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A platform for in situ and real-time measurement of protein-
induced conformational changes in dsDNA is presented. We com-
bine electrical orientation of surface-bound dsDNA probes with an
optical technique to measure the kinetics of DNA conformational
changes. The sequence-specific Escherichia coli integration host
factor is utilized to demonstrate protein-induced bending upon
binding of integration host factor to dsDNA probes. The effects
of probe surface density on binding/bending kinetics are investiga-
ted. The platform can accommodate individual spots of microar-
rayed dsDNA on individually controlled, lithographically designed
electrodes, making it amenable for use as a high throughput assay.
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Understanding conformational dynamics and orientation of
biomolecules is critical in determining their function. For

dsDNA, conformational changes result because of interactions
with proteins such as histones, transcription factors, and DNA-
modifying enzymes. Regulation of gene expression, for example,
in both prokaryotes and eukaryotes involves formation of special-
ized nucleoprotein structures, or snups (1). Within these com-
plexes, distant segments of DNA are brought into close proximity
to each other and, frequently, protein-induced DNA bends or
kinks are formed. Understanding the DNA conformational
changes and forces responsible for bending DNA to form specific
complexes are thus of considerable biological significance.

Several platforms were recently developed to study protein–
DNA interactions. The most popular assays, ChIP chips and
DNA adenine methyltransferase identification (DamID) have
proven useful for measuring protein–DNA complexes in vivo
but do not have high throughput capability. For in vitro measure-
ments, protein-binding microarrays (PBMs) provide a high
throughput approach but require cloning and expression of the
proteins with an epitope tag. None of the aforementioned
approaches provide information indicating the conformational
changes of DNA that can result upon protein binding. Methods
such as FRETand atomic force microscopy are able to measure
DNA conformational changes in protein–DNA complexes but do
not allow for high throughput measurements. For platforms
wherein probes are surface-bound, such as spectral self-interfer-
ence fluorescent microscopy, the random orientation of probes
limits conformational analyses (2).

Here we introduce a platform for in situ real-time measure-
ment of protein-induced conformational changes on immobilized
DNA. The platform can accommodate individual spots of micro-
arrayed dsDNA on individually controlled, lithographically
designed pixels, making it amenable for use as a high throughput
assay. We utilized the sequence-specific Escherichia coli integra-
tion host factor (IHF) to measure protein-induced dsDNA
bending. IHF functions in many processes that depend on the
formation of snups, e.g., DNA replication, transcriptional regula-
tion, and site-specific recombination (3, 4). The primary function
of IHF appears to be architectural; i.e., IHF introduces a sharp
bend in DNA that facilitates the interaction of other components

in a nucleoprotein array. DNA bending is thought to be impor-
tant for transcriptional regulation of approximately 120 E. coli
genes (4). High-resolution structural data of these DNA–protein
complexes are limited to very few specific sequences and are still
not available for a range of specific and nonspecific sequences.

In this study, all probe sequences are 80 base pairs in length
and modified with alkane thiols at the 5′ surface-proximal end
and Cy3 fluorophores at the 3′ distal end. Our DNA probes were
designed with the H′ binding sequence, derived from the bacteri-
ophage lambda attP recombination site and positioned at least 10
base pairs from the surface-proximal (thiol-functionalized) end
so that IHF binding should be minimally affected by the presence
of the induced electric field, which is localized to a few nano-
meters from the detector surface, as described below. To inves-
tigate the effect of binding location on the change in fluorophore
height, our probes were designed with the H′ binding sequence
near the proximal end (H′-Low), the probe center (H′-Mid), and
the distal end (H′-High) and without the H′ cognate binding
sequence (control). (See Materials and Methods for the complete
probe sequences.)

The principle for measurement of orientation and conforma-
tion of surface-bound dsDNA is depicted in Fig. 1. The efficiency
of nonradiative energy transfer (ET) between the fluorophores
and surface plasmons in gold follows a distance dependency
ET ∝ d−3, where d is the distance between the fluorophore
and the gold surface (5). This measurement allows for real-time
observation of the emitter-gold distance through the fluorescence
intensity. As the contour length of the tethered 80-bp dsDNA is
significantly less than the persistence length (ℓc ∼ 27 nm,
ℓp ∼ 50 nm) (6), the conformation is that of a rigid rod and
the orientation of the dsDNA probes, relative to the gold surface,
can be inferred (7). This orientation is controlled through a vol-
tage applied to the gold electrode with respect to a platinum
counterelectrode. The applied potential results in the formation
of an ionic double layer at the electrode surface, which screens
the electric field so that it is confined to a few nanometers from
the electrode surface. The potential distribution as a function of
distance from the surface is described by the Gouy–Chapman
equation, which, for low applied potentials Ψ0, reduces to the
Debye–Hückel equation ΨðdÞ ∼Ψ0e−x∕ld . The Debye length ℓd
appears as the characteristic decay length of the potential (8)
and is ∼1 nm for the conditions used in our experiments
(60 mM monovalent salt). Within a few Debye lengths from
the surface, the double layer generates a large electric field, which
exerts a force on the tethered DNA that overcomes Brownian
motions and thus aligns the molecules (9). Because of the rapid
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decay of the electric field, the electrostatic force on the dsDNA
and other charged molecules (such as charged proteins) becomes
negligible at a few Debye lengths from the gold surface (9). For
randomly oriented dsDNA, the determination of conformational
changes through an ensemble measurement of the fluorophore-
gold distance is difficult. By applying a repulsive e-field at the
gold surface to induce a standing orientation in the probes,
changes in their conformation due to IHF binding are more easily
distinguished and can be measured in real time.

Results and Discussion
Fig. 2 shows fluorescence measurements of four dsDNA layers
immobilized on separate electrodes as the applied potential is
swept from −0.55 V (DNA standing) to þ0.1 V (DNA lying).
Red traces show measurements from electrodes having probes
with the H′ binding sequence near the surface-proximal end
(H′-Low), black traces are from electrodes having probes with
the H′ binding sequence near the center (H′-Mid), green traces
are from electrodes having probes with the H′ binding sequence
near the distal end (H′-High), and blue traces are control probes
without the IHF cognate binding sequence. Prior to IHF binding

(dashed traces), all probes show a similar dependence of
fluorophore height vs. applied field. For negative potentials
(−0.55 V) we observe high fluorescence intensities, whereas
for positive potentials the fluorescence decreases and saturates
at low levels. We attribute this change in fluorescent intensity
to the intrinsic negative charge on the DNA, which is repelled
from the negatively charged and attracted to the positively
charged electrode surface. A model of the dsDNA orientation
for an applied potential is presented by Rant et al. (9).

Upon IHF binding to the probes, a change in the fluorophore
height is observed. The application of an electric potential creates
a uniform ensemble of immobilized DNA probes, which facili-
tates detection of conformational changes: For probes oriented
in an upright position, a large drop in fluorescence is expected
to occur because of IHF-induced bending upon binding. The se-
quence specificity of binding is then easily discernible, because
bending near the proximal end of the dsDNA (H′-Low probe)
pushes the fluorophore substantially closer to the gold surface
than bending near the distal end (H′-High probe). In contrast,
with zero or positive applied potential (dsDNA in the lying posi-
tion), bending becomes less apparent and sequence-dependent
bending is no longer detectable. As shown in Fig. 2, the experi-
mentally obtained results are in excellent agreement with the
expected behavior of our probes with and without bound IHF.
We note an increase in the quenching of the H′-High probe in
comparison to the H′-Mid probe, which is due to the variation
in background levels between the electrodes on which the probe
layers are immobilized. We also note that it is difficult to deter-
mine the orientation and conformation of H′-Low following IHF
binding because of the fact that the bend occurs below the mid-
point of the DNA sequence. Therefore, one would expect the
fluorophore on the distal 3′ end to be pushed into the Au surface.
The orientation in this case would also be difficult to predict,
because the conformation of dsDNA within the Debye region
can no longer be estimated as a stiff rod.

We performed titration experiments to confirm the binding
affinity of IHF to the probes and found significant onset of
IHF-induced bending at 5 nM IHF (Fig. 3). We assumed a direct
proportionality between the fluorescence change and the extent
of IHF binding. The saturation of the probe layer with IHF occurs

Fig. 1. Application of a negative potential repels the DNA probe from the
surface and results in high fluorescence intensity because of inefficient ET
between Cy3 and the gold electrode, whereas positive potentials pull the
DNA probes to the surface, resulting in reduced fluorescent intensity.

Fig. 2. Normalized fluorescence of Cy3-labeled oligonucleotide probes measured prior to and after IHF binding while the applied voltage potential is swept
from negative (oligonucleotides oriented in the standing position) to positive (oligonucleotides oriented in the lying position). Probes (H′-High, H′-Mid, H′-Low,
and Control) were immobilized on separate gold electrodes. IHF-induced conformation change is readily identified when oligonucleotides are oriented in the
standing position with a negative applied potential. The IHF concentration is 50 nM.

1398 ∣ www.pnas.org/cgi/doi/10.1073/pnas.0912182107 Spuhler et al.



within a surprisingly narrow concentration regime. A 1∶1 Lang-
muir surface adsorption model fitted to the data significantly
underestimates the steepness of the transition. The abrupt onset
of binding suggests that the Langmuir adsorption model is overly
simplistic for this system and a more complex model should be
applied to account for steric effects, coverage-dependent binding,
and neighbor interactions. However, the onset of binding is in
agreement with Kd values for sequence-specific IHF-oligonucleo-
tide binding, which were found to be in the range of 0.3–2 nM
(10, 11).

To achieve a high repeatability of the dsDNA layer surface
density, we regenerate the layer to its pre-IHF-bound state by
denaturing and washing away bound protein. We flow 0.4%
SDS in 0.6 M NaCl to denature and dissociate IHF from our
DNA probes. As a result, the fluorescence intensity recovers
and a complete regeneration of the oligonucleotide layer is
achieved. A sample measurement cycle is shown in Fig. 4. We

measured the fluorescence intensity during successive binding
and removal of IHF and found binding kinetics to be highly
repeatable, as seen in Fig. 5A. It is important to determine a sui-
tably high flow rate so the DNA-IHF reaction rate is not limited
by the diffusion of IHF to the sensor surface; therefore, measure-
ments were made for IHF addition at flow rates of 50, 500, and
1; 500 μL∕min. By assuming a parabolic flow profile in the sen-
sor, we calculate maximum flow velocities of 0.3 × 10−3, 3 × 10−3,
and 9 × 10−3 m∕s, respectively. A significant change in binding
kinetics is noted when the flow rate is increased from 50 to
500 μL∕min during IHF addition. For flow rates of 500 and
1500 μL∕min, the binding kinetics are nearly identical, indicating
a reaction-limited regime. Consequently, all subsequent measure-
ments were made by using a 500 μL∕min flow rate. The cycle of
IHF-dsDNA binding followed by protein removal and dsDNA
layer regeneration was repeated multiple times, with a small
signal loss following each regeneration, as shown in Fig. 5B.

The observed binding time constants of a few minutes are
several orders of magnitude higher than those reported for spe-
cific IHF-dsDNA binding in free solution, which are on the order
of hundreds of milliseconds (12). One possible explanation is that
steric hindrance of densely immobilized dsDNA alters the ki-
netics of IHF-DNA binding/bending. To test the effect of dsDNA
probe surface density on protein binding/bending, we prepared
dsDNA layers (H′-Mid probes) of varying surface densities by
immobilizing a densely packed layer. Peterson et al. report a max-
imummonolayer coverage for thiol-modified dsDNA on Au to be
3 × 1012 cm−2 for 25-mer dsDNA (13). Steel et al. report that
longer dsDNA length above 24-mers decreases surface coverage;
however, they do not report the surface coverage for oligonucleo-
tides longer than 48-mers. For an increase in the dsDNA length
from 8-mers to 48-mers dsDNA, they measure a reduction
of the dsDNA monolayer surface density from 2 × 1013 to
4 × 1011 cm−2, respectively (14). On the basis of this, we
estimate a maximum surface coverage of roughly 1011 cm−2 for
80-mer dsDNA.

After IHF binding to a densely packed layer, we reduce the
surface coverage through controlled electrical desorption, as de-
scribed earlier (15). We reuse the same electrode to measure
IHF-induced bending by removing the bound IHF to regenerate
the dsDNA layer, as described above. The ability to regenerate
the DNA layer provides a highly controlled probe layer to test the
effect of a single parameter, in this case the probe surface density.
The surface density is determined by monitoring the fluorescence
signal and the switching efficiency. The switching efficiency cor-
responds to the difference in the fluorescence intensity between

Fig. 3. Plot of ΔFluorescence (fluorescence prior to IHF binding—fluores-
cence after IHF binding) vs. IHF concentration measured for a layer of probe
2. At least two independent experiments were conducted in the concentra-
tion range where the onset of binding is seen. The line is a guide to the eye.
The onset of binding is significantly steeper than what one would expect
from a Langmuir fit, which suggests that the Langmuir adsorption model
is overly simplistic because it does not account for steric effects, coverage-
dependent binding, and neighbor interactions.

Fig. 4. A measurement cycle to determine the magnitude and kinetics of IHF-induced DNA binding/bending: (1) Characterization of DNA layer by measure-
ment of fluorescence signal over a range of voltage potentials; (2) IHF is added and binding kinetics are observed while a negative potential is applied to orient
DNA in the standing position; (3) characterization of IHF-bound DNA layer; (4) high salt solution with SDS denatures IHF, resulting in dissociation from and
regeneration of the DNA layer.
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DNA in lying and standing orientations and is highly correlated to
surface layer density because steric hindrance between adjacent
probes reduces the level to which probes can be oriented in the
lying position (7, 16). Therefore, as the DNA layer is desorbed
gradually, the switching efficiency initially increases because of
reduced steric hindrance between adjacent DNA probes, after
which it plateaus (see ref. 8 for a detailed description). The point
at which the fluorescence plateaus corresponds to the “free
switching” regime, where the dsDNA is no longer hindered by
adjacent probes. Thus, fluorescence intensity prior to IHF bind-
ing gives an indication of the probe surface density: A surface
density of 5 × 1010 cm−2 can be estimated from the free switching
geometry; i.e., the distance between two probes on the surface is
approximately 2 × ℓc (15). For low densities the fluorescence
follows a linear relationship to surface density (17); therefore,
it is possible to estimate surface densities by using fluorescent
intensity values relative to the fluorescent intensity in the free
switching regime.

Fitting the data to single exponential decays yields time con-
stants, τ ¼ 320 s for high probe surface densities and τ ¼ 70 s for
low densities, a nearly fivefold increase in binding/bending rate.
However, the steady state level of bending is largely unaffected by
the probe density, as seen in Fig. 6. The results suggest that the
dense packing of DNA sterically hinders IHF access to the DNA
binding, therefore reducing the rate of protein binding. However,

it appears that the conformational changes that result upon bind-
ing remain the same for the surface coverage investigated.

We estimate the mean separation between adjacent DNA
strands in the free switching regime to be about 2xℓc ∼ 50 nm
(15). For low densities the fluorescence follows a linear relation-
ship to surface density, and we can roughly estimate surface den-
sities on the basis of the fluorescence values (17). The size of IHF
(molecular weight 22 kDa) can be estimated to be about 3–4 nm
diameter. For the regime in which slower reaction kinetics are
observed, the surface density is roughly fivefold larger than the
free switching regime, resulting in greater than twofold reduction
in the mean separation between adjacent DNA strands, or about
20–30 nm. At these surface densities, the mean separation
remains significantly larger than the protein size. It appears that
the rate of penetration increases as the spacing between adjacent
DNA strands increases until the spacing exceeds the protein size
by about one order of magnitude. As the surface density increases
and the mean separation between adjacent DNA approaches the
protein size, it is likely that the layer would become impenetrable
to IHF.

Whereas it is difficult to obtain exact values for the dsDNA
surface density, it is clear that this variable significantly impacts
the rate of protein–DNA binding. Therefore, it is important to
control the surface coverage in experiments that evaluate the
protein-binding rate to surface-bound probes.

Control over surface density also has physiological relevance,
for example, in chromatin-bound DNA, where certain sequences
are inaccessible to proteins because of steric exclusion caused by
the proximity of nucleosomes and adjacent gyres of DNA (18).
The ability to control the probe surface density makes this plat-
form attractive for in vitro studies on the effects of steric access in
DNA–protein binding. Such steric effects were also shown to sig-
nificantly affect transcription, for example, in interactions with
corepressors (19). The ability to easily control the surface probe
density through electrical desorption is an added advantage of
this platform.

Fig. 5. The regeneration of the dsDNA layer through dissociation of IHF
allows multiple binding experiments with high repeatability. (A) Overlaid
real-time measurements of fluorescence during addition of 50 nM wild-type
IHF. Oligonucleotide layers of H′-Low probes are regenerated by removal of
IHF protein with 0.4% SDS in 0.6 M NaCl. Addition of protein at a flow rate of
50 μL∕min results in a decreased binding rate; however, addition of protein
at 500 and 1; 500 μL∕min results in nearly identical binding kinetics, indicat-
ing a reaction-limited regime. The flow rates correspond to average flow
velocities of 1 × 10−3, 1 × 10−2, and 3 × 10−2 m∕s, respectively. (B) The fluo-
rescence prior to IHF binding for subsequent regeneration steps shows a
9% drop in signal after 7 layer regenerations. Flow rates are 500 μL∕min.

Fig. 6. A plot of fluorescence vs. time for various probe surface densities
shows that probe surface density significantly affects the binding/bending
kinetics but does not affect the steady state level of IHF-induced bending.
Fitting the data from high surface density (Blue Dashed Line) and low surface
density (Red Dashed Line) to a single exponential decay yields time constants
of 320 and 70 s. The Inset shows probe surface density vs. the binding rate,
where τ is the time constant extracted from the exponential decay fits due to
IHF-induced bending at fluorescence values prior to IHF binding. The line is a
guide to the eye.
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Conclusions
We introduced a platform to measure real-time in situ protein-
induced conformational changes in immobilized dsDNA probes.
We demonstrated the ability to discern differences in conforma-
tional changes resulting from sequence-specific protein binding,
and the measured concentration dependence of protein binding
agrees with previously published values. Additionally, the binding
kinetics elucidate a high dependence of the binding rate on the
probe surface density. The platform allows electrical control of
the probe surface density, and we show a high dependence of
the binding kinetics on the probe surface density. To address this
surface density dependence, we describe a method to conduct
multiple binding experiments to a surface with high repeatability
in the binding kinetics. The platform therefore offers a compre-
hensive approach to investigate protein-induced conformational
changes in immobilized dsDNA. The ability to modify the tech-
nology for microarrayed measurements will allow high through-
put measurements that are required to investigate the sequence
dependence of DNA–protein interactions. In addition to analyz-
ing protein–DNA interactions, we envisage that our platform can
be adapted to identify and characterize compounds, which, upon
DNA binding/cross-linking, induce significant DNA conforma-
tional changes, such as the chemotherapeutic agent cisplatin (20).

Materials and Methods
Au electrodes, 120 μm in diameter, were prepared by depositing Au (300 nm)
on Ti (10 nm) on a single crystalline sapphire wafer. Annular Pt counterelec-
trodes, >1 mm in diameter, surround the Au electrodes and are prepared by
depositing Pt (300 nm) on Ti (10 nm). The Au-Pt separation is 100 μm. A silicon
O-ring surrounds the Au-Pt electrodes, and the flow chamber is formed by
clamping the silicon O-ring between a coverslip and the wafer. Au metal
traces connect the electrodes to electrical contacts on the perimeter of
the wafer. A potentiostat (Autolab PGSTAT30; Eco Chemie) was utilized to
monitor and control the voltage between the Au and Pt electrodes. The
substrates were cleaned with H2SO4∶H2O2 ¼ 7∶3 piranha solution for

5 min followed by HNO3 (60%) for 15 min and rinsed with deionized water
and N2 drying. DNA was obtained from IBA GmbH. The 80-base-pair-long
oligonucleotides were functionalized with a thiol on the 5′ proximal end
and with a Cy3 fluorophore on the 3′ distal end. Hybridization was done
for 1 hr at 70 °C in buffer (20 μM DNA, 200 mM NaCl, 10 mM Tris, pH
7.3). Following hybridization, the dsDNA probes were end-grafted on the
gold electrode by hand-spotting the immobilization buffer (10 mM Tris,
pH 7.3, 50 mM NaCl, 10 μM dsDNA) followed by passivation of the Au elec-
trode through coadsorption of 1 mM mercaptohexanol for 1 hr. The flow
chamber is 21 mm in length, 4.2 mm in width, and 0.9 mm in height (volume
∼80 μL). All protein binding was done in 50 mM NaCl, 10 mM Tris buffer, pH
7.3. Four different probe sequences were designed and immobilized on
separate electrodes. The IHF H′ binding site, derived from the phage lambda
attP sequence, is highlighted in bold:

H′-Low: Proximal IHF binding site
5′ SH C6 GAT GATAGAGAAAAA AGC ATT GCT TAT CAATTT GTT GGC GCG

GAT GTC AGT AGT AGA TAG AGT GTG TAG TGA CCT GGT GT CY3 3′
H′-Mid: IHF binding site near probe center
5′ SH C6 GAT GAT AGA AGA TAG AGT GTG TAG TGA CCT GGT GAA AAA

AGC ATT GCT TAT CAA TTT GTT GGC GCG GAT GTC AGT AGT GT CY3 3′
H′-High: Distal IHF binding site
5′ SH C6 GAT GAT AGA AGA TAG AGT GTG TAG TGA CCT GGT GGC GCG

GTC TGA GTT AGT AAA AAA GCA TTG CTT ATC AAT TTG TTG AG CY3 3′
Control: No H′ binding site
5′ SH C6 GAT GAT AGA AGA TAG AGT GTG TAG TGA GGT GGT GGA TGA

TAG AAG ATA GAG TGT GTA GAG TGC GCG GAT GTC AGT AGT GT CY3 3′
A microscope in reflected dark field mode (Olympus BX-RLA2) was used

for probe illumination (CW DPSS laser, 532 nm, Newport Spectra Physics, Pro
Millennia) and fluorescence light detection. Reflected light from the laser
illumination is filtered through a long wave pass filter (550 nm) and a band
pass filter (Semrock, FF01-582/75-25). Probe fluorescent emission intensity
(Cy3, peak emission ∼570 nm) is detected by a cooled photomultiplier
(Hamamatsu, Photosensor Modules H7422) operating in the single-
photon-counting mode.
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