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A novel exonuclease III (Exo III) protection-based colo-
rimetric biosensing strategy was developed for rapid,
sensitive, and visual detection of sequence-specific DNA-
binding proteins. This strategy relied on the protection of
DNA-cross-linked gold nanoparticle (AuNP) aggregates
from Exo III-mediated digestion by specific interactions
of target proteins with their binding sequences. Interest-
ingly, we disclosed a new finding that binding of target
proteins to their binding sequences in the aggregated
AuNP network rendered a stable and long-period protec-
tion of DNA. Unlike conventional fluorescence assays
merely based on temporal protection of DNA from Exo
III digestion, the stable protection afforded a static color
transition indicator for DNA—protein interactions with no
time-dependent monitoring required in the assay. There-
fore, it furnished the developed strategy with improved
technical robustness and operational convenience. Fur-
thermore, we introduced thioctic acid as a stable anchor
for tethering DNA on AuNPs. This DNA-tethering protocol
circumvented the interferences from thiol compounds in
common enzymatic systems. The Exo III protection-based
colorimetric biosensor was demonstrated using a model
target of TATA binding protein, a key transcriptional factor
involving in various transcriptional regulatory networks.
The results revealed that the method allowed a specific,
simple, and quantitative assay of the target protein with a
linear response range from 0 to 120 nM and a detection
limit of 10 nM.

The detection of sequence-specific DNA-binding proteins is
crucial to elucidate gene expression mechanisms and cellular
function because of their important roles in transcriptional
regulatory networks including transcription, replication, recom-
bination, and repair.!~® Moreover, these proteins have long been
recognized as attractive markers or targets for disease diagnosis
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and drug development.* As a result, the development of rapid,
simple, and robust strategies for detecting sequence-specific DNA-
binding proteins and probing their DNA-binding activities is of
paramount importance for proteomics, genomics, and biomedicine.

Conventional methods for the detection of sequence-specific
DNA-binding proteins include electrophoretic mobility shift assay®
and DNase footprinting assay.® These assays, however, are not only
laborious and time-consuming but also require radioisotope or
fluorescence labels. Moreover, to render the proteins not dissociated
from their binding sequences or ensure most of the DNA molecules
are only cut once, experimental conditions in electrophoresis and
DNase digestion must be stringently controlled, which makes these
techniques challenging in common analytical laboratories. Recent
years have witnessed remarkable progress in the design of assay
strategies toward rapid detection of DNA-binding proteins. Examples
are DNA microarray technology,”® the electrical approach based on
DNA-modified electrodes,”'° and surface-enhanced Raman scatter-
ing."! Despite the importance of these techniques, the need for the
surface-based immobilization of double-stranded DNA sequences
and/or complicated labeling of target proteins can be a detriment.
In the context, homogeneous assay approaches, which require
neither surface-based operations nor labeling of proteins, then offer
a preferable and robust platform for the detection of sequence-specific
DNA-binding proteins.

Most existing homogeneous assays of sequence-specific DNA-
binding proteins are established on fluorescence techniques.*?~%°
A typical strategy is to utilize two double-stranded DNA probes
with complementary protruding ends. Two dyes with fluorescence
resonant energy transfer (FRET) were labeled separately to these
two probes. The interaction between these two double-stranded
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DNA probes and the binding protein will promote the annealing
of the complementary protruding ends with a FRET signal
generated.'® This technique is conceptually simple and rapid. It,
however, seems to suffer the limitation that the split of a protein-
binding sequence may substantially affect the binding affinity,
especially for the proteins with small binding sites. An alternative
approach is to exploit a DNA duplex with a FRET pair on each
strand.!*'® Specific binding of target proteins to the binding
sequence will protect the DNA duplex from digestion by exonu-
clease III (Exo III) with the FRET signal retained.'**® Such an
Exo III protection-based fluorescence assay offers a simple and
flexible approach for probing the DNA-—protein interactions
without complicated labeling of target proteins and deliberate
splitting of protein-binding sequences. Nevertheless, because Exo
III usually nibbles into the protein-bound DNA segment and even
displaces some DNA-binding proteins, it is highly demanding to
resort to real-time monitoring of the digestion reaction for
achieving a robust Exo III protection-based assay.'* ¢ Therefore,
the development of more reliable and convenient strategies for
DNA-binding protein assays still remains a grand challenge.
Gold nanoparticle (AuNP)-based colorimetric assays have
attracted fast-growing interest in recent years because of their
high sensitivity comparable to fluorescence assay and exquisite
capability of visual detection using “naked” eyes.'”'® AuNPs
display a unique distance-dependent optical property, which has
been widely adopted as a colorimetric bioanalytical platform for
varying applications. Typical implementations include biosensors
for different targets such as DNA,*"2! metal ions,?** small
molecules,?* 28 proteins,?® > and even cancer cells,* as well as
drug screening for DNA binders® 3% and enzyme assays.>"~>°
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With the integration of varying enzymatic reactions of DNA and
RNA such as cleavage, ligation, and polymerization, this platform
has been able to greatly expand our capacity to smart design new
bioanalytical platforms.®®~** For instance, by using exonuclease
I'based manipulation, a colorimetric biosensor was able to be
implemented for evaluating the stabilization of G-quadruplex
selectively mediated by small ligands.®® In addition, biosensors
specific for Pb?" and UO,*" were developed based on the metal
ion-dependent DNAzymes.*>*! Colorimetric biosensor platforms
were also proposed for monitoring enzymatic activity and screen-
ing of inhibitors of endonuclease.*** The platform, based on
nickase-assisted amplification, was demonstrated to be useful for
ultrasensitive and selective detection of DNA.*> We previously
demonstrated a DNA ligase based strategy for colorimetric
detection of single-nucleotide mutation.** Despite the successes,
the implementation of AuNP-based colorimetric biosensors for
enzymatic systems is frequently confronted with a technical
difficulty that thiolated oligonucleotides tethered on AuNPs will
be displaced by thiol compounds, reagents commonly present in
storage and/or reaction solutions in such systems. Recently,
others and we demonstrated that thioctic acid, a common cyclic
disulfide agent, could serve as stable anchors for DNA strands
on AuNPs in preventing the displacement by thiol compounds.**>*6
This expands the possibilities of DNA-modified AuNPs as a
competent biosensing platform for enzymatic systems.

Herein we developed a novel, rapid, robust, and convenient
colorimetric biosensing strategy for detecting sequence-specific
DNA-binding proteins based on Exo III protection-based assays.
This strategy relied on the protection of DNA-cross-linked AuNP
aggregates from Exo III-mediated digestion by specific interactions
of target proteins with their binding sequences. To the best of
our knowledge, this strategy was the first example of a colori-
metric biosensor for visual detection of sequence-specific DNA-
binding proteins. Interestingly, we disclosed a new finding that
binding of target proteins to their binding sequences in the
aggregated AuNP network rendered a stable and long-period
protection of the double-stranded DNA, which was contrasted
substantially with the temporal protection of double-stranded DNA
in fluorescence assays.*'° This finding actually implied our assay
could achieve a static color transition indicator for DNA—protein
binding and require no time-dependent monitoring of the reaction.
Consequently, the developed strategy was able to afford improved
technical robustness and operational convenience as compared
to the fluorescence-based Exo III protection assay. In addition,
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Table 1. Synthesized Oligonucleotides (5 — 3’) Used in

the Experiments?

sense strand 1 NH,-T,; CAC GTA TAA AGG ATC ACA
CTA GCA CTT TTT

antisense strand 2 NH,T;y GTG CTA GTG TGA TCC TIT
ATA CGT G

mutant sense strand 3 NH, Ty CAC GGA TAA AGG ATC ACA
CTA GCA CTT TTT

mutant antisense strand 4 NH,T;, GTG CTA GTG TGA TCC TIT
ATC CGT G

NH,-T,, CAC GTA CAA AGG ATC ACA
CTA GCA CTT TTT

mutant antisense strand 6 NH,-T;, GTG CTA GTG TGA TCC
TIT GTA CGT G

GGT GCT TTA TAT TGG GTA GGG CGG
GTT TTT TCC CGC CCT ACC CAA TATA
AAG CACC

NH,- Ty, CAC GTA TAA AGG ATC ACA
CTA GCA CTT TTT-FITC

mutant sense strand 5

hairpin DNA 7

sense strand 8

“The boldface portions indicate the TATA binding protein-binding
site. The underlined letters symbolize mutant bases in the TATA
binding protein-binding site. Five protruding bases (italicized T) at the
3’-end of each sense strand were used to prevent the sense strands
from the digestion of the Exo III.

we introduced thioctic acid as a stable anchor for tethering DNA
on AuNPs. This DNA-tethering protocol circumvented the inter-
ference from thiol compounds in storage and reaction buffers for
Exo III. In the present study, the Exo III protection-based
colorimetric assay was demonstrated using a model target of
TATA binding protein, a key transcriptional factor involved in
many important transcriptional regulatory networks.*” The results
revealed that the developed method held great potential as a
sensitive, robust, and convenient platform for the detection of
sequence-specific DNA-binding proteins.

EXPERIMENTAL SECTION

Reagents and Materials. TATA binding protein was pur-
chased from Protein One, Inc. (Bethesda, MD). E. coli Exo III
and methyltransferase Hhal (M.Hhal) were obtained from New
England Biolabs (Ipswich, MA). N-Hydroxysulfosuccinimide (sulfo-
NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC), thioctic acid, and full-length human p53 protein were
from Sigma-Aldrich Chemical Co. SYBR Green I (supplied as
10 000x) was obtained from Molecular Probes. Bovine serum
albumin (BSA) was provided by Dingguo Biotechnology Co. Ltd.
(Beijing, China). Trisodium citrate, KH,PO,, Na,HPO,, and NaCl
were from Amresco (Solon, OH). Other reagents were all
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). All solutions were prepared using ultrapure water,
which was obtained through a Millipore Milli-Q water purifica-
tion system (Billerica, MA) and had an electrical resistance of
>18.3 MQ. The oligonucleotides used in this work were
synthesized from Takara Biotechnology Co. Ltd. (Dalian,
China). The thermodynamic parameters of all oligonucleotides
were calculated using bioinformatics software*® (http://www.
bioin-fo.rpi.edu/applications/). The sequences of the synthe-
sized oligonucleotides are given in Table 1.

Preparation of Citrate-Capped AuNPs. Citrate-capped AuNPs
were prepared by citrate reduction of HAuCl, according to
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documented protocols,*®*® as briefly described as follows:

Trisodium citrate (10 mL, 38.8 mM) was added rapidly to a stirred
boiling solution of HAuCl, (100 mL, 1 mM). Within several
minutes, the color of the solution changed from pale yellow to
deep red. The solution was heated under reflux for another 30
min to ensure complete reduction, and it was then slowly cooled
to room temperature and stored at 4 °C before use. The average
size of the Au nanoparticles was 13 + 2 nm as calculated from
the transmission electron microscopy (TEM) image. The
concentration of these AuNPs was determined to be ~13 nM
based on an extinction coefficient of 2.7 x 108 M~! cm™! at 520
nm for 13 nm AuNPs®° using UV—vis absorption spectroscopy
(UV 2450, Shimadzu, Kyoto, Japan). Because of the citrate
reduction method could yield Au nanoparticles with desirably
uniform size, it was found that very good reproducibility was
obtained in the assay even using Au nanoparticles prepared in
different runs.

Conjugation of Amino-Labeled Oligonucleotides to Thio-
ctic Acid. The conjugation of thioctic acid to NH,modified
oligonucleotides was performed using the succinimide coupling
(EDC—NHS) method.*%*! Briefly, 100 uL of 10 M NHy-modified
oligonucleotide (see Table 1 for their sequences) was mixed with
100 uL of 10 mM phosphate-buffered saline (PBS, 10 mM
phosphate buffer, 0.3 M NaCl, pH 7.4) containing 10 mM of
thioctic acid, 1 mM EDC, and 5 mM sulfo-NHS and incubated for
2 h at 37 °C. The conjugate was dialyzed against 10 mM PBS
(500 mL) for 3 days in the dark to remove excessive thioctic acid.

Preparation of DNA-Modified AuNPs. AuNPs were modi-
fied with DNA oligonucleotides conjugated to thioctic acid
according to documented methods with slight modifications.*>°
Briefly, the thioctic acid-conjugated oligonucleotides (200 uL, 5
uM) were added in the citrate-capped AuNP solution (1 mL, ~13
nM). After 18 h, the solution was mixed with 1.2 mL of phosphate
buffer (PB, pH 7.4, 10 mM) containing 0.1 M NaCl for 8 h. In the
subsequent salt aging process, AuNP solution was first incubated
in 0.1 M NaCl for 8 h, then salted to 0.2 M NaCl for further
incubating for 8 h, and finally salted to 0.3 M NaCl for 8 h. The
unmodified oligonucleotides were removed via centrifugation at
22 000g for 20 min followed by resuspension of the sediment in 1
mL of PBS (10 mM PB, 0.3 M NaCl, pH 7.4). This step was
repeated three times to sufficiently remove all excess oligonucle-
otides. Then, the DNA-modified AuNPs were redispersed in 1 mL
of PBS (10 mM PB, 0.3 M NaCl, pH 7.4) and stored at 4 °C until
use. The final concentration of DNA-modified AuNPs is ~13 nM,
assuming that the loss of AuNPs was negligible during the
preparation process.

To quantify the DNA concentration on each AuNP after
modification, a thioctic acid-conjugated oligonucleotide with a
fluorescein isothiocyanate (FITC) tag (sequence 8 in Table 1) was
used to modify AuNPs according to the aforementioned protocol.
It could be assumed that the surface coverage of the FITC-tagged
oligonucleotide was the same as those for other DNA-modified
AuNPs because of the same modification chemistry. To determine
the amount of FITC-tagged oligonucleotide in the as-prepared
AuNP solution, in 100 4L of DNA-modified AuNP solution, 20 uL
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of 0.2 M KCN, and 2 mM K3Fe(CN)gs was added to dissolve
AuNPs and release the FITC-tagged oligonucleotides. Then,
the released FITC-modified oligonucleotide was quantified
using three standard solutions of the FITC-modified oligo-
nucleotide. On the basis of triplicate assays of the as-prepared
AuNP solution, the surface concentration of oligonucleotide was
estimated to be 183 + 20 strands per AuNP. This gave an
effective final DNA concentration of 0.9 + 0.1 uM in the AuNP
solution.

Preparation of DNA-Cross-Linked AuNP Aggregates. Typi-
cally, the sense strand and the complementary antisense strand-
modified AuNPs (50 uL each, ~13 nM) in PBS (10 mM PB, 0.3
M NaCl, pH 7.4) were mixed. The mixture was heated to 70 °C
and incubated for 10 min, followed by slow cooling to room
temperature (over ~2 h). Such treatments resulted in the
hybridization of these two AuNP-labeled oligonucleotides with a
concomitant red-to-purple color change. Then, the DNA-cross-
linked AuNP aggregates thus obtained were washed three times
with a reaction buffer containing 10 mM Tris—HCI (pH 7.0), 4
mM MgCl,, and 10 uM dithiothreitol (DTT) by centrifugation
at 8000g for 5 min. The precipitate was resuspended in 100 uL
of the reaction buffer containing 10 mM Tris—HCI (pH 7.0), 4
mM MgCl,, and 10 uM DTT.

Exo III Protection-Based Colorimetric Assay of TATA
Binding Protein. A 2 uL aliquot of sample solution containing
varying concentrations of TATA binding protein was added in a
solution (50 ul) of the as-prepared DNA-cross-linked AuNP
aggregates and incubated at 37 °C for 30 min to allow equilibrium
binding. Then, 8 U uL ! of Exo III was added, and the digestion
reaction in the system was monitored by UV—vis absorption
spectroscopy (Shimadzu UV-2450, Kyoto, Japan) or directly
visualized using naked eyes. The absorption spectroscopic
measurements were performed at room temperature in a 50
ul quartz cuvette. To ensure homogeneity of the particle
suspension, all solutions were agitated vigorously before
absorption spectra were recorded.

Characterization Experiments. The hydrodynamic sizes of
DNA-modified AuNPs and the DNA-cross-linked AuNP aggregates
were determined by dynamic light scattering using a Malvern
Zetasizer 3000 HS particle size analyzer (Malvern Instruments,
Worcs, UK.). Transmission electron microscopy was also used
to characterize the sizes of the DNA-modified AuNPs and the
DNA-cross-linked AuNP aggregates. Samples were prepared by
dropping the sample solution (4 uL) onto a carbon-coated copper
grid. The solution was wicked from the edge of the grid with a
piece of filter paper after 1 min. Transmission electron microscopy
images were taken with a Hitachi TEM 800 (Japan).

The capillary electrophoresis (CE) experiment was performed
using a capillary electrophoresis system equipped with UV
absorption detection (P/AGE MDQ, Beckman, Germany) under
an applied potential of 15 kV using a quartz capillary with 75 ym
diameter (total length, 50 cm; effective length, 30 cm) in 50 mM
borate running buffer (pH 9.2). The DNA-cross-linked AuNP
aggregates were digested by Exo III (40 U uL™!) in the presence
or absence of TATA binding protein (2.5 uM). The resulting
solution was centrifuged at 22 000g for 20 min followed by
injecting the supernatant into the capillary using the pressure
injection mode at 0.5 psi for 5 s and detected at 254 nm for 30

6018 Analytical Chemistry, Vol. 82, No. 14, July 15, 2010

A Protein
binding site

P ———
DNA-binding
protein lEXO LI

B TBP
binding site

5 Sense strand 3
u(T), CACG| TATAAAG|GATCACACTAGCACTTTTT
GTGC|ATATTTC |CTAGTGTGATCGTG(T),gH
4 Anti-sense strand 5’

Figure 1. (A) Schematic illustration of Exo Il protection-based
colorimetric biosensor for detecting DNA-binding protein. (B) Se-
quences of the sense and the antisense strands for the detection of
TATA binding protein. The black square indicates the TATA binding
protein-binding sites. Five protruding nucleotides (dT) were incorpo-
rated at the 3’-end of the sense strand to protect the sense strand
from Exo Ill digestion and ensure a unidirectional degradation along
the recessed end of the antisense strand.

min. The temperature of the separation, 25 °C, was controlled
by immersion of the capillary in a cooling liquid circulating in
the cartridge. Between successive runs, the capillary was rinsed
with ultrapure water and running buffer for 15 min, respectively.

Exo III protection-based fluorescence assay of TATA binding
protein with SYBR Green I as the duplex staining agent was
performed at room temperature in a 384-well black microplate (30
uL) on a Tecan Infinite M 1000 microplate reader (Switzerland).
The excitation and emission wavelengths were set to 497 and 525
nm, respectively.

RESULTS AND DISCUSSION

Design of Exo III Protection-Based Colorimetric Biosens-
ing Strategy. Figure 1 illustrates the general principle of the Exo
III protection-based colorimetric biosensing strategy for the
detection of sequence-specific DNA-binding protein. Two oligo-
nucleotides, the sense and the antisense strands, are designed
with complementary sequences. These two oligonucleotides are
tethered on AuNP surface via the thioctic acid anchor such that
they are stable in enzymatic reaction solutions containing DTT.
Hybridization of these two oligonucleotides results in the forma-
tion of AuNP aggregates that are cross-linked by the DNA duplex
between the complementary sequences. A red-to-purple color
change of the solution is obtained as an indicator for the formation
of the AuNP aggregates. The DNA duplexes formed among the
AuNP aggregates contain the consensus sequence of the target
DNA-binding protein. In the absence of the DNA-binding protein,
Exo III, a double-strand-specific 3’ to 5" exodeoxyribonuclease,
will stepwisely and nonprocessively digest the double-stranded
DNA from the 3’ recessed ends of the antisense strands.®? This
causes the dissociation of the AuNP aggregates into dispersed
AuNPs with a concomitant purple-to-red color change for the
solution. In the presence of the DNA-binding protein, tight binding
of the proteins to the consensus sequences induces steric
hindrance to Exo III in approaching the 3"-termini, which protects
the antisense strands from Exo III-mediated digestion. This retains
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Figure 2. (A) Absorption spectra obtained for AUNP aggregate solution after digestion by Exo Il (a), for AuNP aggregate solution (b), and for
AuNP aggregate solution after digestion by inactivated Exo Il (c). The inset is the photograph for the corresponding systems. (B) Absorption
spectra obtained in monitoring the digestion of AuUNP aggregates by Exo Ill. (C) Absorption spectra obtained in monitoring the digestion of
AuNP aggregates by inactivated Exo Ill. (D) Time-dependent absorbance responses obtained in monitoring the digestion of AUNP aggregates

by 2, 5, and 8 U uL~" Exo III.

stable AuNP aggregates in the solution with no color change
obtained. On the basis of this principle, the presence of DNA-
binding proteins is translated into the protection of the DNA-cross-
linked AuNP aggregates from Exo IlI-mediated digestion. Since
the degradation of the DNA-cross-linked AuNP aggregates can
be detected immediately using “naked” eyes or quantified using
absorption spectral measurements, the developed technique then
offers a convenient strategy for colorimetric detecting of the DNA-
binding proteins.

It should be noted that the following aspects were of key
importance in the design of the Exo III protection-based colori-
metric biosensor. First, there were long spacers at the 5-end of
both the DNA strands tethered on AuNPs, 20 and 10 dT
nucleotides, respectively, for the sense and the antisense strands.
Shorter spacers would substantially reduce the degradation of the
DNA-cross-linked AuNP aggregates by Exo III because of rela-
tively high steric hindrance in the cross-linked AuNP networks.
Second, five protruding nucleotides (dT) was incorporated at the
3"-end of the sense strand. This allows the protection of the sense
strands from Exo IlI-mediated digestion and ensured a unidirec-
tional degradation of the double-stranded DNA. Because bidirec-
tional digestion from the 3-ends of both the sense and the
antisense strands might degrade the double-stranded DNA into
short fragments, the AuNP aggregates would also become
dissociated even in the presence of DNA-binding proteins. So,
such a design of the sense strand with a protruding end provided
a simple route to combat the false signals arising from bidirectional
digestion by Exo III. Third, a cyclic disulfide anchor of thioctic
acid was employed for immobilizing the DNA strands on AuNPs.
This improved the stability of the surface-tethered DNA strands

and prevented their displacement by thiol compounds in enzymatic
systems.

Digestion of DNA-Cross-Linked AuNP Aggregates by Exo
II1. A central hypothesis of the colorimetric biosensor is that Exo
III can effectively degrade double-stranded DNA embedded in the
AuNP aggregates. To validate the hypothesis, we first investigated
the digestion reaction of the DNA-cross-linked AuNP aggregates
by Exo III. The sense strand and the antisense strands were
designed toward a model sequence-specific DNA-binding protein,
TATA binding protein, a key transcription factor and an essential
component for transcription initiation by all nuclear RNA poly-
merases.*” The consensus sequence of TATA binding protein is
TATAAAG, as shown in Figure 1B. When two AuNPs modified
with these two DNA strands were mixed for hybridization, we
obtained purple-colored DNA-cross-linked AuNP aggregates with
a broad surface plasmon absorption peak at ~550 nm. This
observation was in coincidence with previous reports.!”

Figure 2 depicts the absorption spectral readings obtained in
monitoring the digestion of the DNA-crosslinked AuNP ag-
gregates by Exo III. In the absence of Exo III, the purple AuNP
aggregates were gradually subsided to the bottom of the micro-
centrifuge tube, and after 60 min the supernatant became almost
colorless. By agitating of the solution, we obtained an absorption
spectrum with a broad absorption peak at ~550 nm for the AuNP
aggregates. After adding Exo III in the system, the solution
exhibited an obvious purple-to-red color change after a 10 min
digestion, and a narrow absorption peak at ~525 nm for dispersed
AuNPs was observed in place of the broad absorption peak at
~550 nm of the AuNP aggregates (Figure 2A, curves a and b).
As a control, Exo III was inactivated by heating at 70 °C for 20

Analytical Chemistry, Vol. 82, No. 14, July 15, 2010 6019



min and then introduced in the system. In this case, one also
obtained purple AuNP precipitates after a 60 min incubation with
an almost colorless supernatant. The corresponding absorption
spectrum did not display significant variations from that for the
system without Exo III (Figure 2A, curves b and c). This
observation verified that Exo III could work in the DNA-cross-
linked AuNP networks and effectively degrade the double-stranded
DNA, resulting in the dissociation of the AuNP aggregates. The
control experiment with inactivated Exo III suggested that the
transition from purple AuNP aggregates into red AuNPs was
derived from the digestion reaction mediated by active Exo III
rather than coexisting compounds in the storage buffer for Exo
111

Time-dependent monitoring of the Exo III-mediated digestion
reaction of the DNA-cross-linked AuNP aggregates was performed
using the absorption spectroscopy (Figure 2, parts B and C). It
was found that, immediately after the addition of 8 U uL™! Exo
III, the surface plasmon band was rapidly blue-shifted from
~550 to ~525 nm with a concomitant substantial increase in
the absorbance at 525 nm. After a 10 min reaction, the changes
of color and absorption spectra became very slow, and a
homogeneous red-colored solution with a stable surface plas-
mon band was obtained after a 20 min digestion (Figure 2B).
In contrast, after the addition of thermally inactivated Exo III, there
were no remarkable changes in the absorption spectra in a 20
min reaction, indicating that the AuNP aggregates remained stable
in inactivated Exo III solution (Figure 2C).

Kinetic studies were then performed to inspect the effect of
varying concentrations of Exo III on the digestion reactions by
monitoring the absorbance at 525 nm as a function of time (Figure
2D). It was clear that, with low Exo III concentration (2 U L),
the absorbance was elevated at a low rate in the initial stage
followed by a stagnant increase after 6 min, indicating that the
DNA-cross-linked AuNP aggregates were degraded at low
efficiency. Note that such an Exo III concentration (2 U uL™)
was sufficient for effective digestion of double-stranded DNA
structures.'*® Thus, this observation actually implied that the
steric hindrance of the DNA-cross-linked AuNP aggregates had
a dramatic effect on the activity of Exo III. With 5 U uL~! Exo
III, we observed a much higher digestion rate for the DNA-
cross-linked AuNP aggregates. At higher Exo III concentration
of 8 U uL"!, the degradation rate was found to be further
elevated. These findings revealed that the activity loss of Exo
III arising from the steric hindrance could be compensated for
by the use of high-concentration Exo III, which allowed efficient
degradation of the DNA-cross-linked AuNP aggregates. Since
8 U uL™! Exo III was able to rapidly degrade the AuNP
aggregates (within 20 min), this concentration was chosen in
the assay.

To obtain maximized differentiation in solution colors and
absorption spectra between the dispersed AuNPs and the AuNP
aggregates, attempts were made to use shorter spacers, say 10
and 0 dT nucleotides at the 5-end for the sense and the antisense
strands, respectively, in place of 20 and 10 dT nucleotides.'”
Surprisingly, no color change and spectral shift were observed
after the digestion of the AuNP aggregates even using Exo III of
a concentration as high as 16 U uL 1. Presumably, this seemed
attributed to the fact that the steric hindrance in the AuNP
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Figure 3. Absorption spectra obtained for AUNP aggregates cross-
linked by TATA binding protein cognate sequences after a 20 min
digestion by Exo Il in the absence (a) and presence (b) of 500 nM
TATA binding protein. The inset is the photograph for the correspond-
ing systems.

networks cross-linked by the DNA strands with shorter spacers
was so severe that Exo III could not approach the 3’-termini of
the antisense strands.

It is noteworthy that, because of the cross-linking structure of
the AuNP aggregates, there is more severe steric hindrance in
the interior of the aggregates than in the exterior. Such increased
steric hindrance in the interior of the aggregates will prevent Exo
III from rapidly penetrating into the network and efficiently
degrading the DNA population in the core of the AuNP ag-
gregates. Therefore, it is supposed that the population of DNA
strands in Au nanoparticle aggregates is digested fast in the
exterior of the AuNP aggregates, while it is degraded relatively
slowly in the interior of the aggregates.

Exo III Protection-Based Colorimetric Biosensor for TATA
Binding Protein Detection. After investigating the digestion
reactions of the AuNP aggregates by Exo III, these aggregates
were used to probe the interaction of TATA binding protein with
sequence-specific DNA. The AuNP aggregates were incubated
with 500 nM TATA binding protein at 37 °C for 30 min followed
by the digestion by Exo III at room temperature for 20 min. As
expected, in the presence of 500 nM TATA binding protein, no
color change and absorption spectral shift were observed after
the Exo III-mediated digestion (Figure 3b). In contrast, an obvious
purple-to-red color change and appreciable absorption spectral
shift occurred in the absence of TATA binding protein (Figure
3a). This implied that the sequence-specific DNA-binding protein,
e.g., TATA binding protein, protected the AuNP aggregates from
Exo IlI-mediated digestion, which was presumably attributed to
the steric hindrance from the tightly bound DNA-—protein
complexes.

To further validate this finding, the specificity of DNA—protein
interaction was investigated by using noncognate sequences of
the TATA protein-binding site and noncognate proteins of the
sequence. First, to explore the effect of the noncognate sequences
of the TATA protein-binding site, we changed T1 and T3 positions
in the consensus TATA protein-binding site to G1 and C3,
respectively, and prepared the corresponding AuNP aggregates
(Figure 4B). These AuNP aggregates were incubated with TATA
binding protein at 37 °C for 30 min and then digested by Exo III
at room temperature for 20 min. As clearly shown in Figure 4A,
the AuNP aggregates cross-linked by the noncognate sequences
of the TATA binding protein-binding site displayed an obvious
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Figure 4. (A) Absorption spectra obtained after a 20 min digestion
by Exo Il in the presence of 500 nM TATA binding protein for AUNP
aggregates cross-linked by TATA binding protein noncognate se-
quence with T1 mutated to G1 (a), TATA binding protein noncognate
sequence with T3 mutated to C3 (b), and TATA binding protein
cognate sequences (c). The inset is the photograph for the corre-
sponding systems. (B) Sequences of noncognate sequence 1 (a) and
2 (b). Underlined letters represent the base different from the cognate
sequence embraced in the squares.

color change and absorption spectral shift after the Exo III-
mediated digestion even in the presence of 500 nM TATA binding
protein (curves a and b). In contrast, the interaction of the AuNP
aggregates containing the cognate sequence of TATA binding
protein with TATA binding protein prevented the degradation with
no color change and spectral shift obtained. This confirmed that
the protection of the AuNP aggregates from Exo III-mediated
digestion is arising from specific binding of TATA binding protein
to its recognition sequence rather than nonspecific adsorption of
the protein to the noncognate DNA sequences.

Second, the specificity of the colorimetric biosensor for the
detection of TATA binding protein was demonstrated by using
noncognate proteins. BSA, a protein that did not strongly interact
with DNA, M.Hhal that recognized and catalyzed the methylation
of cytosine in a four-nucleotide DNA sequence 5-GCGC-3’, and
p53 protein that specifically bound to a 10-nucleotide DNA
sequences, were selected as the noncognate proteins to perform
the experiments. The AuNP aggregates containing the TATA
binding protein recognition site were incubated with BSA, M.Hhal,
and p53 protein, respectively, in the absence and presence of
TATA binding protein, and then digested by Exo III. As shown
in Figure 5, an obvious color change and remarkable spectral shift
were observed when the AuNP aggregates were incubated only
with one of the noncognate proteins in the absence of TATA
binding protein. In the presence of TATA binding protein and one
of the noncognate proteins, protection of the AuNP aggregates
was obtained with no color change, and spectral shift occurred.
This further confirmed that proteins not binding to the recognition
sequence would not protect the AuNP aggregates from Exo III-
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Figure 5. (A) Photograph obtained after Exo Ill-mediated digestion
of AuNP aggregates in the presence of 2 uM BSA (1), 2 uM BSA
plus 500 nM TATA binding protein (2), 500 nM M.Hhal (3), 500 nM
M.Hhal plus 500 nM TATA binding protein (4), 500 nM p53 (5), and
500 nM p53 plus 500 nM TATA binding protein (6). (B) Absorption
spectra of the corresponding systems.
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Figure 6. Electropherograms of supernatants obtained by centrifug-
ing AuNP aggregates (a), AUNP aggregates digested by 40 U uL~'
Exo Ill (b), and AuNP aggregates incubated with 2.5 uM TATA binding
protein followed by digestion of 40 U uL~" Exo Il (c). The internal
standard is 80 «M adenosine.

mediated digestion, and these proteins would also not interfere
with the specific binding of TATA binding protein to its recognition
site.

Characterization of the Exo III Protection-Based Colori-
metric Biosensor. To further verify our findings that the DNA-
cross-linked AuNP aggregates could be degraded by Exo III and
the interaction of DNA-binding protein with its recognition site
could protect the AuNP aggregates from Exo III-mediated diges-
tion, CE experiments were performed. The AuNP aggregates were
concentrated by 5-fold and incubated in the presence or absence
of 2.5 uM TATA binding protein followed by Exo Ill-mediated
digestion. The resultant mixtures were centrifuged under 22 000g
for 20 min, and the supernatants obtained were injected into the
CE system for analysis (Figure 6). Because of the limited working
concentrations and absorption coefficients of the proteins at 254
nm, the peaks appearing in the electropherograms were exclu-
sively arising from the DNA hydrolysis products. The supernatant
of the AuNP aggregates did not give any peaks other than the
internal standard. In contrast, three peaks appeared behind the
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Figure 7. Size distributions of DNA-modified AuNPs (A), AuNP
aggregates (B), AuNP aggregates digested by 8 U uL~" Exo IlI (C),
and AuNP aggregates incubated with 500 nM TATA binding protein
followed by digestion by 8 U uL~" Exo IlI (D).

internal standard for the Exo III-digested AuNP aggregates in the
absence of TATA binding protein. This confirmed the degradation
of the DNA-cross-linked AuNP aggregates by Exo III. After the
AuNP aggregate incubated with TATA binding protein followed
by extensive Exo III digestion, there was no noticeable peak
appearing in the electropherograms for the supernatant. This
observation is a little surprising, since it was anticipated that TATA
binding protein could only protect the upstream sequence of its
binding site, whereas the downstream four-nucleotide sequence
might be degraded in Exo III-mediated digestion. As a matter of
fact, the binding of TATA binding protein might substantially
increase the steric hindrance in the DNA-crosslinked AuNP
networks such that Exo III could not penetrate into the AuNP
aggregates and digest the DNA strands in the networks. As a
result, only very limited DNA sequences downstream of the
binding sites at the surface of the DNA-cross-linked AuNP
networks were degraded, and their concentrations were too low
to be detected. When the observations in CE experiments were
combined, we could infer that the dissociation of the DNA-cross-
linked AuNP aggregates into dispersed AuNPs was arising from
the degradation of DNA by Exo III, and the binding of DNA-
binding proteins to its recognition sites could protect the AuNP
aggregates from the degradation. This gave immediate evidence
for the postulated mechanism of our Exo III protection-based
colorimetric biosensor.

Additional evidence could be accomplished via dynamic light
scattering (DLS) assay of the AuNP aggregates before and after
Exo IlI-mediated digestion. As shown in Figure 7, the average
hydrodynamic diameter of DNA-modified AuNPs was ~51.3 nm,
and the average diameter of the AuNP aggregates was increased
to ~615.1 nm. After Exo III-mediated degradation, the size of the
AuNP aggregates decreased to ~73.8 nm, approaching the size
of dispersed AuNPs. This implied that the AuNP aggregates were
digested by Exo III into individually dispersed AuNPs or very
small aggregates. However, the protection of the AuNP aggregates
by TATA binding protein throughout Exo III-mediated degradation
yielded an average diameter of ~521.3 nm, a size merely slightly
smaller than that of the AuNP aggregates. This confirmed that
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Figure 8. TEM images of DNA-cross-linked AuNP aggregates before
the degradation (A) and after digestion by 8 U uL~" Exo Il in the
absence (B) and presence (C) of 500 nM TATA binding protein.
the digestion of the AuNP aggregates by Exo III was prevented
by the sequence-specific DNA—protein binding.

Transmission electron microscopy investigation was performed
to further verify this finding. As shown in Figure 8, the TEM image
of the AuNP aggregates after digestion by Exo III shows a majority
of dispersed particles together with a minority of small aggregates.
The size of these particles was 21 + 8 nm. In contrast, in the
presence of TATA binding protein, the digestion of the AuNP
aggregates by Exo Il also gave large aggregates of a few hundred
nanometers in diameter. The size of AuNP aggregates was 465 +
190 nm, which became slightly smaller than the size of AuNP
aggregates as prepared via DNA cross-linking (530 + 220 nm).
This validated the protection of the DNA-cross-linked AuNP
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Figure 9. (A) Sequence of the hairpin-structured DNA. The black
square indicates the protein-binding sites. (B) Time-dependent
fluorescence emission intensity (lex = 497 nm, Agnm = 525 nm)
obtained for the digestion of hairpin DNA by Exo Il in the absence
(a) and presence (b) of 500 nM TATA binding protein. The concentra-
tions of hairpin DNA and Exo Ill were 20 nM and 8 U mL™",
respectively. (C) Time-dependent absorbance at 525 nm obtained
for the digestion of AuNP aggregates by Exo Ill in the absence (a)
and presence (b) of 500 nM TATA binding protein. The concentration
of Exo Ill was 8 U uL~". The solution was agitated continuously
throughout the detection.

aggregates from the Exo III digestion by interacting with TATA
binding protein.

A most interesting finding obtained was that the protection of
the DNA-cross-linked AuNP networks was sufficiently stable and
lasted for a reasonably long period. This was contrasted substan-
tially with the temporal protection of non-cross-linked double-
stranded DNA in fluorescence assays.!*1° To demonstrate clearly
the distinction, we designed an Exo III protection-based homo-
geneous fluorescence assay for the detection of TATA binding
protein (Figure 9). The assay utilized a hairpin-structured DNA
with a stem sequence containing the consensus TATA binding

protein-binding site (Figure 9A). SYBR Green I, a dye specifically
intercalating DNA double-strands, was used to stain the stem and
afford a fluorescence signal. After introducing 8 U mL™! Exo III
into the system with 20 nM hairpin DNA and excessive SYBR
Green I (500-fold dilution), Exo III degraded the stem sequence
from the 3’-terminal with SYBR Green I released. Then, it was
observed that the fluorescence intensity decreased rapidly and
became leveled off after 15 min (Figure 9B). Note that the
concentration of Exo III was 1000-fold diluted in this fluorescence
assay as compared to that used in our colorimetric biosensor. This
low concentration was commonly used and essential for the
detection of target proteins in Exo III protection-based fluores-
cence assays.!*'® In the presence of 500 nM TATA binding
protein, the fluorescence intensity decreased slowly and continu-
ously over 1 h, indicating that the binding of the hairpin DNA by
TATA binding protein merely inhibited the degradation rate by
Exo III; no stable protection was achieved in such a system. In
contrast to the fluorescence assay, the presence of 500 nM TATA
binding protein gave a stable protection of the DNA-cross-linked
AuNP aggregates, and the absorbance at 525 nm did not display
appreciable time-dependent variations over 1 h under agitation
conditions (Figure 9C). These results revealed that the colori-
metric strategy offered more complete and stable inhibition of
Exo IlI-mediated degradation than the fluorescence assay. Actu-
ally, this finding implied our assay could achieve a static color
transition indicator for DNA—protein binding and require no time-
dependent monitoring of the reaction. Hence, this strategy was
expected to afford improved technical robustness and operational
convenience as compared to the fluorescence assay. Actually, the
stability of Au—DNA networks against nuclease digestion de-
pended on the competition of protein binding with Exo III
digestion. If protein displayed a much faster binding rate and
slower dissociation rate than Exo III, then a “long-time” stabiliza-
tion of Au—DNA networks was achieved. Presumably, such a
stable protection might be attributed to the unique three-
dimensional network structure formed by the DNA-cross-linked
AuNP aggregates. This Au—DNA network presented very severe
steric hindrance to Exo III digestion, while merely generating little
steric hindrance to DNA-binding proteins. (The lateral orientation
of DNA-binding proteins in recognizing the DNA duplex made
the proteins farther away from the AuNP surface than Exo III
that approached the 3™-end along the protruding strands.) As a
result, in the Au—DNA networks Exo III digestion showed a much
slower rate than protein binding, then a “long-time” stabilization
of Au—DNA networks was observed. In other words, reversible
binding of the protein to DNA was still maintained in the Au—DNA
networks, and the “long-time” stabilization was attributed to the
dominant Kinetics of protein binding over that of Exo III digestion
in the Au—DNA networks.

Quantitative Nature of the Exo III Protection-Based
Colorimetric Biosensor for TATA Binding Protein Detection.
The ability of the presented colorimetric biosensor for quantitative
detection of the sequence-specific DNA-binding protein was also
investigated. A series of different concentrations of TATA binding
protein were incubated with the AuNP aggregates at 37 °C for 30
min, and then Exo III was added and digested for 20 min at room
temperature. Figure 10A shows the photograph of the AuNP
aggregates after the digestion. It was observed that, with increas-
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Figure 10. (A) Photograph of AUNP aggregates after incubation with
different concentrations of TATA binding protein followed by digestion
by 8 U uL~" Exo Ill. (B) Absorption spectra of AUNP aggregates after
incubation with different concentrations of TATA binding protein
followed by digestion of 8 U uL~" Exo lIl. (C) Plot of A7oy/Aszs vs TATA
binding protein concentration. Error bars are SD across four repetitive
experiments.

ing TATA binding protein concentration, the supernatants dis-
played colors with attenuated red, whereas the amount of purple-
colored precipitates increased on the bottom of the microcentrifuge
tubes. This suggested that more AuNP aggregates were protected
from Exo [II-mediated digestion in the presence of TATA binding
protein of higher concentration. Figure 10B depicts the absorption
spectra of the AuNP aggregates after Exo III-mediated digestion
in the presence of different concentrations of TATA binding
protein. It was clear that with increasing TATA binding protein
concentration, the surface plasmon band gradually red-shifted and
broadened, and the absorbance at 525 nm became decreased,
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whereas that at 700 nm increased, being quantitatively correlated
to the concentrations of TATA binding protein. By plotting the
ratios of the absorbances at 700 and 525 nm (A7¢0/Aszs) versus
TATA binding protein concentrations, a quasi-linear correlation
was obtained in the concentration range from 0 to 120 nM
(Figure 10C). The detection limit was estimated to be 10 nM,
ie, ~0.3 ug mL7}, in terms of the rule of 3 times standard
deviation over the blank response. This detection limit was
better or comparable to those given by existing homogeneous
assays based on fluorescence techniques,'?~° which should be
sufficient for detecting many DNA-binding proteins in cellular
extracts.”® Further improvement of the sensitivity could be
achieved by optimizing the assay conditions such as the concen-
tration of AuNP aggregates, the salt concentration, and the Exo
III digestion time. Additionally, our method displayed favorable
reproducibility. The relative standard deviation (RSD) for four
repetitive assays using AuNP aggregates prepared in a single
batch was ~4.3%, and the RSD for four assays using AuNP
aggregates prepared in four different batches was ~5.4%. This
revealed that the developed colorimetric biosensor held potentials
for quantitative assay of the DNA-binding proteins with desirable
sensitivity and reproducibility.

CONCLUSIONS

We developed a novel Exo III protection-based colorimetric
biosensing strategy for rapid, sensitive, and visual detection of
sequence-specific DNA-binding proteins. Our colorimetric bio-
sensor provided several advantages over conventional approaches
for DNA-binding protein assays. First, it allowed simple and direct
visualization detection by using the “naked” eye, which circum-
vented the use of complicated instrumentation. Second, a static
color transition indicator for DNA—protein interactions was
achieved in the biosensing strategy with no time-dependent
monitoring required. This furnished the developed strategy with
improved technical robustness and operational convenience. It also
solved the technical difficulty in conventional Exo III protection-
based fluorescence assays, in which DNA could merely be
temporally protected and time-dependent monitoring was fre-
quently required. Third, a cyclic disulfide anchor of thioctic acid
was introduced for tethering DNA strands on AuNPs. This
improved the stability of the DNA-modified AuNPs and prevented
the displacement of DNA by thiol compounds, thereby greatly
expanding the potentials of AuNP-based colorimetric assays in
enzyme systems. In addition, the developed approach can be
further implemented for high-throughput assays using microplate
formats. In view of these advantages, this new method holds great
promise as a sensitive, specific, simple, and robust platform for
quantitative assay of various sequence-specific DNA-binding
proteins and the interactions between proteins and DNA.
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