB9
mutated at four conserved residues (underlined) and is used as a negative control. The target sequence was produced by hybridization of
equimolar amounts of the short and long oligonucleotides (final concentration: 10 uM) in water

double-strand sequence of the target can contain any
DNA binding sequence for any ligand (protein or
other), as the specificity of binding to the chips is
defined by the single strand sequence complementary to
the zip-code.

As shown in Figure 2, the experiment can be divided
into three steps. In the first step, the surface is prepared
by grafting various Zip-Pyr probes at defined locations
on the gold surface. In step 2, the DNA binding
sequences are hybridized to these specific locations
on the chip. In step 3, p53 protein is injected onto
the chip and simultaneous monitoring of the interaction
with DNA on the entire chip is performed by SPR
imaging (Supplementary Figure 1 online). Preliminary
fluorescence experiments were performed to detect the
efficiency and specificity of target hybridization to their
corresponding probes (Figure 3a and b) and for
p53 DNA binding activity (Figure 3¢ and d). Zip-codes
were originally defined and optimized for hybridization
at 72°C. Using labelled (fluorescence, data not shown)
and unlabelled (SPR, Supplementary Figure 2 online)
target sequences, we showed that no cross-hybridization
occurred between the various probes and targets
at room temperature. DNA binding activity was
monitored by the detection of p53 with a specific
monoclonal antibody (DQO7) labeled with biotin and
identified by fluorescence with streptavidin-phycoery-
thrin. Efficient binding to BB9 and, to a lesser extent, to
WAFT1 was detected but no significant interaction could
be detected with the other probes (mdm2 and bax)
(Figure 3c and d). No nonspecific interaction was
detected with either the BBO9M probe, the gold surface,
or free pyrrole, indicating that the p53 protein has no
significant nonspecific binding activity in this assay.

The higher binding of p53 to BBY9 compared to
WAFT1 was expected from the EMSA study (Figure 1)
and indicates that this experimental design can quantify
the protein-DNA interaction. This fluorescence-
based assay is an end point measure that does not
allow kinetic analysis. Furthermore, no interaction of
p53 with mdm2 and bax target could be detected
prompting us to check whether SPR could provide
better sensitivity.

SPR imaging allows direct monitoring and control of
both step 2 (hybridization of targets to their correspond-
ing probes) and step 3 (p53 interaction with DNA).
Monitoring of step 2 allows direct quantification of the
amount of target that hybridizes to each probe and the
plateau of the curve indicates that all probes have been
hybridized with their corresponding target (Figure 4c
and d). From the reflectivity variations (measured with
a+0.02% precision) and the molar weight of the
dsDNA (M =19.2kDa), we were able to deduce
the dsDNA density on each spot (or the average
distance d between two molecules). These densities
were  24.5fmol/mm? (d=8.2nm), 21.5fmol/mm?
(d=8.8nm), 17.7 fmol/mm? (d=9.7 nm), and 12.4 fmol/
mm?® (d=11.6nm) for the 2, 1, 0.5, and 0.25 uM probe
concentrations, respectively. No decrease of target
binding was detected at high probe concentrations and
the efficiency was similar for each type of probe
(compare Figure 3 and 5a). Although it could be
theoretically possible to use higher probe concentrations
to increase the uptake of p53, we used a low concentra-
tion to avoid steric hindrance that could occur during
the interaction of activated p53 (MW around 500 kDa if
we assume that two activating antibodies are bound to
p53) and DNA.

Oncogene
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a Figure 3 online). Subsequent injection of a monoclonal
antibody specific for p53 (DO7) led to an increase of
signal only in spots that showed protein binding,
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Figure 2 Plan of the SPR strategy for detection of p53 DNA Zip 9/ BBY

binding activity. In step 1, the gold-coated prism is functionalized
at different specific locations in the form of circular spots. On each
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confirming that it is clearly p53 that binds to DNA (data
not shown). Furthermore, control experiments in which
p53 was not activated with HR231 did not lead to any
significant p53 binding (data not shown).

Considering that p53 (46 kDa) activation occurred in
an excess of HR231 (146 kDa), the molecular weight of
the HR231-activated p53 tetramer is 476 kDa and its
size is approximately 32.5 x 8 nm>. From these values
and the reflectivity variations, we obtained the surface
coverage of the p53 protein: 3.340.25 fmol/mm? of p53
on BBY spots (d=22.5+1nm) and 1.5+0.1 fmol/mm?
of p53 on WAF1 spots (d=33.3+1nm). This difference
is certainly due to the higher affinity of p53 for BB9 and
the fact that the reactions did not occur at full
equilibrium. The binding efficiency of p53 to DNA
was better when using a low probe density (see
Figure 5b). In view of the average distance between
the target DNA strands and the size of the p53 complex,
the tetramer, when bound to a DNA target, masks three
to four other targets, indicating that the saturating
binding efficiency is about 20% for the 2uM probe
concentration and 25% for the 0.25 uM probe concen-
tration. At low probe density, p53 nearly saturated the
target DNA layer. This result shows that lateral
accessibility of the dsDNA target is necessary for p53
recognition.

The exponential fitting of the association part and the
dissociation part of each kinetic curve allows determina-
tion of the dissociation constant of the BB9/pS53
complex (apparent Kp=0.94+0.5nM) and the WAFI1/
p53 complex (apparent Kp=3.5+1.5nM) for an in-
jected p53 concentration of 2.1nM. These values
indicate that the affinity of p53 for BBY is three to five
times higher than the affinity of p53 for WAFI1. The
value for WAF1 is nearly similar to the Kp obtained by
ultracentrifugation analysis (apparent Kp 0.83 +1.4nM)
(Balagurumoorthy et al., 1995).

Binding of p53 to mdm2 was too weak for any
quantitative analysis. SPR was performed at a low p53
concentration (0.5-5.0nM) and, at this concentration,
EMSA did not detect any significant interaction with the

<

Figure 3 Analysis by fluorescence (steps 2 and 3). (a) and (b)
Target hybridization on a range of probe concentrations. (a)
Photograph of the slide after hybridization. (b) Quantification
analysis of the slides shown in (a). In this experiment, equimolar
amounts (0.1 uM) of the five targets labeled with biotin were mixed
and hybridized onto the slide for 15min at 55°C. After hybridiza-
tion, the target was revealed with streptavidin-phycoerythrin
(10min at room temperature in a dark room) and visualized by
fluorescence microscopy. (¢) and (d) pS3 DNA interaction. (c)
Photograph of the slide after hybridization and (d) quantification
analysis of the slides shown in (c¢). In this experiment, equimolar
amounts (0.1 uM) of unlabeled targets were hybridized, then
activated p53 was applied to the slides for 30min at room
temperature. After washing, the slides were incubated with
biotinylated DO7 followed by revelation with streptavidin-phy-
coerythrin (10 min. at room temperature in a dark room). The
decrease of the curves in (b) and (c) at high probe concentrations is
certainly due to steric hindrance of the streptavidin-phycoerythrin
in (b) or the large size of the p53 tetramer complexed to two
different monoclonal antibodies in (d). Such a decrease was not
observed in the SPR analysis, as no additional molecules are
needed for detection
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Figure 4 p53 DNA binding analysed by SPR. (a) Arrangement of
the various spots on the gold layer of the functionalized matrix.
Copolymerization was performed with a mix of 20mM free pyrrole
and various concentrations of oligonucleotide probes (ratios from
1/10000 to 1/80000). (b) SPR Imaging of the entire area in buffer
before hybridization showing the signal in the various spots that
contain the grafted zip sequence. In this image, the signal is mainly
due to the polypyrrole film. Each spot is about 800 um large and the
distance between the centers of two spots is 1 mm. The black stripe in
the bottom right corner is the border of the Teflon cell masking one
nongrafted polypyrrole spot. (¢) Hybridization kinetic of mdm?2 target
to its complementary sequence (zip6 spots, green) and the polypyrrole
spots (blue). The initial baseline corresponds to the reflectivity level in
the binding buffer. In this experiment, the five probes were injected
simultaneously at +=400 until 1000s when buffer was injected. As
expected, the amount of target DNA bound increased with the probe
concentration. For hybridization, the final concentration of each
target was 0.5 uM. (d) Image of the reflectivity increment caused by
hybridization obtained from the difference between the images
acquired at 7=1500 and 400s. The WAF1 250 nM spot did not bind
any DNA, suggesting no functionalization (this kind of problem
cannot be seen in fluorescence microscopy). (e) Kinetics of the
interaction of p53 with the various targets on all of the spots (Red:
BB9, Black: WAF1, Green: mdm2, Yellow: bax, Pink: BBOM, Blue:
ppy)- After washing the cell with buffer, activated pS3 was injected at
t=2000 until 3200s. The gap in reflectivity between the buffer
solution and the buffer + p53 solution is due to a small difference in
their refractive index. Reactions were always stopped at 30min in
order to avoid problems associated with the natural heat-instability of
wt p53 at room temperature (Hansen et al., 1996). (f) Image of the
reflectivity increment caused by p53 binding obtained from the
difference between the images acquired at 1= 3800 and 2000s. For (b),
(d), and (f), a binary mask was applied for data analysis
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Figure 5 (a) Analysis of target hybridization by SPR. Contrary to
fluorescence analysis, SPR analysis shows that the amount of
hybridized target DNA increases with the probe concentration
within the entire concentration range indicating that the system is
not saturated. Each error bar corresponds to the standard
deviation of two to —11 different experiments. (b) Binding efficiency
of p53 on different target sequences. This graph shows the number
of pS3molecules bound per DNA molecule for different probe
concentrations. These values are calculated by determining the
ratio of the reflectivity increment caused by dsDNA fixation to the
increment caused by p53 fixation over two to eight different
experiments

bax sequence and only a weak interaction with
mdm?2. Only experiments with high levels of p53 showed
a significant increase of DNA binding (Figure 1).
These data are supported by recent in vivo analyses
indicating that p53 binding and transactivation via
the bax response element is very weak compared to
WAF or mdm2 (Inga et al., 2002; Qian et al., 2002).
Furthermore, both studies showed that the transcrip-
tional activation of WAF1 promoter by p53 is two to
five times stronger than for mdm2 promoter, supporting
the results of our in vitro studies.

Missense mutations of the p53 gene have been found
in 50% of human cancer (Soussi and Béroud, 2001,
2003) and more than 1300 different p53 mutants have
been reported among the 14000 mutations listed in the
p53 mutation database (Soussi and Béroud, 2003). In a
recent study, Kato et al. (2003) constructed a library of
more than 2000 p53 mutants that have been tested for
transactivation with eight reporter sequences in a yeast
assay. Similarly, Resnick and Inga (2003) analyzed the
transactivation capacity of a series of 25 p53 mutants

Oncogene

towards 15 promoter sequences. Both studies highlight
the heterogeneous behavior of all p53 mutants. Further-
more, there is now clear evidence that some p53 mutants
acquire a gain of function resulting from a specific
interaction with the p73 protein leading to inhibition of
the apoptotic pathway and chemoresistance (Berga-
maschi et al., 2003; Irwin et al., 2003). This genetic
diversity of p53 mutants will lead to a vast number of
possible phenotypes that must be evaluated in order to
understand tumor behavior.

Therefore, high-throughput technology for monitor-
ing either DNA binding activity of wt p53 toward
various p53 response elements, the heterogeneity of the
loss of DNA binding activity or the gain of protein—
protein interaction by various p53 mutants will be of
importance to further our knowledge of the significance
of the loss of function of mutant p53. The response of wt
p53 to stress is also highly heterogeneous (Vousden and
Lu, 2002). The pattern of genes transactivated by p53
differs according to the cell type, the position in the cell
cycle and the nature of the stress, the pattern of genes
leading to either growth arrest or apoptosis. This can be
partially due to a heterogeneous accessibility of the p53
protein to various transcription promoters either via a
variation in chromatin accessibility or via accessory
proteins that modulate p53 activity, such as ASPP that
exclusively stimulates p53 apoptotic function (Samuels-
Lev et al., 2001). The use of a zip-code methodology to
graft specific DNA sequences onto the chips allows
analysis of a wide range of interactions with a similar
chip. Furthermore, the pyrrole-based technology is not
restricted to nucleotides and can be used for other
molecules, such as small ligands, antibodies, or oligo-
saccharides. SPR imaging can be used for all specific
macromolecular interactions. Its combination with a
high-throughput methodology and the possibility of
monitoring hundreds of simultaneous reactions should
make it a method of choice in the study of proteome
interactions (Walhout and Vidal, 2001; Drewes and
Bouwmeester, 2003).

Experimental protocol

Generic single-strand DNA chip preparation

Our approach uses universal microarrays of unique 24-
base oligonucleotides or zip-codes (Gerry et al., 1999)
that are coupled to the pyrrole during synthesis. The
chips were made by electrochemical copolymerization of
each pyrrole-functionalized zip-code (Zip-Pyr) using the
electrospotting method as previously described (Guedon
et al., 2000). Briefly, the electrochemical cell, that is, a
pipette tip with a platinum wire, was filled with a
solution containing 20 mM pyrrole in a saline buffer and
various concentrations of Zip-Pyr. The polypyrrole film
was synthesized by electrocopolymerization (electroche-
mical pulse) on the gold layer (working electrode) and
successive polymerizations with different Zip-Pyr on
defined areas of the gold slide allow the construction of
a multiparametric single-strand DNA chip (Figure 4a



and b). The zip-sequences used in our study are
described in Table 1. When all Zip-Pyr spots have been
synthesized, the slide is disconnected, rinsed with water,
dried with a nitrogen stream, and stored at 4°C.

DNA binding reaction

Human wt p53 was overexpressed using recombinant
baculovirus and analyzed by EMSA using a two-step
procedure. In the first step, p53 was activated with
HR231 monoclonal antibodies in the DNA binding
buffer (10mM HEPES, pH 8.0, 0.1 mM EDTA, 50 mM
NaCl, 50mM KCI, 5SmM DTT, 4mM spermidine, 18%
glycerol, 0.05% NP40, 11 ug/ml of poly-dIdC). This
activation reaction was performed in a volume of 20 ul
for 30 min at 20°C with 1 ug of monoclonal antibody. In
the second step, 0.2 ng of labeled DNA probe was added
and a second incubation for 30min at 20°C was
performed. Reaction products were loaded onto a 4%
polyacrylamide gel containing 0.5 x TBE. Electrophor-
esis was performed for 2 h. Gels were dried and exposed
to X-ray film.

For SPR analysis, p53 activation was performed in a
total volume of 300 ul of modified DNA binding buffer
(10mMm HEPES, pH 8.0, 0.1mM EDTA, 50mM KCI,
SmM MgCl,, 2mM DTT, 4 mM spermidine, 0.2 g/l BSA,
10% glycerol, 0.05% NP40) for 30min at room
temperature (20°C). The entire volume of the activation
reaction was then injected onto the chip that had been
previously equilibrated with the same buffer.

SPR imaging

The system was designed and implemented using the
Kretschmann configuration, in which the plasma waves
at the interface between a metal and a dielectric are
excited with an evanescent field created by a light beam
at a particular incidence angle (see Supplementary
Figure 1 online). A collimated p-polarized electro-
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