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Abstract The interaction of tumor suppressor p53 with
apo-metallothionein (apo-MT) has been carried out using a
flow injection-surface plasmon resonance (FI-SPR) instru-
ment. MT was first tethered onto the carboxymethylated
dextran film. Via incorporation of glycine—HCI (pH 2) to
remove the sequestrated metal ions inherent in MT
molecules, a more extended and open structure of apo-MT
was formed. Substantial SPR angle shift corresponding to
the interaction of wild-type p53 with apo-MT was
observed. The interaction was originated from the binding
between the free sulfhydryl groups of apo-MT and Zn*" of
p53 with the binding constant of 1.4x10*M™". The specific
binding of p53 to consensus double-stranded DNA was
hindered after metal chelation from p53 by apo-MT.
Furthermore, inhibition of the interaction between p53 and
apo-MT imposed by p53/DNA complex was observed. The
fluorescence measurements also revealed the binding of
p53 to apo-MT, being consistent with the SPR results.
Thus, SPR could potentially serve as an attractive technique
for monitoring p53 conformational change and transcrip-
tional activity regulated by the MT/apo-MT couple.
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Introduction

The tumor suppressor p53 is the most frequently mutated
gene, playing important roles in maintenance of genome
integrity [1, 2]. The inactivation of p53 could lead to the
development of more than half of human cancers [3, 4].
The human p53 protein comprises three major functional
domains: N-terminal domain (residues 1-94), a central
DNA-binding domain (102-292), and C-terminal oligomer-
ization domain (311-364) [2]. The mutation hotspots in
various human cancers are confined in the DNA-binding
domain and almost all of the biological functions of p53 are
related to its DNA-binding property [5, 6]. p53 usually
forms as a tetramer which binds to the consensus double-
stranded (ds-) DNA with a sequence of PuPuPuC(A/T)(T/
A)GPyPyPy (where Pu and Py represent purines and
pyrimidines, respectively) [7-9]. The DNA-binding domain
contains a zinc-finger-like motif in which one zinc ion is
tetrahedrally coordinated to three cysteines and one
histidine [5]. The zinc ions are requisite for maintenance
of wild-type p53 conformation, stability and its sequence-
specific DNA-binding activity [10, 11].

Metallothionein (MT) is a low-molecular-weight and
cysteine-rich protein capable of regulating essential metals,
detoxifying nonessential metals, and scavenging free
radicals [12, 13]. Apo-MT, the metal-free form of MT,
was formed via treatment with an acidic solution [14] or
transiently generated in the cell through biochemical
manipulations [10, 15]. It has been reported that the MT/
apo-MT couple could modulate metal transfer of several
biological species, such as estrogen receptor, TFIIIA, SP1,
mitochondrial aconitase, and p53 [10, 16-20]. Furthermore,
biological activities of metalloproteins including p53 could
be regulated via zinc chelation [10, 19, 21]. In certain tumor
cells, the presence of mutant p53 was found to be related to
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high expression of MT [22, 23]. Thus, potential relationship
should exist between p53 and MT. As reported by
Ostrakhovitch EA et al., a complex between apo-MT and
wild-type or mutant p53 was formed in breast cancer
epithelial cells [17]. Such an interaction was monitored by
co-immunoprecipitation using antibodies to probe the
immunoprecipitates and western blot analysis for bands
visualization [17]. Moreover, the interaction between p53
and apo-MT results in the conformational change of p53
with loss of DNA-binding activity [10]. Immunoprecipita-
tion was utilized to probe the protein conformation and the
DNA-binding activity was determined by electro-mobility-
shift assay using a >?P-labeled p53“° sequence [10].
However, these methods either involve complicated assay
procedures and severe experimental conditions, or the use
of antibodies or labeled analytes. Thus, it is highly desirable
to develop a simple, label-free, and sensitive technique that
can conveniently determine the interaction of pS3 with apo-
MT and the influence of the incorporated DNA on such an
interaction.

Surface plasmon resonance (SPR) is an optical technique
suitable for measuring the thickness and structure of
ultrathin adsorbate layers at metal films [24, 25]. Bio-
sensors based on SPR have been demonstrated as an
attractive means for rapid, sensitive, and label-free analysis
of biomolecular interactions [26—28]. Furthermore, binding
kinetic analysis of the biomolecular interactions can be
conducted using SPR [29, 30]. Zhou et al. reported the
metal ion binding by surface-confined apo-MT using a
highly sensitive SPR spectrometer [31]. In another work by
the same author, real-time detection of Cu®" sequestration
and release by immobilized apo-MT was accomplished
using scanning electrochemical microscopy combined with
SPR [32]. Campagnolo C et al. reported the qualitative SPR
measurement of the interaction between the immobilized
histidine-tagged p53 and antibodies in serum [33]. In this
work, interaction of p53 with apo-MT was monitored by
SPR. The influence of the incorporated DNA on such an
interaction was also investigated.

Experimental
Chemicals and materials

Rabbit liver Zn;MT was acquired from Hunan Lugu
Biotech Co., Ltd (Changsha, China). Tris(hydroxymethyl)
aminomethane hydrochloride (Tris—HCl), N-(3-dimethyla-
minopropyl)-N'-ethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), ethylenediaminetetraacetic
acid disodium salt (EDTA), cystamine hydrochloride,
glycine, 1, 4-dithiothreitol (DTT), ethanolamine hydrochlo-
ride (EA), NaCl, KH,PO,4, and K,HPO, were acquired
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from Sigma-Aldrich. Carboxymethylated dextran sodium
salt was obtained from Fluka. Microcon YM-3 centrifugal
filter units with a molecular weight cutoff of 3 kDa were
purchased from Millipore Corp. (Belleria, MA). DNA
samples were obtained from Shanghai Sangon Co., LTD
(Shanghai, China). The sequences of 25-mer oligodeox-
ynucleotide (ODN) probe with its 5’ end modified with
amino groups and its complementary target to form the
consensus ds-ODN are 5-H,N-(CH,)s-TTT TTA GAC
ATG CCC AGA CAT GCC C-3’, and 5'-GGG CAT GTC
TGG GCA TGT CT-3', respectively. The ODNs used to
form the non-consensus ds-ODN have sequences of 5'-
H)N-(CH,)6-TTT TTG TCG GCC GAG GTC GGC CGA
G-3' and 5-CTC GGC CGA CCT CGG CCG AC-3',
respectively. Recombinant p53 sample was purchased from
BD Biosciences Pharmingen (San Diego, CA). Other
reagents were all from commercial sources with analytical
purity and used as received. All experiments were
performed at room temperature (25+1°C).

Instruments

The FI-SPR measurements were conducted with a BI-SPR
1000 system (Biosensing Instrument Inc, Tempe, AZ).
Phosphate-buffered saline (PBS buffer, 10 mM phosphate/
10 mM NaCl, pH 7.4) was degassed and used as the carrier
solution. The samples were preloaded into a 50-uL sample
loop on a six-port valve and then delivered to the flow cell
with a low volume of 2.5 uL by a Genie Plus syringe pump
(Kent Scientific, Torrington, CT) at a flow rate of 10 puL/min.

Procedures
Solution preparation

Apo-MT used in the fluorescence measurements was prepared
by acidifying Zn;MT with glycine-HCI (pH 2) and then
filtering the mixture with the YM-3 membrane. The released
metal ions eluted through the pores of the membrane and
became separated from the MT species. To minimize
oxidation of free thiols of apo-MT, the metal-free protein
was prepared right before each experiment and dissolved in
PBS buffer containing 5 mM DTT. Similarly, recombinant
p53 was diluted with PBS buffer containing 5 mM DTT.
Deionized water was used to prepare the DNA probe
solution. DNA target was prepared with TNE buffer
(10 mM Tris—HCI, 1.0 mM EDTA, and 0.1 M NaCl, pH 7.0).

SPR sensor surface modification with MT/apo-MT
The SPR sensor fabrication and modification were carried

out as follows. The deposition of Au film with 50-nm
thickness and 2-nm Cr underlayer onto the pretreated glass
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slides (BK7, Fisher) was carried out with a sputter coater
(model 108, Kurt J. Lesker, Clairton, PA, USA). Prior to
surface modifications, the gold films were annealed in a
hydrogen flame to eliminate surface contamination. The
procedure for SPR assay via injection of glycine—HCI and
then p53 onto the sensor chip pre-covered with MT is
illustrated in Fig. 1. Cystamine self-assembled monolayers
(SAMs) were formed by immersing the gold film into
10 mM of cystamine hydrochloride solution overnight. Via
the widely used EDC/NHS chemistry [34], carboxymethy-
lated dextran molecules were tethered onto the preformed
cystamine SAMs upon soaking the film into a mixture
comprising 10 mg/ml dextran, 75 mM EDC, and 15 mM
NHS for 3 h. The hydrogel-like dextran layer was used to
eliminate nonspecific adsorption of p53 molecules and to
offer higher binding capacity. As depicted in Fig. la, MT
was immobilized onto the dextran film by casting a mixture
of EDC, NHS, and 50 uM MT onto the chip surface for
2.5 h. The unreacted NHS ester groups were treated with
1 M EA for 15 min. After each step, the surface was rinsed
with a copious amount of deionized water to rid any
residual molecules and dried with N,. Apo-MT-covered
sensor chip was obtained by injecting glycine—HCI (pH 2)
onto the MT-modified substrate to remove the sequestrated
metal ions inherent in MT molecules, thus resulting in a
linear structure of apo-MT [31] (Fig. 1b). The acid
treatment has no effect on the hydrogel-like dextran layer
and the thiol/Au bond, being consistent with those reported
previously [31, 35].

SPR sensor surface modification with consensus ds-ODN

Immobilization of the ODN capture probe modified with
amino groups was carried out by casting a mixture of

2 uM ODN probe, 75 mM EDC, and 15 mM NHS onto
the preformed dextran film. Via treatment of the
unreacted NHS terminal groups with EA, ds-DNA
formation was accomplished by dropping 2 uM of
ODN target onto the ODN probe-modified substrate and
the hybridization reaction was allowed to proceed for
3 h

SPR detection

Upon completion of the surface modifications, the film was
assembled onto the SPR prism with an index-matching
fluid (Type A immersion oil, Cargille Laboratories, Cedar
Grove, NJ, USA). Once a stable baseline had been
obtained, recombinant p53 sample was delivered to the
SPR flow cell by the syringe pump. The signals that report
on the binding of p53 with MT, apo-MT, and consensus ds-
DNA were measured by BI-SPR 1000 system. The
conversion of SPR angle shift to degree was carried out
using the ethanol calibration method [36]. Based on the
work on the quantitative interpretation of the responses of
SPR sensors to adsorbed films by Campbell et al. [37],
refractive index unit (RIU) was used to describe the SPR
angle shift. The interconversion of the SPR angle shift in
degrees with RIU follows the following relationship: 1x
10°® RIU=7.3x10"° degree based on the BI-SPR 1000
system.

Fluorescence measurement

The fluorescence of p53 in the absence and presence of MT or
apo-MT was determined using a Hitachi F-2500 spectrofluo-
rometer (Tokyo, Japan). The excitation wavelength was set at
280 nm. All spectra were background-corrected.
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Fig. 1 Schematic representation of MT immobilization (a), metal
release from MT-covered sensor chip (b), and interaction of apo-MT-
modified SPR substrate with recombinant p53 (¢). The dumbbell-like
structure in (a) represents the MT molecules. The exposure of MTs to

(c)

an acidic solution caused the MT adsorbates to possess a more
extended and open structure (b). The tetramer in gray color in (c¢)
represents the p53 molecules. For clarity, all molecules are not drawn
to scale
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Results and discussion
Interaction of apo-MT/MT with p53

Figure 2 is an overlay of three typical SPR sensorgrams
upon injecting 50 puL of 0.56 nM recombinant p53 solution
into the flow cell housing apo-MT (curve a), MT (curve b),
and carboxymethylated dextran (curve c¢) -covered sensor
chips. After recombinant p53 had been replaced by the
carrier solution, a new baseline was established in curve a
with SPR angle being higher than the original value. The
SPR angle shift, deduced from the difference in the baseline
of SPR angles, is about 0.0088° in curve a (1.21 x 10~*
RIU). However, due to the elimination of nonspecific
adsorption of p53 molecules by the hydrogel-like dextran
layer, the SPR angle remains essentially unchanged at the
substrates covered with MT (curve b) and carboxymethy-
lated dextran (curve c). In all the three cases, the transient
increase in SPR angle is caused by the refractive index
change between the sample and the carrier solution. DTT
did not yield significant SPR angle shift (data not shown),
but prevented oxidation of the metal-free cysteine thiols at
the surface of the p53 molecules [38, 39]. It has been
reported that treatment of MTs with an acidic solution
would result in extraction of the pristine metal ions inherent
in MTs [14]. Thus, via exposure of MT-covered sensor chip
to glycine-HCI (pH 2), the adsorbed MTs would adopt a
more extended and open structure in response to the
unfolding of the dumbbell-like structure (Fig. 1b). The
incorporation of glycine was anticipated to chelate metal
ions released from MT molecules and to replace the metal-
coordination sites with protons [40]. With the introduction
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Fig. 2 Time-resolved SPR sensorgrams acquired by injecting 50 pL
of 0.56 nM recombinant p53 solution onto the various substrates
covered with apo-MT (a), MT (b), and carboxymethylated dextran (c),
respectively. The arrow indicates the time when the injection was
made
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Fig. 3 Time-resolved SPR sensorgrams acquired by injecting a
mixture of 1.0 nM recombinant p53 and 500 nM MT (a), 1.0 nM
recombinant p53 (b), and a mixture of 1.0 nM p53 and 500 nM apo-
MT (c) onto the substrates pre-covered with consensus ds-DNA. A
flow rate of 10 uL/min was used. The arrow indicates the time when
the injection was made

of recombinant p53 onto the substrate pre-covered with
apo-MT, a complex could be formed due to the interaction
between the free sulfhydryl groups of apo-MT and Zn*" of
p53 (Fig. lc). But in the case of MT, no such interaction
should be observed. This is in accordance with a previous
report [17]. The DNA-binding domain of p53 comprises a
zinc-finger motif in which a zinc atom is tetrahedrally
coordinated to three cysteines and one histidine [5, 10].
Metal chelation from p53 by apo-MT would result in the
conformational change of p53 from the wild-type to the
“mutant like” form and hence the loss of sequence-specific
DNA-binding activity [10, 17]. Such an interaction could
be easily and sensitively monitored by SPR. The extraction
of zinc ion of p53 by apo-MT concords with that reported
for TFIIIA, Spl, and estrogen receptor zinc finger by apo-
MT [16, 18, 20, 21].

The relatively high binding affinity has an interesting
implication with respect to the interaction between apo-MT
and p53. The binding process of apo-MT to p53 could be
monitored in real-time by SPR, thus providing direct
insight into the interaction. The affinity constant was
determined by simulating a series of binding curves
recorded at different p5S3 concentrations. The equilibrium
association constant was estimated to be 1.4x10°M '
based on a 1:1 type of biomolecular interaction, suggesting
that apo-MT binds strongly to p53.

Binding of p53 to consensus ds-DNA or apo-MT hindered
by the preformed complex

The zinc ions are essential for maintenance of wild-type
p53 conformation, stability, and its sequence-specific DNA-
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Fig. 4 Time-resolved SPR sensorgrams acquired by injecting 2.8 nM
recombinant p53 (a), a mixture of 2.8 nM p53 and 25 nM non-
consensus ds-DNA (b), a mixture of 2.8 nM p53 and 25 nM ss-DNA
(¢), a mixture of 2.8 nM p53 and 25 nM consensus ds-DNA (d) onto
the substrates pre-covered with apo-MT. A flow rate of 10 pL/min
was used. The arrow indicates the time when the injection was made

binding activity [10]. To assess the binding affinity of p53
to consensus ds-DNA after metal chelation from p53 by
apo-MT, wild-type p53 was pre-incubated with excess
amounts of apo-MT or Zn;MT for 30 min. Figure 3 is an
overlay of three SPR sensorgrams acquired upon injecting
50 puL of recombinant p53 solution in the absence or
presence of MT or apo-MT onto the substrates covered with
consensus ds-DNA. The SPR angle shifted by 0.0220° in
curve b (3.02 x 10~* RIU), which resulted from the specific
binding of wild-type p53 to the consensus ds-DNA [41].
The exposure of consensus ds-DNA-covered sensor chip to
the mixture of p5S3 and MT caused an SPR angle shift of
0.0239° (3.28 x10* RIU) (curve a). The small variation in
SPR angle shift in curves a and b suggests that MT had a
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Fig. 5 Fluorescence emission spectra of 40 nM wild-type p53 in the
absence of both MT and apo-MT (curve I, A and B), and in the
presence of 10 uM MT (curve II, A) or 10 uM apo-MT (curve 11, B)
in 10 mM PBS buffer comprising 5 mM DTT. The background signals

negligible influence on the binding of p53 to ds-DNA.
However, little change in the baseline of curve ¢ was
observed after the mixture of p53 and apo-MT had been
replenished out of the fluidic channel, indicating that
specific binding of p53 to the consensus ds-DNA was
hindered by apo-MT. The hindrance was attributed to the
sequestration of zinc ion of p53 by apo-MT, which induced
p53 to adopt a disrupted and unfolded form with loss of
DNA-binding activity [10]. We also performed an experi-
ment in which 500 nM MT was injected onto the same
consensus ds-ODN-covered sensor chip used in curve a of
Fig. 3, no significant SPR angle shift was observed (data
not show), indicating that MT does not nonspecifically
adsorb onto the consensus ds-ODN-covered surface.

The results suggest that interaction of apo-MT with wild-
type p53 prevented further binding of p53 to the consensus
ds-DNA. In order to examine whether the preformed p53/
DNA complex had a similar effect on the interaction of p53
with apo-MT, wild-type p53 was pre-incubated with excess
amounts of consensus ds-DNA for 30 min, and the mixture
was injected onto the apo-MT-covered sensor chip. As
shown in curve d in Fig. 4, once the mixture of p53 and
consensus ds-DNA completely eluted out of the flow cell,
the SPR baseline returned to the original level. This
suggests that via binding to consensus ds-DNA, p53 loses
its ability to further interact with apo-MT, being consistent
with the case of TFIIIA and apo-MT [18]. It is known that
the zinc-finger motif is located in the DNA-binding domain
of p53, thus the steric hindrance imposed by p53/ds-DNA
complex might have impeded the further reaction of p53
with apo-MT. Note that the SPR angle shift induced by
recombinant p53 (curve a) was larger than that by the
mixture of p53 and single-stranded (ss)-DNA (curve c).
Such a difference was attributable to the nonspecific
binding of ss-DNA to p53 [42, 43]. We also conducted an
experiment in which the apo-MT-modified sensor chip was
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for MT (curve III, A) and apo-MT (curve I1I, B) were also shown. The
excitation wavelength was set at 280 nm. Prior to each measurement,
p53 solution was incubated with apo-MT or MT for 20 min
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exposed to a mixture of p53 and non-consensus ds-DNA
(curve b), essentially the same SPR angle shift as that in
curve a suggests that non-consensus ds-DNA has a
negligible influence on the interaction between p53 and
apo-MT.

Fluorescence measurement of the interaction
of MT/apo-MT with p53

Alternatively, the interaction of tumor suppressor p53 with
apo-MT can be monitored by fluorescence spectroscopy.
Fluorescence of the tryptophan residues in the N-terminal
domain of p53 has been used to monitor conformational
change imposed by protein unfolding [44]. As shown in
Fig. 5, wild-type p53 displayed a typical emission peak at
336 nm, characteristic of the tryptophan residues [45, 46]
(curve I, A and B). The addition of apo-MT leads to a
significant decrease in the fluorescence signal (curve II, B),
indicating the conformational change of wild-type p53
induced by the interaction. However, relatively small
fluorescence variation was obtained in the case of MT
(curve II, A). The fluorescence measurements were in good
agreement with the SPR results.

Conclusions

Interaction of tumor suppressor p53 with apo-MT was
investigated using SPR. Upon injection of recombinant p53
onto the apo-MT covered sensor chip, substantial SPR
angle shift was observed. However, no interaction was
obtained in the case of MT. The interaction was ascribed to
the strong binding between free sulfthydryl groups of apo-
MT and Zn** of p53 with the binding constant estimated to
be 1.4x10°M . The binding of p53 to consensus ds-DNA
after metal chelation from p53 by apo-MT was also
examined and the specific binding of p53 to the consensus
ds-DNA was hindered by apo-MT. The hindrance was
attributed to the unfolding of wild-type p53 with the
accompanying loss of DNA-binding activity. On the other
hand, the preformed p53/DNA complex had a similar effect
on the interaction between p53 and apo-MT. The fluores-
cence measurements also showed the conformational
change of wild-type p53 upon addition of apo-MT, being
in line with the SPR results. The above results indicate that
SPR could be utilized as a potential technique to monitor
the conformational change and transcriptional activity of
p53 modulated by the MT/apo-MT couple.
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