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merging molecular studies have shown that the

transcription factor NF-E2-related factor (Nrf2) plays
an essential role in cancer chemoprevention. Here, we
report the development of a molecular biosensor for
rapid detection of antioxidant-responsive element (ARE)-
bound Nrf2 protein. The development will provide
a molecular assay for high-throughput screening of
chemopreventive compounds. Specifically, a double-
stranded DNA probe is designed based on the ARE
sequence. One of the DNA strands is labeled with
a fluorophore on the 5" end and the complementary
strand is labeled with a quencher on the 3" end. A single-
stranded DNA competitor is also designed. The existence
of the Nrf2 stabilizes the fluorescent probes and delays
the competitor from separating the fluorophore-quencher
complex. Therefore, the concentration of the Nrf2
proteins can be measured quantitatively based on the
fluorescence intensity. The molecular binding scheme was
demonstrated using purified p50 and the detection of
endogenous Nrf2 was demonstrated using whole-cell
lysates treated with sulforaphane. The assay can easily be
incorporated into an automated platform for high-
throughput screening of chemopreventive compounds
targeting Nrf2. (JALA 2008;13:243-8)
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INTRODUCTION

Various environmental insults, such as toxicants and
carcinogens, translate into oxidative stress or elec-
trophiles at the molecular level. In dealing with the
toxicant- and carcinogen-induced oxidative stress
or electrophiles, cells have evolved defense mecha-
nisms by inducing the expression of phase II en-
zymes and endogenous antioxidants to defend cells
from oxidative stress and reactive carcinogenic inter-
mediates. Some of the well-known cytoprotective
enzymes include NADPH:quinone oxidoreductase
I, heme oxygenase-1, and y-glutamylcysteine syn-
thetase.' In general, emerging evidence has shown
that the expressions of many cytoprotective enzymes
are regulated by NF-E2-related factor 2 (Nrf2) via
antioxidant-responsive elements (AREs) and many
chemopreventive compounds exert their effects by
inducing Nrf2 activity.' Therefore, targeting
Nrf2-mediated gene expression represents one of
the prominent strategies for cancer chemopreven-
tion. Interestingly, the discovery of Nrf2 is attrib-
uted mostly to studies with anticarcinogenic
compounds.

The core of the Nrf2 dynamic regulation is the
Keapl-mediated degradation of Nrf2. Figure 1 pres-
ents the dynamic regulation of Nrf2. At basal condi-
tions, Keapl actively targets Nrf2 for ubiquitination
and proteasomal degradation, resulting in short
half-life of Nrf2.**> On exposure of cells to Nrf2 in-
ducers, such as chemopreventive agents, the Nrf2-
Keap-1 complex disassociates and the half-life of
Nrf2 increases significantly. On the other hand,
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Figure |. Schematic of the Nrf2-Keap| dynamic regulation.

Nrf2 mRNA levels were unaffected by various Nrf2 indu-
cers.* ® The level of Nrf2 is, therefore, controlled primarily
though a dynamic balance of Nrf2 synthesis and degradation.
As Nrf2 regulates the antioxidant response via ARE-mediated
downstream target genes, the level of the ARE-bound Nrf2
protein can provide a direct indication of the cellular antiox-
idant response. The ability to rapidly detect the ARE-bound
Nrf2 protein, therefore, represents a key step toward high-
throughput screening of chemopreventive agents.’

Electrophoretic mobility shift assay (EMSA) and re-
porters gene assays are currently applied for measuring the
Nrf2 protein.®® These assays, however, could be time/labor/
cost intensive for high-throughput and multiplex applica-
tions. These shortcomings present major roadblocks for
performing a high-throughput screening of compounds tar-
geting the Nrf2 protein level. A simple, convenient, and
high-throughput detection scheme for transcription factors
is therefore highly desirable.” Several homogeneous assays
have been developed for studying protein—DNA interac-
tions.'®"!* Nevertheless, these assays have not been opti-
mized for detection of the ARE-bound Nrf2 protein and
high-throughput screening of chemopreventive compounds.
Here, we report the development of a homogeneous assay
(i.e., mix and measure) for Nrf2 that are well-suited for
high-throughput screening as they avoid cumbersome and
time-consuming steps, such as washing, filtration, and
separation.

Design Concept

The molecular biosensor takes advantage of the specific
interaction between a DNA-binding protein and its corre-
sponding binding sequence. In this molecular design, a dou-
ble-stranded DNA probe is designed based on the binding
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sequence. The probe is labeled with a fluorophore and
a quencher (Fig. 2). A complementary single-stranded
DNA competitor is also synthesized. In the absence of the
target DNA-binding protein, the competitor separates the
fluorophore and the quencher and fluorescence intensity
can be detected. In the presence of the protein, the molecular
binding stabilizes the double-stranded DNA probe. The
amount of the stabilized fluorescent probes should correlate
to the amount of DNA-binding proteins. Therefore, the con-
centration of the target molecular can be measured quantita-
tively based on the fluorescent intensity. The molecular
binding scheme provides an effective approach for rapid
detection of Nrf2 and other DNA-binding proteins.

MATERIALS AND METHODS

We designed two set of probes to evaluate the molecular
binding scheme. Table 1 summarizes the probe sequences
of the molecular biosensor in this study. A double-stranded
DNA probe was designed according to the NF-kB binding
sequence (GGGACTTTCC). Two bases were added to avoid
interference between the NF-«kB protein and the fluorophore-
quencher pair. The equilibrium-binding affinity of the probe
can be adjusted by modification of the remaining sequence.
Similarly, a molecular probe for detecting Nrf2 proteins
was designed using the ARE sequence (GTGACTCAGCO).
Fluorescein (6-FAM) and lTowa Black FQ were selected as
the fluorophore-quencher pair. DNA probes were synthe-
sized by Integrated DNA Technologies Inc. Purified p50 pro-
teins were purchased from Active Motif Inc. Other reagents
were purchased from Sigma. DNA probes were prepared in
a buffer solution consisting 10 mM Tris-HCl and 100 nM
NaCl. Before the experiment, the probes were incubated at
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Figure 2. Schematic of the sensing scheme for homogeneous detection of DNA-binding proteins.

90 °C for 5 min and slowly cooled to room temperature in
a dry bath incubator. Quantitative fluorescence measure-
ments were taken in 384-well plates (Corning Inc) using
a microplate reader (BioTek, Synergy 2).

For the NF-kB experiment, the binding buffer consisted of
10 mM Tris-HCI, 50 mM NacCl, 3 mM MgCl,, 10% glycerol,
0.5 mM dithiothreitol (DTT), and 0.5 mg/mL bovine serum
albumin (BSA). For the Nrf2 experiment, MDA-MB-231
cells were used. Monolayers of MDA-MB-231 cells were
grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). The cells
were incubated at 37 °C in a humidified incubator containing
5% CO,. The experimental procedure was designed based on
our previously reported protocol.'” Briefly, the cells were
treated with 7.5 uM sulforaphane (SF) before the experi-
ment. The cells were then washed twice with phosphate
buffered saline (PBS) and carefully scraped off. The cells
were lysed in a lysis buffer containing 20 nM Tris-HCI,
150 mM NaCl, 1 mM ethylene diamine tetraacetic acid
(EDTA), 1 mM ethylene glycol tetraacetic acid (EGTA),

Table I. Molecular probe designs for NF-kB and Nrf2 sensing

NF-kB probes
5’ Fluorophore—TTG GGA CTT TCC CAA GAT AGT AAG 3’
5" CTT GGG AAA GTC CCA A lowa black FQ 3’

NF-kB competitor
5 CTT CAT ATC TTG GGA AAG TCC CAA 3’

Nrf2 probes

5" 6-FAM—TGC AGT CAC AGT GAC TCA GCA GAA TCA GAA
TCGTT 3

5" GAT TCT GCT GAG TCA CTG TGA CTG CA—lowa Black
FQ 3

Nrf2 competitor
5" AAC GAT TCT GAT TCT GCT GAG TCA CTG TGA CTG
CA3

0.2% NP-40, 1 mM DTT, | mM phenylmethanesulphonyl-
fluoride (PMSF), 1 mM Na3;VOy,, 10% glycerol, and protein-
ase inhibitors. The cell lysates were then centrifuged at
14,000 rpm for 10 min. The supernatants were collected
and diluted with a binding buffer containing 25 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
60 mM KCl, 2mM MgCl,, 1 mM EDTA, 0.004% NP-40,
10% glycerol (vol/vol), 1 mM DTT, and 2 pL Tris EDTA.

REsuLTS
Probe Optimization

In the molecular assay, the concentration of the quencher
probe strand relative to the concentration of the fluorophore
probe strand can be flexibly adjusted to maximize the signal-
to-noise ratio. This represents an advantage of the molecular
assay over other related molecular probes for DNA-binding
proteins. We performed an experiment to determine the
optimal quencher-to-fluorophore ratio. In the experiment,
the fluorophore probe stand was maintained at 20 nM and
different concentrations of the quencher probe strand were
added to obtain different quencher-to-fluorophore ratios.
The probes were incubated at 90 °C for 5 min and slowly
cooled to room temperature for 2 h. Figure 3 shows the re-
sults of the experiment. The resulting data indicated that
a 3:1 ratio was able to obtain a low noise level for the probe
(Fig. 3). Further increase in the concentration of the
quencher strand did not reduce the background intensity.
It is consistent with other studies with similar probe de-
signs.'®!” Therefore, all the subsequent experiments were
performed using this fluorophore-to-quencher ratio.

NF-<B Detection

To evaluate and optimize the performance of the molecu-
lar assay, experiments were performed using purified p50
proteins (NF-kB). We chose NF-kB based on its relatively
well-known structure, regulation, function, and its impor-
tance in inflammation.'"®™*? In the experiment, the probe
was incubated with the protein for approximately 1 h. The
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Figure 3. Optimization of the quencher-to-fluorophore ratio.
The concentration of the fluorophore probe strand was 20 nM
and the concentration of the quencher probe strand was adjusted
to obtain different quencher-to-fluorophore ratio. Error bars, which
are smaller than the symbols, represent the standard deviation.

competitor probe was then introduced into the well. The
fluorescence intensities were monitored as a function of time
after the addition of the protein and the competitor for over
2 h. Figure 4 shows the result of a representative experiment.
After the protein was mixed with the probe, a small decrease
in fluorescent intensity was observed. It is likely that the p50
protein stabilizes the probe and reduces the fluorescent inten-
sity. Upon the addition of the competitor DNA, the fluores-
cent intensity increased rapidly, which indicated separation
of the fluorophore and quencher pair. Figure 5 shows the
effect of the concentration of p50 on the fluorescence inten-
sity at different times. We observed a concentration depen-
dence of the p50 protein on the fluorescence response. The
limit of detection is on the nano molar range. The fluores-
cence intensity decreases with increasing concentration of
p50. Therefore, the concentration of p50 can be determined
based on the fluorescence intensity.

Nrf2 Detection in Cell Lysates

The goal of this work was to develop a rapid molecular
assay for detecting ARE-bound Nrf2 proteins. The molecu-
lar biosensor will form the technological core of a cell-based
assay for high-throughput screening of chemopreventive
compounds. Therefore, we tested the molecular assay using
whole-cell lysates. MDA-MB-231 human breast cancer cells
were chosen as the model system. The cells were treated with
SF, a well-known anticancer compound.*? It is known that
SF upregulates the activity of Nrf2, which provides an ideal
model to evaluate the molecular assay for rapid screening of
chemopreventive compounds. Cells treated with buffer only
were used as control. Figure 6 shows the result of the

246 JALA August 2008

60

—_—0
— 4 nM

50

I
o
1

Intensity, au
W
o
1

20

150
Time, mins

Figure 4. Kinetics of the NF-kB-binding assay. Different concen-
trations of p50 proteins were incubated with the probes for | h.
DNA competitors were added at time zero. The sample consisted
of 20nM of fluorophore probe, 60 nM quencher probe, and
20 nM competitor. (Insert) A close-up view of the data.

experiment. We observed a rapid increase in the fluorescence
intensity for the control cell sample, similar to the NF-kB
experiment. SF-treated cells, on the other hand, showed
a slower increase in fluorescence intensity and the control
sample had a higher intensity compared to SF-treated cells
at all time points. It is consistent with our hypothesis that
the protein—DNA interaction stabilizes the probe and delays
the increase in fluorescence intensity. At low concentration of
the Nrf2 protein, the competitor rapidly separates the ARE
probe and raises the fluorescent intensity. In the present of
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Figure 5. Rapid quantification of NF-kB using the molecular
probe.
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Figure 6. Kinetics of Nrf2 detection in whole-cell lysates. The
probes consisted of 20 nM of fluorophore probe and 60 nM
quencher probe. The samples were incubated with the probes
for 20 min. Then, 40 nM DNA competitors were added at time
zero.

the Nrf2 protein (cells treated with SF), the molecular inter-
action stabilizes the ARE probe and delay the switching
between the competitor and the quencher probe strand.
Figure 7 compares the fluorescence intensities of the control
sample and the SF-treated sample. The fluorescence intensi-
ties are different between the two samples and the assay can
potentially be applied for rapid screening of other chemopre-
ventive compounds that induce the activity of Nrf2.

DiscussionN

Our experimental data demonstrated the feasibility of the
molecular probe for homogeneous detection of DNA-bind-
ing proteins. Several aspects can be modified to enhance
the performance of the assay. Firstly, the Nrf2 assay is based
on the thermodynamic alteration as a result of the protein—
DNA binding. Our data indicates that the increasing rate of
the fluorescence intensity decreases with the activity of Nrf2.
Nevertheless, the fluorescence intensities approach the same
value for both control and SF-treated samples. It is likely
that the free-energy change associated with the molecular
switching is favorable even with the existence of the DNA-
binding protein in the current probe design. The protein—
DNA binding slows down the kinetics of the switching reac-
tion. Therefore, a shorter competitor sequence, which is not
able to switch the quencher probe strand in the existence of
the DNA-binding protein, may further enhance the signal-
to-noise ratio. Secondly, the experimental condition can be
optimized to reduce the assay time. The assay time depends
on the kinetics of the molecular switching, which is con-
trolled by the affinity of the ARE probe. Currently, the assay
can be finished in approximately 1 h. It is likely that a shorter
probe sequence can further reduce the assay time. Thirdly, it
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Figure 7. Rapid screening of Nrf2 induced by sulforaphane. Data
represent mean = standard error.

is anticipated that other nonspecific DNA-binding proteins
exist in the cell lysates. Nevertheless, both control cells and
SF-treated cell samples showed a significant increase of fluo-
rescence intensity. The intensity levels were similar to the
control experiment without cells (not shown). It indicates
only a small portion of probes are stabilized by Nrf2 or other
DNA-binding proteins. It is also noteworthy that endoge-
nous ARE exists in cell lysates. Therefore, the exogenous
ARE probe is competing with endogenous ARE. At equilib-
rium, a portion of the Nrf2 protein (depending on the probe
concentration) binds to the probe. Therefore, the probe con-
centration should be optimized such that a larger portion of
the probes are stabilized by the protein binding. If necessary,
other oligonucleotide sequences, for example, poly(dl:dC),
can be introduced to prevent nonspecific binding of proteins
to the ARE probe.

CONCLUSIONS

In summary, we have demonstrated the proof of principle of
a molecular probe biosensor for rapid detection of Nrf2 and
other DNA-binding proteins. The molecular assay can be im-
plemented in a high-throughput microplate format or multi-
plexed microfluidic devices for large-scale screening of
chemopreventive compounds. Further optimization of the
probe design and assay conditions will improve the signal-
to-noise ratio and assay time of the molecular sensor. Be-
cause a gel separation or immobilization step is not required,
the equilibrium-binding kinetics of Nrf2 ARE would not be
disturbed as in EMSA. More importantly, the homogenous
assay allows rapid measurements of the ARE-bound Nrf2
protein and other DNA-binding protein, which is beneficial
for automated drug-screening systems.
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