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ABSTRACT The plasmon resonant wavelength for a pair of gold nano-
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transcription. The gold nanodimers bound by SOX2 shifted the plasmon

resonant wavelength from 586.8 to 604.1 nm, indicating that SOX2 binding induces DNA bending. When the SOX2 formed a ternary complex with
PAX6 on DC5, the plasmon resonant wavelength showed a further shift to 611.6 nm, indicating additional bending in the DC5 sequence. Furthermore, we
investigated DNA conformation changes induced by SOX2 and PAX6 on the DC5-con sequence, which is a consensus sequence of DC5 for the PAX6 binding
region that strengthens the PAX6 binding but at the same time disrupts SOX2—PAX6-dependent transcriptional activation. When the PAX6 binding

sequence in DC5 was altered to DC5-con, the plasmon resonant wavelength shifted much less to 606.5 nm, which is more comparable to the 603.9 nm by

S0X2 alone. These results demonstrate that SOX2—PAX6 cobinding induces a large conformation change in DC5 DNA.
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he local surface plasmon is a resonant
Tphenomenon of free electrons that

collectively oscillate in noble metal
nanoparticles (hereafter referred to as
“NP") and the electric field of incident light.' >
Since metal NPs scatter incident light
strongly at the plasmon resonant wave-
length, metallic NPs have been widely used
as biomolecular tags in single-molecular
tracking studies.® As the proximity of two
metallic NPs shortens, the frequency of the
collective oscillation decreases because of
the electrostatic attraction due to the sur-
face charge, and the plasmon resonant
wavelength lengthens.”® Therefore, the
gap distance between two NPs can be
determined at less the diffraction limit by
measuring the plasmon resonant wave-
lengths. Already, this strategy has been
used to detect short DNA-associated events
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such as DNA double-strand hybridization® "’

and the enzymatic cleavage of DNA.'?'3 In
this paper, we applied the plasmon reso-
nance for pairs of gold NPs (hereafter re-
ferred to as “gold nanodimers”) to study a
more elaborate process: DNA conformation
changes induced by the binding of tran-
scription factor complexes. In practice, nano-
dimers are formed by bridging two gold NPs
using double-stranded DNAs that have
binding sequences for the transcription fac-
tor complexes. Here, DNA conformation
changes induced by the binding of a single
transcription factor or transcription factor
complex were measured as shifts in the
plasmon resonant wavelength, which indi-
cated shortening in the gap distance as the
DNA bends.

The transcription factor SOX2 (SRY-
related-HMG-box 2) and other SOX proteins
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play major roles in the regulation of developmental
processes from early embryogenesis to various tissue
stem cells by binding to target DNA sequences related
to CATTGTT."™"> Two important features are involved
in the functional interaction of SOX proteins with the
target DNA. First, as SOX2 protein interacts with DNA at
the minor groove, the minor groove widens and the
DNA bends. Crystallography and NMR-based measure-
ments of SOX—target DNA complexes have indicated
that DNA can bend up to 90° by SOX binding depend-
ing on the target DNA sequence.'®'®

The second and more important of the two features
is that the binding of SOX protein alone to DNA does
not elicit any gene activation, whereas the binding of
SOX—partner transcription factor heterodimers does.
Because the partner factor also requires a binding
sequence, the functional SOX2 binding site is defined
as the SOX—partner complex binding sequence.'*'>2°
Classic examples of SOX2—partner complexes are the
SOX2—POUS5f1 (OCT3/4) heterodimer, which regulates
ES and iPS cells,** and the SOX2—PAX6 heterodimer,
which regulates development of the visual system.?%

The best-studied example of interactions between
SOX2—partner complexes and DNA sequences is the
binding of the SOX2—PAX6 complex to the 35 bp DC5
enhancer of the delta-Crystallin gene. The binding
sequence for PAX6 as a complex in the DC5 sequence
deviates from the consensus sequence for the binding
of PAX6 alone?* and is bound poorly by PAX6 in the
absence of SOX2. The actual DC5 sequence is AAT ATT
CAT TGT TGT TGC TCA CCT ACC ATG GAT CC, where
SOX2 and PAX6 binding regions are bold and italic
underlined, respectively. However, when complexed,
PAX6 and SOX2 cooperatively and strongly bind to
their respective DC5 binding sites and strongly activate
the adjoining reporter gene, a reaction called tran-
sactivation.”® For example, when the PAX6 binding
sequence of the DC5 enhancer is replaced with the
PAX6 binding consensus (DC5-con: AAT ATT CAT TGT TGa
TGt TCA Cgc AtC ATG GAT CC, where lower-case letters
indicate base changes to match the PAX6 binding
consensus sequence), the cooperation in binding be-
tween PAX6 and SOX2 is diminished, and the complex
fails to activate the reporter gene.®

Circumstantial evidence suggests that when SOX2
and PAX6 together bind to the native sequence of DC5,
the two protein factors interact strongly to form a tight
complex, whereas interaction of the same two factors
bound to the DC5-con sequence is less tight, resulting
in differences in the complex formation on the bound
DNA and the transactivation potential.'”?° However,
direct experimental evidence for this model is lacking.

We therefore adopted the plasmon resonance anal-
ysis using gold nanodimers to investigate the model.
The rationale for our approach is that conformation
changes of DNA will be larger in the case of a tight
SOX2—PAX6 complex than that of SOX2 alone, and
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Figure 1. (a) Schematic of the gold nanodimer synthesis. (b)
Model of a gold nanodimer before and after DNA bending
induced by SOX2. (c) Calculated scattering spectrum of a
gold nanodimer of 50 nm diameter and DNA bridge of 50 bp
without (blue) and with bending (red).

differences in the complex formation when using DC5
and DC5-con DNAs will be distinguished by the degree
of the DNA conformation changes. The plasmon reso-
nant wavelength was used to compare DNA conforma-
tions with DC5 and DC5-con sequences that were
bound by SOX2 alone or SOX2 and PAX6 together,
with the results strongly supporting the aforemen-
tioned model. As it is common that transactivation by
SOX—partner factor complexes depends on the part-
ner factor binding sequence,'*'® this study demon-
strates the importance of the ternary interaction
among SOX factors, partner factors, and their binding
to target DNA for gene activation.

RESULTS

Optimal Experimental Conditions for Gold Nanodimers Using
the Finite Differential Time Domain Method. Gold nanodi-
mers bridged by the DC5 sequence were prepared as
follows. Two gold nanoparticles were each attached to
a sense or antisense DC5 sequence via a thiol group
and excess thymidine heptamers. Annealing the com-
plementary DC5 strands formed the gold nanodimer,
while coating of the particles with thymidine heptamers
prevented gold nanoparticle aggregation (Figure 1a).

Noting that the binding of a transcription factor(s)
induces DNA bending and shortening in the gap
distance, we determined optimum parameters for
detecting such changes, that is, the diameter of the
gold NP and the length of the DNA bridge. Assuming a
bending angle of 65°, which is based on a previous
estimate from the circular permutation assay,”> we
calculated plasmon resonant wavelength shifts using
the finite differential time domain (FDTD) method
(Figure 1b). We did not consider using gold NPs with
diameters above 60 nm, as otherwise the full width
at half-maximum (fwhm) of the scattering spectrum
becomes too broad due to a retardation effect and
multipolar contribution,?® which hinders accurate
determination of the plasmon resonant peak, even
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TABLE 1. Plasmon Resonant Peak Shifts and Ratios of
Peak Shift Change to Gap Distance Change Assuming a
Bending Angle of 65° upon SOX2 Binding (¢, NP Diameter;
AJ, Peak Wavelength Shift; Ad,, Gap Distance Change)

¢ (nm) bp A (nm) Adg (nm) AMAd
30 70 59 8.7 0.7
60 75 8.2 0.9
50 9.3 76 12
40 16.5 7.1 23
40 70 85 103 0.8
60 1.7 9.7 12
50 17.9 9.2 19
40 324 8.7 3.7
50 70 15.5 1.8 13
60 229 13 20
50 322 10.8 3.0
60 70 27.1 134 20
60 35.0 129 2.7

though larger NPs generate stronger scattered light.?”
Hence, we investigated gold NPs with diameters be-
tween 30 and 60 nm. As for DNA length, we examined
those between 40 to 70 base pairs (bp) because
double-stranded DNAs shorter than 75 bp behave as
rigid rods.?® As shown in Table 1, we obtained values of
the peak shift (A1) relative to the gap distance short-
ening (Ad). Among the conditions considered for
maximizing AA/Ad value, we excluded that where
two gold NPs collide upon DNA bending caused by
the cobinding SOX2 and PAX6 (namely, 40 nm dia-
meter, 40 bp length) (Supporting Information Figure S1).
Thus, a combination of NPs with 50 nm diameter and
DNA with 50 bp length was selected. Using this con-
dition, we calculated the scattering spectra of gold
nanodimers for wavelengths ranging between 500 and
700 nm (Figure 1c). The scattering peak appears at
582.1 nm without DNA bending but shifts 32.2 to
614.3 nm when assuming 65° bending in the middle
of the DNA.

Experimental Calibration of Gap-Distance-Dependent Plas-
mon Resonant Wavelengths. To calibrate the plasmon
resonant wavelength of the gap distance, we synthe-
sized 50 nm gold nanodimers using varied DNA
lengths (15, 20, 25, and 50 bp) and measured the
corresponding plasmon resonant wavelengths experi-
mentally, rather than relying on FDTD-based numerical
models, because the latter includes too many assump-
tions. The gap distance was defined as the sum of the
DNA length (0.34 nm per bp) and short-chain hexane
(C6) thiol linker (0.9 nm)° at both ends of the DNA. We
measured the scattering spectrum of individual gold
nanodimers using a spectrometer equipped with an
electron multiplying CCD camera. In total, 26 speci-
mens were measured for nanodimers bridged by DNA
of 15, 20, or 25 bp and 64 nanodimers bridged by 50 bp.
A typical scattering spectrum is shown in Figure S2.
Before each spectrum was acquired, a polarizer was
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Figure 2. Mean plasmon resonant wavelengths of gold
nanodimers of different interparticle distances (15, 20, 25,
and 50 bp). Error bars show standard deviations. The blue
line shows an exponential fit of the mean wavelengths.

rotated to set the polarization to the nanodimer axis in
order to distinguish the gold nanodimer from an
unpaired monomer or higher order aggregates. The
frequency distributions of the plasmon resonant
wavelengths of the measured spectra are shown in
Figure S3. The mean and standard deviations were
determined by fitting a cumulative Gaussian func-
tion to each cumulative frequency distribution. The
mean plasmon resonant wavelengths were 616.2 +
5.2, 606.5 + 4.8, 600.1 £+ 5.2, and 586.8 + 5.7 nm
when using DNA bridges of 15, 20, 25, and 50 bp
length, respectively, showing an exponential decay
(Figure 2).°

Conformation Change of DC5 DNA upon Binding of SOX2 and
the SOX2—PAX6 Complex. A suspension of 50 nm diameter
gold nanodimers each bridged by DNA of 50 bp and
containing the DC5 sequence was divided into four
aliquots that were mixed with nothing, PAX6, SOX2, or
SOX2 plus PAX6 protein preparations, respectively.
Scattering spectra were measured from 64 nanodimers
for the first three specimens and from 196 nanodimers
for the fourth. Averaged and normalized scattering
spectra of gold nanodimers in the presence of no
transcription factor, SOX2, and SOX2 + PAX6 are
shown in Figure S4. Figure 3 and Table 2 summarize
the frequency distribution of the plasmon resonant
wavelengths using the wild-type DC5 sequence. Mean
wavelengths were determined by fitting a cumulative
Gaussian function to each cumulative frequency dis-
tribution. In the aliquot absent of transcription factors,
which represents unbent DNA, the mean plasmon
resonant peak was 586.8 + 5.7 nm (Figure 3a,
peak A1). The addition of PAX6 did not alter the peak
position (587.7 + 7.5 nm, Figure 3b, peak A2), whereas
the addition of SOX2 shifted the plasmon peak to
604.1 + 7.7 nm and caused an estimated bending
angle of 61.3° in the middle of the SOX2 binding region
(Figure 3¢, peak A3). The addition of SOX2 and PAX6
together shifted the plasmon peak even further to
611.6 = 9.8 nm (Figure 3d, peak A4). These results
indicate that binding of the SOX2—PAX6 complex
causes a larger conformation change to the DC5
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Figure 3. Frequency distributions of the plasmon resonant
wavelengths of gold nanodimers with DNA bridges that had
a length of 50 bp and included the DC5 sequence in the
presence of (a) no transcription factor, (b) SOX2, (c) PAX6,
and (d) both SOX2 and PAX6. A1 to A4 shows each peak
positions.

TABLE 2. Plasmon Resonant Peaks and Interparticle
Distances of Gold Nanodimers”

plasmon peak gap distance DNA end distance

transcription factor (nm) (nm) (nm)
DC5 + none (A1) 586.8 & 5.7 18.8 18.8
DC5 + PAX6 (A2) 587.7 £ 175
DC5 + SOX2 (A3) 6041+ 7.7 9.2 16.3
DC5 + SOX2 + PAX6 (A4) 611.6 + 9.8 7.7 16.1
DC5-con + none (B1) 588.5 £ 7.1
DC5-con + PAX6 (B2) 5881 £ 7.7
DC5-con + SOX2 (B4) 603.9 + 3.9 9.3 16.3
DC5-con + SOX2 + PAX6 (B6) 606.5 + 6.1 8.7 16.2

“ A1—A4 and B1—B6 indicate the peak positions in Figures 3 and 4, respectively.

sequence than that by SOX2 alone and brings the two
ends of the DC5 sequence significantly closer.

The same set of experiments were done using the
DC5-con sequence, which binds to PAX6 more strongly
than DC5 but also lacks enhancer activity (Figure 4,
Table 2). In the absence of a transcription factor, the
peak of the frequency distribution of the plasmon
resonant wavelengths was 588.5 £ 7.1 nm (Figure 4a,
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Figure 4. Frequency distributions of the plasmon resonant
wavelengths of gold nanodimers with DNA bridges that had
alength of 50 bp and included the DC5-con sequence in the
presence of (a) no transcription factor, (b) SOX2, (c) PAX6,
and (d) both SOX2 and PAX6. B1 to B6 shows each peak
positions.

peak B1). This value is similar to that observed for the
DC5 sequence. The addition of PAX6 had no effect on
this value (588.1 £ 7.7 nm, Figure 4b, peak B2).
Upon the addition of SOX2, however, two peaks at
586.2 + 3.1 nm (Figure 4c, peak B3) and 603.9 - 3.9 nm
(Figure 4c, peak B4) were detected. The former value
was not statistically different from the peak seen in the
absence of transcription factors (B1) according to
Welch's t test (o. = 0.01). This fact and the ratio of the
peaks suggest that 40% of the gold nanodimers were
not bound by SOX2, and the remaining 60% fraction of
the SOX2-bound DC5-con DNA was bent in the same
fashion as the DC5 wild-type sequence (Figure 3¢, peak A3).
This result is consistent with our earlier observation
that SOX2 binds DC5-con less efficiently.° Finally, the
addition of SOX2 together with PAX6 changed the
frequency distribution of the plasmon resonant wave-
lengths; the peak of the SOX2-unbound fraction was
588.5 + 3.7 nm (Figure 4d, peak B5), which mimics B1,
while the second peak position shifted to 606.5 +
6.1 nm (Figure 4d, peak B6), which is a much weaker
effect than that when using the DC5 sequence (611.6
9.8 nm, Figure 3d, peak A4).
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The above results indicate a large conformation
change of DC5 DNA upon the binding of SOX2 and
PAX6 that cannot be explained by simple additive
effects from the single bindings of SOX2 or PAX6. This
large conformation change of DNA was not detected
when using DC5-con, even though the sequence is
bound by both SOX2 and PAX6. Thus, our observations
are the first to demonstrate experimentally that the
functional binding of the SOX2—PAX6 complex re-
quires a specific DNA sequence for the PAX6 binding
site like that found in DC5, and that its binding induces
a large conformation change in the DNA.

DISCUSSION

Parameters That May Affect Plasmon Resonant Wavelength.
We measured the plasmon resonant wavelength of
gold nanodimers to estimate the gap distance and
DNA conformation changes induced by the binding of
transcription factors. To evaluate the reliability of this
measurement, we considered other parameters that
may affect the plasmon resonant wavelength. For
instance, we observed variations of several nanome-
ters in the mean plasmon resonant wavelength of gold
nanodimers with DNA bridges of the same length; the
mean wavelength of nanodimers with the DC5 se-
quence was 586.8 nm, while that with the DC5-con
sequence was 588.5 nm. One factor we explored was
the surface coverage of the gold NPs by short (3.3 nm)
single-stranded DNAs (thymidine heptamers), which
were used to prevent nanoparticle aggregation. We
assumed that the refractive index (RI) of the 3.3 nm
dielectric layer formed by single-stranded DNA is
proportional to the surface coverage by the DNA (for
example, 0% surface coverage = Rl of 1.337, 50% =
1400, and 100% = 1.462). The plasmon resonant
wavelength of the gold nanodimer changed 0.06 nm
per 1% change in the surface coverage according to
numerical analysis using the FDTD method. Thus, a
30% difference in surface coverage results in a 2 nm
plasmon resonant wavelength difference. Such varia-
tions in the surface coverage could result from the
sample preparation. The diameter of the gold nano-
particles was also a factor we investigated, as it varied
+4% in the preparations. We analyzed the plasmon
resonant wavelength of gold nanodimers of diameters
48, 50, and 52 nm using the FDTD method, finding
plasmon resonant wavelengths of 579.1, 582.1, and
584.9 nm, respectively. Hence, variations in the di-
ameter could also influence the plasmon resonant
wavelength. Finally, we examined the potential effects
of placing proteins between the gold nanoparticles
because proteins have a high refractive index (~1.6).%"
We performed FDTD calculations upon inserting two
dielectric rods between the gold nanoparticles, one
having a Rl of double-stranded DNAs (Rl = 1.53, length =
18.8 nm, diameter = 2 nm)>2 and the other having a RI
of proteins (Rl = 1.6, length = 10 nm, diameter = 2 nm).
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Figure 5. Model of DNA conformation changes induced by
SOX2 and PAX6. The purple bar illustrates DNA; red and
cyan represent the transcription factors SOX2 and PAX6,
respectively; dpna, 61, and 6, refer to the DNA end distance,
bending angle at the SOX2 sites, and that at the PAX6 sites,
respectively.

The calculated plasmon resonant wavelengths were
582.4 nm with double-stranded DNA and protein and
582.1 nm with double-stranded DNA only. We thus
concluded that the plasmon resonant wavelength is
not significantly affected by the binding of proteins to
the DNA bridge.

Conformation Change of DC5 DNA upon Binding of SOX2 and
the SOX2—PAX6 Complex. Despite the effects of the above
factors, changes in the plasmon resonant wavelength
of DC5 DNA-bridged nanoparticles were such that they
unequivocally demonstrate a large conformation
change in the DNA. From the gap distances indicated
by the plasmon resonant wavelengths, we estimated
the distances between the termini of DNA 50 bp
(18.8 nm) long (Figure 5). Upon the binding of SOX2
to the SOX2 site, the gap distance shortened t0 9.2 nm,
which corresponds to a bending angle of 61.3° when
assuming simple bending in the middle of the SOX2
site. Binding of the SOX2—PAX6 complex caused the
gap distance to shorten even more to 7.7 nm, suggest-
ing that an additional conformation change was sup-
posedly induced in the PAX6-interacting region of the
DNA. Because the DC5 sequence is presumably bent at
a minimum of two sites by the binding of the
SOX2—PAX6 complex, the second bending angle in
the PAX6 binding region was estimated to be 5.7°
(Figure 5). In the present experiments, the protein
domains of SOX2 (1—202 from the 315 aa full-length
SOX2) and PAX6 (1—169 from the 422 aa full-length
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PAX6) used in the experiments included the DNA
binding domain and relatively short C-terminal exten-
sions. The results indicate that these protein moieties
are sufficient for establishing a strong interaction
between SOX2 and PAX6. This observation is consis-
tent with our earlier biochemical assay using EMSA,
which found the same protein moieties bind coopera-
tively to the DC5 DNA sequence.”® Using the DC5-con
sequence, however, cobinding of SOX2 and PAX6
induced only slightly greater bending in the DNA than
did SOX2 alone and resulted in a gap distance of
8.7 nm, which corresponds to only 2.3° bending in
the PAX6-interacting DNA region (Figure 5). The DC5-
con sequence, further, is known to show no enhancer
(transactivation) activity despite the cobinding.?° Thus,
our DNA conformation analysis demonstrates that the
cobinding of SOX2 and PAX6 to DNA is not sufficient
for transcriptional activation, which instead requires a
tight interaction between the two protein factors upon
binding to the wild-type DC5 sequence (Figure 5).
Comparison of Plasmon Resonant Wavelength Analysis with
FRET-Dependent Measurements of DNA Conformation Changes.
The plasmon resonant wavelength shift provides a
very powerful tool for the analysis of DNA conforma-
tion changes. Because the polarization exerted on a
gold nanodimer is always parallel to the incident light,
the plasmon resonant wavelength is determined by
the gap distance and the polarization of the incident
light. Additionally, only the scattered light from the
nanodimers is required. This scattered light is brighter
than that emitted by single chromophores and also
means that our method suffers from neither photo-
blinking nor photobleaching. Férster resonance en-
ergy transfer (FRET) is often used to measure dis-
tances between biological molecules of interest. How-
ever, FRET is limited to DNA distances of a few to 10 nm
due to the small amplitude of electronic transition
dipoles, whereas the plasmon resonant wavelength
can measure gap distances that range several to 20 nm.
Another method, nanometal surface energy transfer
(NSET), was reported to measure a wider range of
distances than FRET but does not alleviate the problem
of photoblinking or photobleaching.®® In a recent
report, DNA duplexes were prepared such that they
had the fluorescent donor and acceptor molecules
located at two respective termini, three artificial kinks
caused by unpaired adenine residues and an inserted

METHODS

FDTD Numerical Analysis. We used the FDTD method to analyze
the plasmon resonant wavelength of gold nanodimers (Full-
wave 6.2, R-Soft). The spatial domain had three dimensions in
Cartesian coordinates (Figure S5), and the grid size was 1 nm.
The center of a gold nanodimer was set at the origin, (0,0,0), and
the nanodimer axis corresponded to the y-axis. The range of the
spatial domain was —135 nm to +135 nm in the x—y plane and
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binding sequence for bacterial catabolite activator
protein (CAP).3* The distance between the DNA termini
was 7.2 nm on average (average FRET efficiency, 0.29)
without CAP binding but increased to 8.8 nm (average
FRET efficiency, 0.11) when bound by CAP. The data
therefore distinguished the CAP-bound and unbound
states of the DNA owing to the conformation changes
caused by CAP binding. However, the accuracy of the
local DNA conformation changes is difficult to assess by
this method because of fluctuations in the hinge angles.

Comparison with Circular Permutation Assay. A different
biochemical approach, the circular permutation assay,
uses acrylamide gel electrophoresis and can estimate
the angle of DNA bending upon the binding of tran-
scription factors like SOX.3> When a bend is induced in
a DNA of a few hundreds base pairs, the DNA electro-
phoresis is retarded with the bend's sharpness and its
location to the center of the DNA. We have estimated
the bending in DC5 induced by SOX2 to be 66°.2°
Further, this assay is excellent at comparing the effects
of different proteins on DNA bending when using the
same experimental condition. However, the estimation
of bending angles is based on various assumptions,
meaning the circular permutation assay can only pro-
vide a very rough estimate of the macroscopic bending
angle in along DNA and not the nanoscale information
obtained from plasmon resonant wavelength analysis.

CONCLUSIONS

Our plasmon resonant wavelength analysis method,
which is based on the optical properties of gold NPs,
has various advantages for measuring DNA conforma-
tion changes. In this study, we applied this method to
measuring the conformation changes induced by
SOX2—PAX6 binding of DNA that bridged two gold
NPs. Taking the plasmon resonant wavelengths after
the addition of one or two transcription factors, we
constructed a nanoscale model of the conformation
change of DC5 DNA, finding two bends. This confor-
mation change is a consequence of a strong SOX2—
PAX6—DNA ternary complex, which is required for
potent transcription activation. The present study con-
sidered only the equilibrium state of transcription
factor binding to DNA. Real-time measurements of
DNA cleavage by EcoRV using gold nanodimers sug-
gest that our method has the potential for measuring
DNA conformation changes in real time, as well."

—150 nm to a sum of 250 nm plus a quarter of the wavelength
in the z-axis. This spatial domain was enclosed by perfectly
matching layers and divided into two different refractive index
regions separated by the dashed line. One had a Rl = 1.337,
which corresponds to phosphate buffered saline (PBS), and the
other a Rl = 1.500, which corresponds to the coverslip. Gold NPs
were covered with a dielectric layer of single-stranded DNA
and RI=1.462 and irradiated by a monochromatic incident light.
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The scattered electric field (E-field) was acquired in a curved
region of 130 x 130 nm? in the x—y plane. This region covered
the E-field obtained by an objective lens with NA = 0.8. The sum
of the squared E-field in all grids of this region was set to the
scattered light intensity. The scattering spectrum was acquired
by changing the wavelength of incident light. The plasmon
resonant wavelength was determined by fitting the Lorentzian
function to the spectrum.

Preparation of Gold Nanodimers. Gold nanoparticles were pur-
chased from BBInternational. Double-stranded DNAs to bridge
the gold nanoparticles were purchased from Life Technologies
and had the following sequences (sense, antisense): 50 bp DC5
sequence, 5'-AAT GAT CTA AAT ATT CAT TGT TGT TGC TCA CCT
ACC ATG GAT CCA ATA AT and 5'-ATT ATT GGA TCC ATG GTA
GGT GAG CAA CAA CAA TGA ATA TTT AGA TCA TT; 50 bp DC5-
con sequence, 5'-AAT GAT CTA AAT ATT CAT TGT TGA TGT TCA
CGC ATC ATG GAT CCA ATA AT and 5'-ATT ATT GGA TCC ATG
ATG CGT GAA CAT CAA CAA TGA ATA TTT AGA TCA TT; 25 bp
DNA bridge, 5-AAT GAT CTA AAT ATT CAT TGT TGT T and
5/-AAC AAC AAT GAA TAT TTA GAT CAT T; 20 bp DNA bridge,
5'-TCT AAATAT TCA TTG TTG TT and 5'-AAC AAC AAT GAA TAT
TTA GA; and 15 bp DNA bridge, 5'-ATA TTC ATT GTT GTT and
5-AAC AAC AAT GAA TAT. All DNA sequences had a short-chain
hexane (C6) thiol at the 5'-terminal. Three DNA solutions were
initially prepared: 1 uM sense strand target DNA, 1 uM antisense
target DNA, and 60 «M thymidine heptamer in 10 mM borate
buffer, pH 7.4. Because thiol groups at the terminal of DNA
sequences easily form disulfide bonds, the disulfide bonds in
the DNAs were cleaved by dithiothreitol (DTT) (125 mM for
thymidine heptamers and 10 mM for target DNA) at room
temperature for 30 min. DTT was removed by filtration through
a NAP-5 column (GE Healthcare). Then the thymidine hepta-
mers were mixed with sense or antisense target DNA to give
a molar ratio of 50:1 and lyophilized at —80 °C for 2 h. The
lyophilized DNAs were mixed with a suspension of gold nano-
particles and incubated at 50 °C for 24 h. The molar ratio of gold
NP/target DNA/thymidine heptamer was 1:160:8000 for target
DNAs of length 50 bp and 1:320:8000 for shorter DNAs (25, 20,
and 15bp). NaCl (0.1 M) and phosphate buffer (pH 7.0) were
added to the suspension, and the final concentration of Na ions
was 0.1 M. The mixture was then incubated at room tempera-
ture for 48 h and centrifuged at 14 000 rpm for 30 min twice to
remove unbound DNAs. Suspensions containing the sense or
antisense target DNA were mixed at the same DNA concentra-
tion and incubated at 50 °C for 24 h for hybridization. Transcrip-
tion factors SOX2 and PAX6 in 4-(2-hydroxyethyl)-1-piperazine
ethane sulfonic (HEPES) buffer solution (55 mM KCl, 22 mM
HEPES-NaOH (pH 7.9) and 0.2 mM N-ethylmaleimide) were
added to a suspension of gold nanodimers bridged by DC5 or
DC5-con DNA at a molar ratio of transcription factor to gold
nanodimers of 100:1 and incubated for 30 min for their binding.
A coverslip (¢ 25 mm, Fischer Scientific) was sonicated in ethanol
and then immersed in 1.0 vol % 3-aminopropyltrimethoxysilane
(APTMS, Shin-Etsu Chemical) for 4 min. After the coverslip was
functionalized by the silane, a solution of gold nanodimers
with or without transcription factors (SOX2 and/or PAX6) was
incubated on the coverslip for 5 min, and the solution with
unbound gold nanodimers was blown away. The coverslip was
immediately placed in a sample holder that was then filled with
phosphate buffered saline (pH 7.4, Na* 153 mM, Kt 4 mM), the
ionic strength of which does not affect DNA lengths.'®%’ Gold
nanodimers used for plasmon wavelength measurements
typically constituted 20% of the final preparation according to
scanning electron microscopy (Figure S6) and were distin-
guished from monomers (no polarization) and higher aggrega-
tion (brighter scattering) by dark-field microscopy.

Binding of SOX2/PAX6 to DC5 DNA Sequences. DNA binding do-
mains for the SOX2 and PAX6 moiety were expressed in insect
cells and bacterial cells, respectively, and purified, as described
previously.?’ The DNA binding activities of the transcription
factor preparations were confirmed by electrophoretic mobility
assay.

Microscopy. A dark-field optical microscope (Eclipse Ti, Nikon)
equipped with a 100 W halogen lamp, dark-field condenser (oil
immersion type, NA = 1.2—1.43), and an oil immersion objective

lens (100x, NA = 0.8) was used. Images were magnified by 1.5 x
through a relay lens. Scattered light from individual gold
nanodimers was acquired by a spectrometer equipped with
an electron multiplying CCD camera (SR303, Andor) or a cooled
digital camera (DS-U2 Nikon). The slit size was 100 um, and the
line density of the grating was 600 lines/mm. The resolution of
the spectrometer was approximately 1 nm, and the wavelength
accuracy was £0.2 nm. One spectrum was taken in 1 s and
accumulated 10 times. Finally, the acquired spectra were fitted
to a Lorentzian function.
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