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Using duplex DNA-AUNP aggregates, a sequence-specific DNA-binding protein, SQUAMOSA Promoter-
binding-Like protein 12 (SPL-12), was directly determined by SPL-12-duplex DNA interaction-based
colorimetric actions of DNA-Au assemblies. In order to prepare duplex DNA-Au aggregates, thiol-
modified DNA 1 and DNA 2 were attached onto the surface of AuNPs, respectively, by the salt-aging
method and then the DNA-attached AuNPs were mixed. Duplex-DNA—-Au aggregates having the average
size of 160 nm diameter and the maximum absorption at 529 nm were able to recognize SPL-12 and
reached the equivalent state by the addition of ~30 equivalents of SPL-12 accompanying a color change
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from red to blue with a red shift of the maximum absorption at 570 nm. As a result, the aggregation size
grew to about 247 nm. Also, at higher temperatures of the mixture of duplex-DNA-Au aggregate solution
and SPL-12, the equivalent state was reached rapidly. On the contrary, in the control experiment using
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Introduction

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,
recombination and repair."™* Moreover, these proteins have
long been recognized as attractive markers or targets for
disease diagnosis and drug development.”® Thus, the develop-
ment of rapid, simple and robust strategies for detecting
sequence-specific DNA-binding proteins and probing their
DNA-binding activities is of paramount importance in biologi-
cal fields such as proteomics, genomics and biomedicine.
Conventional approaches for sequence-specific DNA-binding
proteins, including the electrophoretic mobility shift assay and
the DNase footprinting assay, are well-known.”™®

One method for the determination of sequence-specific
DNA-binding proteins is using dye-labeled DNA-AuNPs.
Specific interactions between DNA and proteins which induce
structural or geometrical modification of DNA lead to a turn-
on type fluorescence signal of the dye.'>'" For example, in the
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Bovine Serum Albumin (BSA), no absorption band shift of duplex-DNA—-Au aggregates was observed.

presence of the target protein, DNA was dissociated from the
surface of AuNPs because of the competitive binding, resulting
in salt-induced aggregation of the AuNPs which enables colori-
metric analysis and fluorescence analysis."> Prof. N. O. Reich
et al. have investigated the detection of sequence-specific
protein-DNA interactions through surface enhanced resonance
Raman scattering. They used silver-plated DNA and gold
nanoparticle assemblies to identify sequence-specific and
concentration-dependent binding of a DNA cytosine-C5-
methyltransferase and the eukaryotic transcriptional regulator,
TATA binding protein.'®> However, these methods are not only
laborious and time-consuming, but also require radioisotope
or fluorescence labels. Thus, there is still a need for the devel-
opment of inexpensive and simple methods for the detection
of sequence-specific DNA-binding proteins. Furthermore,
Huang et al. have reported colorimetric determination of pro-
teins using aptamer-modified gold nanoparticles. But, in the
mixture of aptamer-AuNPs with an excess amount of protein
in solution, it was hard to detect colorimetric signals with
their system.'® Most systems using DNA-AuNPs for colori-
metric detection of sequence-specific DNA-binding proteins
use supporting proteins such as endo- or exo nucleases which
are able to distinguish stabilized protein-duplex DNA-AuNP
conjugates.””® In addition, Prof. R.-Q. Yu et al. also reported
a novel exonuclease III protection-based colorimetric bio-
sensing system using DNA-cross-linked gold nanoparticles."’
These modified gold nanoparticles were found to recognize
the TATA binding protein.
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Functionalized gold nanoparticles are of great interest for
biomedical and environmental research applications such as
bioseparations, drug targeting, cell isolation, enzyme immobil-
ization and protein purification because of their
biocompatibility.>*>* In particular, gold nanoparticles are
easily modified by chemically linking DNA to the surface of
the nanoparticles with a thiol terminal group. In addition,
DNA functionalized gold nanoparticles can be controlled as
duplex and triplex strand DNA structures by complementary
interaction with base pairs.

In this context, SQUAMOSA promoter-binding-like protein
12 (SPL-12) was selected as a specific DNA-binding protein.
SPL genes have been shown to play numerous important roles
during plant growth and development.*® SPL have been discov-
ered in a wide array of terrestrial plants, from green algae,
moss, to silver birch, tomato, rice and maize.>* In particular,
SPL-12 protein consists of 124 amino acids.>> SQUAMOSA
promoter-binding-like proteins form a major family of plant-
specific transcription factors, mainly related to flower develop-
ment.>>**?® Among the amino acids in SPL-12, positively
charged Arg and Lys side-chains not only bind to a negatively
charged DNA backbone through electrostatic attraction, but
are also capable of recognizing bases by forming hydrogen
bonds.>>*” If the quantitative detection of SPL-12 in plants can
be rapidly performed by a simple and convenient method, the
growth rate of plants can be monitored and controlled. The
selective binding affinity of SPL-12 to duplex DNA formed by
GGCATGT and CCGTACA sequences has been reported.>>?*’
Several conserved residues in SPL-12, such as Lys17, Arg/Lys21,
Arg22, and Lys/Arg24 are involved in the binding of SPL-12 to
the duplex DNA by electrostatic and hydrogen bond inter-
actions with the DNA sequences. Thus, the duplex DNA con-
sisting of GGCATGT and CCGTACA would be useful for
detecting SPL-12.%7*®

Herein, we developed a novel and convenient colorimetric
biosensing strategy for detecting the sequence-specific DNA-
binding (SPL-12) protein. This strategy relied on the DNA-
cross-linked AuNP aggregation by specific interactions of
SPL-12 with the AuNP-linked DNA binding sequences. To the
best of our knowledge, this strategy is a rare example of a col-
orimetric biosensor for visual detection of a sequence-specific
DNA-binding protein. We herein report the first example
capable of detecting the SPL-12 protein using DNA-Au nano-
particles based on colorimetric signal changes induced by the
size effect of duplex-DNA-Au nanoparticles without supporting
materials such as exo or endo-nucleases. This detecting
method could be more cost-effective, simpler and faster in
detecting SPL-12 than the electrophoresis assay which is the
most used method to detect the SPL-12 protein. This system is
comprised of two Au nanoparticles, each possessing a
different sequence of DNA. The one DNA-Au type consists of
gold nanoparticles conjugated with a thiol-end group at the
5’ terminal group containing CCGTACA, in which the sequence
is 5’ to 3. The other DNA-Au type consists of gold nano-
particles conjugated with a thiol-end group at the 5’ terminal
group containing TGTACGG.
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Experimental
Materials and instruments

All DNAs were purchased from Bionics. HAuCl,, tris(2-carboxy-
ethyl)phosphine hydrochloride (TCEP), trisodium citrate,
Bovine Serum Albumin (BSA), myoglobin, egg white albumin,
lysozyme and Human Serum Albumin(HSA) were purchased
from Sigma-Aldrich. NaCl, Na,HPO, and NaH,PO, were pur-
chased from Samchun Pure Chemicals. A UV-Vis spectro-
photometer (Thermo Evolution 600; Thermo Fisher Scientific,
Waltham, MA, USA) was used to obtain the absorption spectra.
A Transmission Electron Microscope (TEM) which was oper-
ated at 200 kV was used to obtain images and morphologies of
nanoparticles (JEM2010; Jeol, Tokyo, Japan). To measure the
size of the nanoparticles, Dynamic Light Scattering (DLS)
experiments were carried out at 25 °C (NANO ZS; Malvern,
Westborough, MA, USA). A FT-IR spectrophotometer was used
to confirm the DNA attachments on the surface of nano-
particles (Shimadzu FT-IR 8400S; Shimadzu, Kyoto, Japan).
CD spectra were obtained using a Jasco J-815 CD
spectrophotometer.

Preparation of Au nanoparticles

An aqueous solution of HAuCl, (1 mM, 500 mL) was brought
to a reflux while stirring, and then 50 mL of a 38.8 mM tri-
sodium citrate solution was added quickly, which resulted in a
change in the solution color from pale yellow to deep red.
After the color change, the solution was refluxed for an
additional 10 min, allowed to cool to room temperature, and
subsequently filtered through a membrane; 0.45 pm nylon
filter.

Fabrication of DNA-Au-1 and DNA-Au-2

Thiolated DNAs were treated with TCEP (1 pM) at pH 5.0 for
1 hour to cleave the disulfide bond. The activated DNA was
desalted using a C18 Sep-Pak column and lyophilized. The
dried 20 nmol of DNAs were mixed with 0.2 nmol AuNP solu-
tions respectively. NaCl was added to the AuNP solution con-
taining DNAs; the final concentration of NaCl was 0.1 M. The
AuNP solutions were stirred for 1 day at room temperature.
The unlinked DNAs were removed by centrifugation at 16 000
rpm for 30 minutes. DNA-Au-1 or DNA-Au-2 solution was
redispersed in 10 mM phosphate buffer pH 7.0 containing
0.1 M NaCl.

Preparation of SPL-12

The coding sequence DNAs for site-directed mutagenesis were
purchased from BIONEER Inc. (Korea) and were cloned into
the Escherichia coli expression vector pET28a with an N-term-
inal His-tag (Novagen, WI, USA), and the expression vectors
were used to transform the E. coli strain BL21 (DE3). Uniformly
>N-labeled SPL-12 mutants were obtained by growing the
transformed Escherichia coli cells in M9 medium that con-
tained 1 ¢ L™ '>NH,ClL. The ""N-labeled mutant SPL-12 pro-
teins were purified with a Ni-NTA affinity column and a
Sephacryl S-100 gel filtration column (GE Healthcare, USA) on
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Scheme 1 Representation for sensing of SPL-12 using the duplex
DNA-Au nanoparticles.

a GE AKTA Prime Plus as described elsewhere. The SPL-12
protein was dissolved in 20 mM Trsi-HCI (pH 7.5), 300 mM
NaCl, 20 pM EDTA, 100 pM ZnCl,, and 5 mM 2-Mercapto
ethanol.?

Preparations of duplex DNA-Au and protein recognition

Equal volume of DNA-Au-1 and DNA-Au-2 was mixed. This
solution was stirred for 4 hours at room temperature. In the
experiment for sensing of proteins, the concentration of
duplex DNA-Au was 1 nmol. SPL-12 (20 equivalent) was added
with a minimal volume into the duplex DNA-Au solution.

The overall synthetic procedure for functionalized Au nano-
particles is depicted in Scheme 1. First, we prepared the sup-
porting nanomaterials from the Au nanoparticles of ca. 12 nm
particle diameter by a previously reported procedure.>® Then,
thiol-functionalized DNA 1 (5-SH-A10 CGT CCGTACA CTG
A3-3') was attached to gold nanoparticles in 0.1 M NacCl
aqueous solution under stirring overnight.>* The DNA-functio-
nalized gold nanoparticles (DNA-Au-1) were collected by cen-
trifugation. The other thiol-functionalized DNA 2 (3-A3 GCA
GGCATGT GAC A10-SH-5') were also attached to gold nano-
particles (DNA-Au-2) and the DNA-Au particles (DNA-Au-1
and DNA-Au-2) were characterized by transmission electron
microscopy (TEM) and FT-IR spectroscopy.

Results and discussion

The TEM images of DNA-Au-1 and DNA-Au-2 revealed a
spherical structure with a narrow size distribution (ca. 12 nm)
(Fig. 1A and S1t). The IR result was in accord with bond for-
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Fig. 1 (A) TEM image of DNA-Au-1, and (B) UV-Vis spectra of Au and
DNA-Au-1.
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mation; the IR spectra of DNA 1 and 2 showed strong new
bands at 1727, 1634, 1521, 1408 and 1336 cm™ ' which origi-
nated from the receptor DNA, in accordance with the DNA now
residing on the Au nanoparticles (Fig. S27).

Spectroscopic measurements of both DNA-Au-1 and DNA-
Au-2 nanoparticles were performed in 10 mM phosphate
buffer pH 7.0 with 0.1 M NaCl. The UV-vis absorption spec-
trum of DNA-Au-1 nanoparticles showed one absorption band
at 529 nm with red color (Fig. 1B). DNA-Au-1 nanoparticles
themselves can be aggregated via hydrogen bonding inter-
actions between DNA sequences such as A-T and C-G. Three
intermolecular hydrogen-bonding interactions were possible
in DNA-Au-1, which would induce a short red-shift. The absor-
bance of the solution of DNA-Au-1 nanoparticles was constant
over time (Fig. S3Af), indicating that the DNA-Au-1 nano-
particles did not aggregate. In addition, the absorption band
of the DNA-Au-2 nanoparticles was observed in the same
visible range under the same conditions (Fig. S3B+).

In a typical experiment for duplex aggregation between the
DNA-Au-1 and DNA-Au-2 nanoparticles, 10 nM of DNA-Au-2
nanoparticle was added to the DNA-Au-1 nanoparticle solution
(10 nM) prepared at pH 7.0. The mixed sample appeared red
with a UV-Vis absorption maximum at ca. 529 nm. When they
were mixed, the DNA sequences on the two nanoparticles
hybridized to form a DNA duplex and brought the particles in
proximity. No significant color changes of DNA-Au-1 and
duplex DNA-Au were observed (Fig. S47), but absorbance of
mixed solution between DNA-Au-1 and DNA-Au-2 gradually
decreased and reached equilibrium within 80 minutes
(Fig. 2A). In a control experiment, we also observed the color of
a mixed solution of DNA-Au-1 nanoparticles and bare Au
nanoparticles under the same conditions. No notable color
change was observed but a slight absorbance decrease was
observed. This was because of the result of interactions
between citrate and DNA (Fig. S5T). To measure the average
size of DNA-Au-1 and DNA-Au-2, DLS was used. DNA-Au-1
(22 nm) and DNA-Au-2 (12 nm) showed a significant difference
in Fig. S6,1 because DNA 1 had one more T sequence than
DNA 2 did, which can interact with the poly A sequence.

To gain more detailed structural information with respect
to the duplex aggregation in a mixed solution of both DNA-
Au-1 and DNA-Au-2 nanoparticles, we investigated the DNA-
induced assembly processes by TEM. The TEM images of
DNA-Au-1 solution upon addition of DNA-Au-2 suspension
are shown in Fig. 2B. The TEM image of the mixture of both
DNA-Au-1 and DNA-Au-2 at pH 7.0 showed a relatively less
strong aggregate, because DNA 1 and DNA 2 possessed the
poly A sequence which can cause stabilization of the Au nano-
particles. As a result, strong aggregation by the formation of
duplex DNA-Au might not be possible. We also determined
the aggregate nanoparticle size in a mixed solution of both
DNA-Au-1 and DNA-Au-2 at pH 7.0 by DLS. The average dia-
meters of the aggregate size in solution increased from 12 nm
to 160 nm (Fig. S6 and S77). On the other hand, the average
diameters of a mixture of both DNA-Au-1 and bare Au nano-
particles did not change (Fig. S87). These findings suggest that

Analyst


http://dx.doi.org/10.1039/c6an00033a

Published on 23 February 2016. Downloaded by Mahidol University on 23/02/2016 11:59:03.

Paper

—0
——20 ——40
031 G — 80
—— 100 —— 120
Unit: minutes

Absorbance
g
2]

450 500 550 600 650 700 750 20 nm
Wavelength (nm) .

View Article Online

Analyst

6-
IElDistance between duplex DNA-AuNPs
Adenine

Distance (nm)

Fig. 2 (A) UV-Vis spectra of aggregation between DNA—Au-1 and DNA—-Au-2 nanoparticles and changes of absorbance at 529 nm over time, (B)
TEM image of a mixture solution of both DNA—Au-1 and DNA—-Au-2, and (C) depiction of duplex DNA—Au formation and their distances between

DNA—-Au-1 and DNA-Au-2. These distances were measured from Fig. 2B.

the DNA-Au-1 nanoparticles were aggregated with the DNA-
Au-2 nanoparticles by duplex formation. Furthermore, the
average distances between DNA-Au-1 and DNA-Au-2 were
2-4 nm (Fig. 2D), which is consistent with the duplex distance
between the DNA-Au nanoparticles in Fig. 2B. This distance
was shorter than that of the length of DNA-1 or DNA-2
attached on the Au nanoparticles, because 10 adenosine moi-
eties of DNA-1 or DNA-2 would be wrapped onto the surface of
Au particles.*??
nanoparticles in Fig. 2B proposed that the nanoparticles were

The distance smaller than 2 nm between

put toward the z-axis orientation.

We observed the binding ability of the duplex DNA-Au
nanoparticles prepared by both DNA-Au-1 and DNA-Au-2
nanoparticles for the SPL-12 protein. As shown in Fig. 3A, the
UV-Vis absorption spectra of the solution were obtained at
regular time intervals (every 10 min). The absorption band of
the duplex DNA-Au nanoparticles was changed gradually from
529 nm to 562 nm upon addition of SPL-12. In contrast, the
UV-Vis absorption wavelength in the duplex DNA-Au nano-
particles did not change upon addition of an excess of BSA
solution (Fig. 3B), but the absorbance of the duplex DNA-Au
upon addition of BSA decreased with time. This was because
the positively charged amino acid in the BSA interacted with
the negatively charged phosphate group of DNA. However this
BSA-DNA interaction was not strong enough to change the
distance between Au nanoparticles. Moreover, we performed

further control experiment using myoglobin, egg white
albumin, lysozyme and HSA (Fig. 3C and S9%). As shown in
Fig. 3C and S9,f no significant absorbance and wavelength
changes were observed. These results indicate that SPL-12 is
bound to the duplex DNA-Au nanoparticles (Fig. 3C). As
shown in Fig. S10,7 the SPL-12 induced no wavelength shift of
the duplex DNA-Au nanoparticles which consisted of DNA-Au-
3 (DNA 3: SH-CCC AGG TTC TCT AAA AAA AAA) and DNA-Au-4
(DNA 4: SH-ACG CAT CTG TGA TTT TTT TTT), indicating that
specific sequences of the duplex DNA-Au nanoparticles recog-
nized the SPL-12 protein. It is well-known that the SPL-12
protein is selectively bound to the duplex DNA formed by both
GGCATGT and CCGTACA sequence DNA.>" Thus, the red shift
is due to aggregation between the duplex DNA-Au nano-
particles upon the binding of SPL-12 to the specific DNA-
binding sequence.

Furthermore, the UV-Vis absorption wavelength changes of
the duplex DNA-Au nanoparticles were observed upon five
different concentrations of addition of SPL-12 with 10 min
interval (Fig. 4A). It was clear that, with low SPL-12 concen-
tration (5 nmol), we observed the least red shift. When
30 nmol of SPL-12 was added to the duplex DNA-Au nano-
particle solution, we observed the largest red shift of the
UV-Vis absorption band. The red shift of the duplex DNA-Au
nanoparticles reached equilibrium after 80 min, displaying an
absorption wavelength maximum at ca. 578 nm. This red shift
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Fig. 3 (A) Change of Amax Values over time of the duplex DNA—Au (1 nmol) upon addition of different concentration of SPL-12 (5-50 nmol), (B)
change of Amax Values over the concentration of SPL-12 of the duplex DNA-Au (1 nmol). Shift values of Fig. 4A at 80 minutes were selected, and (C)
change of 1. Values over time of the duplex DNA—-Au (1 nmol) involved SPL-12 (10 nmol) at different temperatures.
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Fig. 4 (A) UV-Vis spectra of duplex DNA—-Au (1 nmol) upon addition of SPL-12 (10 nmol), (B) time dependent UV-Vis spectra change of duplex
DNA-Au (1 nmol) upon addition of BSA (10 nmol), and (C) plots of maximum absorption wavelengths shown in Fig. 3A, B and S10,} respectively, and
photographs of the duplex DNA—Au (1 nmol) upon addition of SPL-12 (10 nmol), BSA (10 nmol), myoglobin (10 nmol), egg white albumin (10 nmol),

lysozyme (10 nmol) and HSA (10 nmol), respectively.

of the duplex DNA-Au nanoparticles may be attributed to
specific aggregation between the duplex DNA-Au nanoparticles
and SPL-12 by specific intermolecular hydrogen-bonding inter-
actions. In order to quantify detection ability of SPL-12, the
graph plotting the wavelength shift vs. the concentration of
SPL-12 (5-30 nmol) showed a good linearity (R*> = 0.95) as
shown in Fig. 4B.

We also observed changes in the absorption wavelength of
the duplex DNA-Au nanoparticles upon addition of SPL-12 at
three different temperatures (Fig. 4C). The absorption wave-
length of the duplex DNA-Au nanoparticles showed the largest
red shift upon addition of SPL-12 at 30 °C, which was attributed
to the facile binding of SPL-12 to the C-G pocket in the duplex
DNA-Au nanoparticles due to weak intermolecular hydrogen-
bonding interactions between the C and G base pairs. The shift
of the maximum absorbance wavelength to 570 nm occurred
most quickly in the duplex DNA-Au nanoparticles upon
addition of SPL-12 at the highest temperature of 30 °C.

To gain more detailed structural information with respect
to the aggregated state of a mixed solution of the duplex DNA-
Au nanoparticles with SPL-12, we investigated the DNA-
induced assembly process by TEM. Unlike the TEM image of
the duplex DNA-Au, the TEM image of a mixed solution of
both the duplex DNA-Au and SPL-12 showed a different size
distribution, which consisted of larger nanoparticles of
ca. 250 nm (Fig. S11 and S12A+). This result indicates that the
duplex DNA-Au nanoparticles were bound to SPL-12 by inter-
molecular hydrogen-bonding interactions. Thus, the TEM data
were consistent with the UV-Vis absorption data. Through the
data related with binding between SPL-12 and the duplex
DNA-Au, we proposed a binding mechanism of the duplex
DNA-Au with SPL-12. SPL-12 first binds to the duplex DNAs
having relatively large inter-nanoparticle distances (>4 nm) out
of the nanoparticles composed of duplex DNA-Au aggregates
to form complexes. As a result, two nanoparticles getting
closer made the distance between the nanoparticles increase,
by which steric crowding decreased. Therefore, the interaction
between SPL-12 and the duplex DNA-Au became stronger to
facilitate aggregation of the duplex DNA-Au.

This journal is © The Royal Society of Chemistry 2016

Furthermore, the duplex DNA-Au and the duplex DNA-Au
nanoparticles appeared to be connected. To further evaluate
the performance and consistency of our assay, we also deter-
mined the aggregate nanoparticle size in mixed solutions of
the duplex DNA-Au upon addition of SPL-12 and BSA by DLS.
The average diameters of the aggregate sizes in a mixed solu-
tion of the duplex DNA-Au nanoparticles with SPL-12
increased from 160 nm to 247 nm. In contrast, the average dia-
meter of a mixture of the duplex DNA-Au with BSA was almost
the same as that without BSA (Fig. S12Bf). These findings
suggest that SPL-12 was bound to the duplex DNA-Au
nanoparticles.

To confirm the helicity of the duplex DNA, CD spectra of
duplex DNA with and without SPL-12 were observed. The CD
spectrum of duplex DNA without SPL-12 exhibited a positive
sign for the first cotton effect, indicating that the DNA strands
in duplex DNA were orientated in left-handed helicity. Upon
addition of SPL-12 into the duplex DNA solution, no changes
in the helicity and CD intensity occurred (Fig. S13%). These
results strongly support the view that the helicity of duplex
DNA was stable in the presence of SPL-12.

To further understand binding between a duplex DNA and
SPL-12, the "H NMR spectrum of duplex DNA was observed
upon addition of SPL-12. As shown in Fig. S14,T the imino
proton resonances were assigned.>> The imino proton reso-
nances in the G bases were shifted to high field in the pres-
ence of SPL-12, indicating that SPL-12 could be bound to the
C-G base pairs.

Conclusions

We have demonstrated the aggregation between DNA-functio-
nalized gold nanoparticles composed of different DNA
sequences. Two gold nanoparticles composed of different DNA
sequences formed the duplex DNA structure by complemen-
tary interaction between mainly C and G at pH 7. The duplex
DNA Au nanoparticles selectively recognized the SPL-12
protein, in which SPL-12 would be bound to the C-G base
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pairs. In contrast, the duplex DNA-Au nanoparticles did not
bind to the BSA protein. We expect that this strategy may offer
a new approach for developing low cost sensitive systems that
display selective detection of specific biomolecules. This new
species of nanoparticles may be highly useful in a wide range
of applications in biology, biomedicine, process control, and
nanotechnology.
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