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Kinetic characterization of the retinoic X receptor
binding to specific and unspecific DNA
oligoduplexes with a quartz crystal microbalance†

Rogério M. M. Rodrigues, Jorge de-Carvalho and Guilherme N. M. Ferreira*

Quartz Crystal Microbalance (QCM) biosensor technology was used to study the interaction of the DNA-

binding domain (DBD) of the transcription factor RXRa with immobilized specific (DR1) and unspecific

(DR1neg) DNA oligoduplexes. We identify the QCM sensor frequency at the susceptance minimum (fBmin)

as a better measuring parameter, and we show that fBmin is proportional to the mass adsorbed at the

sensor surface and is not influenced by interferences coming from viscoelastic variations of the

adsorbed layers or buffers. This parameter was used to study the binding of RXRa to DNA and to

calculate the association and dissociation kinetic constants of RXRaDBD–DR1 interaction. We show that

RXRaDBD binds to DNA both as a monomer and as a homodimer, and that the mechanism of binding is

salt dependent and occurs in two steps. The QCM biosensor data reveal that a high ionic strength buffer

prevents the unspecific interactions and at a lower ionic strength the dissociation of RXRaDBD–DR1

occurs in two phases.
Introduction

Retinoic X receptor a (RXRa) is a transcription factor member of
the nuclear hormone receptors that plays an essential role in
the regulation of many intracellular receptor signaling path-
ways. As a transcription factor, RXRa is involved in the gene
regulation of different cellular processes, including cellular
proliferation, and the metabolism of lipids and xenobiotics.1–7

RXRa presents a highly conserved DNA-binding domain
(DBD), which is very important in the recognition of the DNA
response elements. In response to external stimuli, RXRa forms
heterodimers with other receptors, including the peroxisome
proliferator-activated receptor (PPAR), thyroid receptor (TR),
vitamin D receptor (VDR) and retinoic acid receptor (RAR).1–4

However, in the presence of 9-cis retinoic acid, RXRa homo-
dimers are formed5,6 that bind to the RXRa DNA recognition
sequence (DR1) which is composed of two direct repeats of
AGGTCA polynucleotide sequence separated by one single
nucleotide.7

The mediation in ligand-dependent gene expression makes
RXRa transcription factor activity an important topic of study in
applied biomedical research. Protein–DNA interactions have been
studied with several biophysical techniques, including dynamic
light scattering, uorescence spectroscopy, microcalorimetry,
eering, Centro de Biomedicina Molecular e
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atomic force microscopy (AFM), surface plasmon resonance (SPR)
and QCM.8–14 Among these technologies, QCM has been tradi-
tionally applied in label-free microgravimetric applications
because the real-time variation of its motional series resonance
frequency (Dfs) is proportional to the mass adhered to its
surface.15 Indeed, complex biological processes such as DNA
hybridization16 and protein–DNA interactions can also be moni-
tored and characterized with such acoustic wave biosensors.17

Nevertheless, QCM application in real-time kinetic studies with
biomolecules is limited because changes in the viscoelastic
properties of adsorbed lms interfere with the Dfs measure-
ment.18–20 Here, we use another mass-dependent frequency vari-
ation which is not affected by viscoelastic changes.19 We
demonstrate that the sensor frequency monitored at the suscep-
tance spectrum minimum (DfBmin) – see ESI Fig. S1† – is an
advantageous and effective alternative parameter to the classical
Dfs measurement, and enables a more accurate determination of
binding kinetic constants.19

Another advantage of the QCM is the possibility to infer the
mechanical properties of the biological lms,11–13,21,22 which can
be explored advantageously to comprehend the underlying
biophysical principles of molecular recognition. In particular,
the characterization of the physical properties of anchored DNA
sequences has received considerable attention.13,16,23–26

In this work, we used the QCM with impedance analysis to
characterize the RXRaDBD interaction with immobilized DNA
oligoduplexes. Kinetic binding constants and viscoelastic
properties of the DNA–protein complex structure were investi-
gated for different salt concentrations. We show that the salt
dependence of RXRaDBD–DNA recognition allows the
This journal is © The Royal Society of Chemistry 2014
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differentiation between specic and nonspecic interactions
and calculates the association and dissociation kinetic
constants for the RXRa specic and nonspecic interactions
with a DNA oligoduplex containing its response element (DR1)
and with a random DNA oligoduplex without the DR1 element
(DR1neg), respectively.

Experimental
RXRaDBD expression and purication

Human RXRaDBD (aminoacids 130 to 212 of the full RXR protein)
was amplied from the pGEX2TK-hRXRa vector containing the
full RXR DNA sequence27,28 and cloned into the pGEX4T expres-
sion vector. E. coli BL21-pLysS were transformed with the con-
structed vector and grown in 2 l LB media. The protein expression
was induced with IPTG at 25 �C for 6 hours. The expressed
RXRaDBDwas puried as described elsewhere.5,29 Briey, the cells
were disrupted by sonication in Tris buffer (20 mM Tris, 150 mM
NaCl, pH 8.0) containing 1mMDTT and 1mMPMSF. The soluble
fraction was collected aer centrifugation and loaded onto a
chromatography column packed with glutathione sepharose 4 fast
ow resin (GE Healthcare). The RXRaDBD was eluted with 10 mM
of reduced glutathione (GSH) in Tris buffer and stabilized by
addition of 10 mM of DTT. High purity (>98%) RXRaDBD protein
was further obtained by cation-exchange chromatography30 using
resource S resin (GE Healthcare). The protein was eluted from the
column using 300 mM NaCl, dialyzed at 4 �C for 24 hours against
the HEPES buffer (20 mM HEPES, 100 mM NaCl, pH 7.5) with 1
mM DTT and 50 mM ZnCl2 and stored at �20 �C. The purication
and characterization of the RXRaDBD are shown in ESI Fig. S2.†

Preparation of DNA oligoduplexes

The sense and antisense primers of the specic and nonspecic
DNA oligoduplex were purchased from Sigma-Aldrich. The
specic DNA sense primer was synthesized with 30 nucleobases
including the DR1 response element (underlined) and
modied with biotin at the 50 end (50-[biotin]-GGCGATAGG
CAGGTCAAAGGTCACATAGAT-30). A sense primer with a
random sequence of 30 nucleobases was used as the negative
control. In both cases, the sense and antisense strands were
annealed by heating to 95 �C for 5 min and cooling to the room
temperature in 10 mM Tris buffer pH 8.0 at a concentration of
20 mM. The DNA oligoduplexes were stored at�20 �C until their
immobilization at the sensor surface.

Preparation of QCM sensors

10 MHz quartz crystals with gold electrodes (0.2 cm2 of area)
were purchased from International Crystal Manufacturing
(ICM, USA). The crystals were exposed to UV/ozone (PSDT-UVT,
Novascan, USA) for 10 min, immersed into piranha solution
(3 : 1 mixture of sulphuric acid and 30% hydrogen peroxide) for
10 min, rinsed with ultrapure water (18.2 MU), and dried under
a nitrogen stream. The crystals were then incubated for 24
hours at 4 �C with a mixture of 10% biotin–PEG–disulde (LCC
Engineering, Switzerland) and 90% 11-hydroxy-1-undecanethiol
(Dojindo, Japan) at 1 mM in absolute ethanol. The crystals were
This journal is © The Royal Society of Chemistry 2014
rinsed with ethanol, water, dried with nitrogen and assembled
in a 25 ml acrylic ow cell. A solution of 3 mg ml�1 of streptavidin
(Roche) in PBST (10 mM Na2HPO4, 1.8 mM KH2PO4, 2.6 mM
KCl, 137 mM NaCl, 0.005% Tween-20, pH 7.4) was made to ow
at 100 ml min�1 using a high-precision syringe pump (Cetoni,
Germany) for 10 minutes. Finally, previously hybridized DNA
oligoduplexes at a concentration of 0.1 mM was immobilized
over the streptavidin layer under the same ow conditions.

Monitoring of the RXRaDBD interactions with the DNA
oligoduplexes

Custom-made soware for real-time data acquisition from a
Network/Impedance/Spectrum Analyzer 4395A (Agilent Tech-
nologies) was used to monitor changes in the conductance, G,
and susceptance, B, spectra with a 50 kHz frequency span
around the QCM resonance as described elsewhere.31,32 The
immobilized DNA oligoduplexes were challenged with different
RXRaDBD concentrations (0.05 to 2 mM), using HEPEST (10 mM
HEPES, 0.005% Tween-20, pH 8.0) containing 100, 150 or 250
mM NaCl as the carrier buffer. The ow was maintained at 100
ml min�1 and RXRaDBD solutions were applied for 10 min. The
biosensor surface was ushed with HEPEST buffer for 25 min.
Aer each cycle of RXRaDBD binding the biosensor surface was
regenerated with 0.5 M NaCl in HEPEST buffer for 2 min.

Interaction of GST–RXRDBD with RXRDBD

QCM sensors were activated for 4 h with the cross-linker
dithiobis-succinimidyl undecanoate (DSU) followed by 2 h with
1-hydroxy-11-undecanethiol (HUT) in ethanol solutions. Anti-
GST antibody was immobilized at 100 mg ml�1 for 2 h, and
unbound DSU molecules were inactivated with 1 M ethanol-
amine. Finally, GST–RXRaDBD was captured by anti-GST and
puried RXRaDBD (5 mM) was injected over the sensor surface
in HEPEST buffer.

Electrophoretic mobility shi assay

The interactions of RXRaDBD with the specic and unspecic
DNA oligoduplexes were promoted in solution for the electro-
phoretic mobility shi assay (EMSA). 10 nmol mixtures of the
tested DNA oligoduplexes with RXRaDBD were incubated for 3
hours in the binding buffer (20 mM Tris, 100 mM NaCl, 0.005%
Tween-20, 10% glycerol, pH 8.0) at room temperature. As controls,
the DNA oligoduplexes and the RXRaDBD were incubated in
separate solutions under the same conditions. The prepared
samples were applied in a native acrylamide gel (6%) containing
2.5% glycerol (pre-ran for 1 hour at 100 V at 4 �C). The gel was
resolved for 45 min at 90 V and 4 �C using TBE (45 mM Tris,
45 mM boric acid and 1 mM EDTA) as an electrophoretic buffer.
Finally, the gel was dyed using the silver staining method.

Results and discussion
A sensor frequency that is not inuenced by common
interferences

Martin et al.34 demonstrated that under certain conditions, the
QCM resonance frequency variation is the sum of the mass load
Analyst, 2014, 139, 3434–3440 | 3435
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Fig. 1 Frequency variations (Dfs and DfBmin), resistance variation (DR)
and capacitance variation (DC0) were monitored with (A) and without
(B) changes in buffer ionic strength and viscosity. Immobilization of
3 mgml�1 streptavidin and 0.1 mM biotinylated dsDNA. Flow injection of
1 ml samples and wash with PBST buffer between injections.
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and of the uids' rheological property contributions (Df¼ Dfm +
DfL). Once the uid viscosity and density are known, the mass
contribution to the resonance frequency variation can be
calculated by subtracting the liquid contribution from the
measured signal. The Sauerbrey equation15 can then be applied
to quantify the mass variation on the sensor surface. It is known
that changes in complex interfacial factors near or at the sensor
surface, such as the surface charge, the electrical double layer,
and the deposited lm viscoelasticity, also affect the propaga-
tion of the acoustic wave and, consequently, also contribute to
the measured resonance frequency (Df) signal.18,31,35 In such
cases, complex physical models are used in order to isolate
different contributions to the sensor signal to isolate and esti-
mate the mass contribution.22,26 Here, we demonstrate that a
frequency not affected by these interferences can be directly
extracted from the measured admittance spectra, Y ¼ G + iB,
where G is the conductance and B is the susceptance. This
frequency (DfBmin) is the frequency at the minimum of the
susceptance spectra, which is also the same at half height of the
conductance spectrum (Fig. S1, ESI†). DfBmin can be obtained
directly from the susceptance or conductance spectra and has
been suggested to be only sensitive to mass changes, even in
liquid environments.19 To show this, we use the Butterworth–
Van Dyke (BVD) model of the QCM18 that describes the QCM as
an electrical equivalent circuit composed of one resistance (R),
one inductance (L), and one capacitance (C) in parallel with one
parasitic capacitance (C0). These parameters are determined
from the best t of the conductance, GBVD ¼ R/[R2 + (uL �
1/uC)2], and susceptance, BBVD ¼ uC0 � (uL� 1/uC)/[R2 + (uL�
1/uC)2], to the experimental spectra, where u ¼ 2pf is the
angular frequency. The values of L and C can be further used to
calculate themotional series resonance frequency fs¼ O[1/(LC)]/
(2p) which is the commonly used parameter for the determi-
nation of the mass at the surface of the sensor crystal.

Among all the lumped BVD elements, C is related only to the
sensor physical material, and it is assumed to be constant upon
the mass and liquid loadings, which are known to promote
variations of R, L and C0. In liquid loading themajor inuencing
factors of R and C0 values are the layer's density and viscosity
and the balance of charged species,35 respectively. For an ideal
rigid mass loading, which respects the Sauerbrey equation
assumptions, DRz 0 U revealing that no dissipation occurs. In
such cases inductance is the only parameter changing,
increasing as a result of the deposition of mass. On the other
hand, the loading of a viscoelastic material is characterized by a
signicant variation of R.33–35 Whenever, capacitive changes
occur between the metal electrodes, C0 changes. Therefore, we
have paid special attention to the variation of R and C0 in our
assays. To demonstrate their importance, all the previously
mentioned parameters were extracted during the immobiliza-
tion of streptavidin onto biotin-functionalized QCM sensors. In
the rst experiment we have stabilized the QCM in water and
injected streptavidin in PBST. As shown in Fig. 1A, the sensor's
R and C0 changed upon the injection of streptavidin. This
response was expected since both the charge balance at the
surface and the contacting media viscosity are altered aer
changing from ultrapure water to PBST buffer, affecting both C0
3436 | Analyst, 2014, 139, 3434–3440
and R, respectively. As shown in Fig. 1A, both measured
frequencies, fs and fBmin, decreased as a result of streptavidin
immobilization. Clearly, DfBmin is not affected by variations of
the buffer properties, as evidenced when switching from
streptavidin containing buffer to ultrapure water (Fig. 1A). In
contrast, an overall increase of Dfs is observed upon washing
with water, stabilizing at a value close to DfBmin. These data
clearly show that, under these conditions, the mass of immo-
bilized streptavidin calculated from Dfs would be overestimated
due to the increase of R and C0.35 This reveals the risk for
misinterpretations from the Dfs signal, as the measured tran-
sient recorded when switching from buffer to water can be
interpreted as a desorption of mass and not as a decrease (or
variation) of C0 and R.35 Correction factors need to be used to
account for the inuence of C0 and R on Dfs,26 resulting in a
transient prole similar to DfBmin.

To further demonstrate the inuence of R and C0 on the
measured Dfs, the biotin modied sensors were now stabilized
in buffer (instead of water) before switching to streptavidin in
PBST. In this case, the ionic strength and the viscosity of the
buffer are maintained (with an exception of a minor contribu-
tion from the diluted protein) and, as shown in Fig. 1B, C0 and R
did not change (DR z 0 U and DC0 z 0 pF). Consequently, the
Dfs and DfBmin transients were very similar (Fig 1B). The total
frequency variation (DfBmin) during streptavidin immobilization
was 75 Hz, which from the Sauerbrey equation is translated to a
streptavidin surface density of 6.5 pmol cm�2, which is a value
very close to previously published data.32 When immobilizing
DNA over the streptavidin layer, different values of Dfs and
This journal is © The Royal Society of Chemistry 2014
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DfBmin were also measured (Fig. 1B). The immobilization of the
DNA oligoduplexes was expected to increase the viscoelasticity
at the sensor surface36 which was signaled by the QCM
biosensor by the increase of R (Fig. 1B). The viscoelasticity of
DNA oligoduplexes results in a higher dissipation of the
acoustic wave energy which explains the 30 Hz difference
between Dfs and DfBmin (Fig. 1B). Again, it is clear that Dfs
cannot be directly used to estimate any mass-related quantities,
as it would lead to overestimations and to erroneous conclu-
sions when studying viscoelastic mass loadings. The total mass
estimated for the immobilized DR1 DNA oligoduplexes from the
Sauerbrey equation applied to DfBmin is 3.3 pmol, which corre-
sponds to 5.3 � 1010 immobilized DR1 molecules and to a
1 : 2.5 ratio to streptavidin molecules. It is known that, due to
stereochemical effects and negative cooperativity, streptavidin
cannot interact with more than 2 to 3 of its 4 biotin binding
sites.32 Thus, the 1 : 2.5 ratio obtained from the mass estima-
tions with DfBmin is actually very close to what was expected
considering a full monolayer of DR1 over a streptavidin lm.32
Acoustic detection of RXRaDBD interactions with DNA

The interaction of RXRaDBD in HEPEST buffer with 150 mM
NaCl with immobilized DR1 and nonspecic DNA oligodu-
plexes was followed by monitoring the variations of the bio-
sensor's fBmin and R. The data collected during RXRaDBD's
binding, washing and desorption from the modied QCM
surface are represented in Fig. 2. We show that, under such
conditions, the RXRaDBD binds similarly to both the specic
DR1 (Fig. 2A) and the unspecic DR1neg (Fig. 2B) DNA oligo-
duplexes, leading to identical frequency variations. These data
clearly depict the difficulty in distinguishing the association
phases of RXRaDBD with the immobilized specic and unspe-
cic DNA oligoduplexes, which are inherent to the TF surface
charge and to the TF's mechanism of DNA recognition.
Considering the isoelectric point of RXRaDBD (pI ¼ 9.5), the
protein is mostly positively charged under the experimental
conditions, and thus it is likely to establish electrostatic
Fig. 2 Kinetic plots of the changes in frequency (lines) and motional
resistance (open circles) due to the interaction of 0.25 mM RXRDBD
with immobilized DR1 (A) and non-specific DNA (B) in the presence of
HEPEST buffer with 150 mM NaCl.

This journal is © The Royal Society of Chemistry 2014
interactions with the negatively charged DNA lms despite their
oligonucleotide sequence. Furthermore, the recognition and
association of transcription factors to DNA are known to follow
a two step mechanism in which long range and unspecic
electrostatic interactions occur initially to attract the TF close to
the DNA sequences and are then followed by the establishment
of short-range and specic van der Waals interaction and
hydrogen bonding.37–39 Since frequency variation measure-
ments are related to the mass at the sensor surface, it was not
expected that the measurement of DfBmin would by itself
distinguish the two steps of the RXRaDBD binding to the
immobilized oligoduplexes. Nevertheless, despite the similar
frequency variation transients measured during the association
phase for both specic and nonspecic DNA sequences, the
dissociation phases were very discernible – Fig. 2. As shown,
when RXRaDBD interacts specically with DR1 (Fig. 2A), the
complex was more stable leading to a slower dissociation phase
as compared with the interaction with the non-specic DR1neg
(Fig. 2B). Indeed, washing the sensor with the HEPEST buffer
was found to be sufficient for a fast and complete removal of the
RXRaDBD from the biosensor's surface modied with the
DR1neg DNA oligoduplex, in which case the sensor regeneration
was achieved in less than 15 min as signaled by the restoring of
the initial frequency value – Fig. 2B. In contrast, the complete
desorption and wash-out of RXRaDBD from the sensor modi-
ed with the specic DR1 DNA oligoduplex could only be ach-
ieved by increasing the buffer salt concentration to 0.5 M
(Fig. 2A). This salt-driven regeneration was found to be very
reproducible and useful to perform the kinetic study of
RXRaDBD while maintaining intact the biosensor basal struc-
ture of immobilized DNA oligoduplexes via streptavidin–biotin
affinity coupling. Indeed, the interaction of streptavidin–biotin
is very strong and stable having a long half-life, t1/2 z 3 days,40

which makes this biosensor activation and regeneration
methods very robust for relatively fast kinetic studies.

Considering our measured data in combination with the
currently accepted mechanism of TF recognition and binding to
DNA,37,39,41,42 we hypothesized that the key to kinetically distin-
guish the specic from unspecic complex formation of TFs with
DNA oligoduplexes relies on the effect of the concentration of salt.
A set of experiments were carried out with the HEPEST buffer
containing 100, 150 and 250 mM of NaCl to verify the effect of
buffer's ionic strength over the kinetics of formation of
RXRaDBD–DNA complexes – Fig. 3. A one-to-one binding model31

was used to estimate the binding rates of RXRaDBD to immobi-
lized DNA. The time dependency of the sensor surface coverage is
described: q ¼ C � qN/(C + kd/ka) � [1 � e�t/s], where qN is the
total number of available DNA binding sites at the sensor surface,
C is the concentration of RXRaDBD in solution, s¼ [ka� C + kd]

�1

is the relaxation time of binding, and ka and kd are the association
and dissociation rate constants. According to this 1 : 1 binding
model the dissociation of RXRaDBD from the DNA oligoduplexes
follows an exponential decay given by q ¼ q0 � e�kd�t, where q0

represented the surface coverage by RXRaDBD–DNA complexes at
the beginning of the dissociation process. The dissociation rate
constant, kd, is directly calculated from the tting of this equation
to experimental dissociation data.
Analyst, 2014, 139, 3434–3440 | 3437

http://dx.doi.org/10.1039/c4an00286e


Fig. 3 Kinetic transients of RXRDBD: interactions in the presence of
100 (top panel), 150 (middle panel) and 250 mM of NaCl (bottom
panel) with specific DNA oligoduplex DR1 (A) and non-specific DNA
oligoduplex DR1neg (B). Increasing concentrations of protein (, �
0.05, B � 0.1, O � 0.25, P � 0.5, > � 1.0 and 8 � 2.0 mM) were
injected over the same DNA surface after regeneration. Each transient
is the average of three experiments. Solid lines represent the fit of a
1 : 1 (red) and 2 : 1 (green) binding model to the experimental data
points during the association and dissociation phases.

Fig. 4 Dissociation transient between 1 mM of the RXRaDBD specific
complex with the DR1 DNA oligoduplex at 100 mM NaCl. Minimum
squared error nonlinear fittings were used to adjust experimental data
to the 1 : 1 interaction model (A) and to the double exponential model
(B). The insets show the residual from the model fit.

Table 1 Kinetic parameters for the interaction RXRDBD–DR1

NaCl
(mM)

DNA
oligoduplex

ka
(�10�4 M�1 s�1)

kd
(�104 s�1)

KD

(nM)

100 DR1a 3.2 � 0.4 380 � 61 1180 � 240
DR1b 3.7 � 0.7 1.2 � 0.2 3.2 � 0.8
DR1neg 3.0 � 0.6 9.6 � 1.2 31 � 7.3

150 DR1 3.2 � 0.4 3.2 � 0.6 9.9 � 2.0
DR1neg 2.4 � 0.2 61 � 5.5 252 � 31

250 DR1 2.9 � 0.5 227 � 62 768 � 250
DR1neg n.d. n.d. n.d.

a Interaction of RXRaDBD with the DR1 DNA oligoduplex in the
monomer form. b Interaction of RXRaDBD with the DR1 DNA
oligoduplex in the dimer form; n.d. not detected, without interaction.
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As shown in Fig. 3 the salt has an important effect on the
formation and stability of protein–DNA complexes. While the
1 : 1 model tted well with the experimental data at 150 mM
and 250 mM NaCl, this was not observed for 100 mM NaCl
solution (Fig. 3A). The dissociation phase for 100 mM NaCl
(Fig. 4) clearly shows two stages and the residuals of the t to a
single exponential decay are not randomly dispersed (Fig. 4A).

As such, we tested a double exponential decay, q ¼ q1 �
e�(kd1�t) + q2� e�(kd2�t), to describe the dissociation of RXRaDBD
for the 100 mM NaCl solution. The double exponential decay
model resulted in a clear improvement of the tting, as shown
by the random dispersion of the residuals (Fig. 4B). These data
reveal the dissociation in two steps in accordance with previous
reports for other nuclear receptors.43 Two dissociation rate
constants, kd1 and kd2, were thus determined for the RXRaDBD–
DNA interaction at 100 mM NaCl – Table 1.
RXRaDBD homodimerization

As it was previously suggested that the RXRaDBD interacts with
the motif DR1 in the homodimer form, the results in Fig. 4
suggest that the two exponential decays reect the dissociation
of the monomer and of the dimer forms from DNA. In order to
prove that the RXRaDBD can form homodimers in solution
under these experimental conditions, we generated a biosensor
with immobilized RXRaDBD and studied the kinetics of
3438 | Analyst, 2014, 139, 3434–3440
homodimer formation. To do so, a fusion protein of GST–
RXRaDBD was immobilized at the sensor surface under
controlled surface orientation using a previously immobilized
anti-GST antibody and was challenged with puried RXRaDBD.
The protein–protein interaction resulted in the formation of a
rigid complex, with no variation of the sensor motional resis-
tance, with a kinetic prole following a simple 1 : 1 interaction
model (Fig. 5A). The control of the RXRaDBD interaction with
immobilized anti-GST did not show signicant adsorption
(<10%), which reveals the specicity of the homodimerization
interaction on the sensor. This experiment conrms the possi-
bility of co-existence of the RXRaDBD monomer and dimer
forms in solution. The rate constants were calculated from the
t of the 1 : 1 model for the association and dissociation phases
in Fig. 5A, enabling the calculation of the equilibrium constant
KD ¼ kd/ka ¼ 8.5 � 10�7 M which characterizes the homo-
dimerization interaction of RXRaDBD.

The homodimerization of RXRaDBD and the interaction of
this nuclear receptor with DNA both as a monomer and as a
homodimer were further demonstrated by an electrophoretic
mobility shi assay (Fig. 5B). In the presence of the oligoduplex
containing the specic binding sequence (DR1) two protein
bands are visible corresponding to two DNA–protein complexes
– lane 1, Fig. 5B. The migration path of these protein bands
reveals a two-fold relationship on the size (weight) of the
proteins, thus being evidence of RXRaDBD homodimerization.
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Homodimerization of RXRaDBD. (A) Sensor data DfBmin cor-
responding to the association and dissociation phases of the dimer-
ization interaction of free and immobilized RXRaDBD. The non-linear
fit to a one-to-one interaction model is shown (solid line) together
with the 95% confidence interval (dashed lines). (B) Electrophoretic
mobility shift assay of the RXRaDBD complexes with DR1 (lane 1) and
DR1neg (lane 2). Lane 3 corresponds to a control with just DR1 DNA
oligoduplex. Protein–DNA complexes and free DNA oligoduplexes are
indicated with “*” and “/”, respectively.
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Fig. 5B also shows that when unspecic oligoduplexes were
present, only a dragging of protein was observed (no clear
protein bands) and no protein migration was observed in the
absence of any DNA sequence.

It is thus evident that under these experimental conditions
RXRaDBD interacts with immobilized DR1 oligoduplexes
simultaneously as a monomer (A) and as a dimer (A2).
Mechanism of the RXRaDBD interaction with immobilized
DNA oligoduplexes

A binding mechanism of two species to the same immobilized
receptor would better describe the experimental data43 – see
ESI.† This model was used to describe the interaction of
RXRaDBD simultaneously as a monomer (A) and as a dimer (A2)
with immobilized DNA (B), and the association rate constants,
ka1 and ka2, were calculated through nonlinear tting to the
adsorption phase in Fig. 3A – details in the ESI.†

The kinetic constant values for the different salt concentra-
tions are summarized in Table 1. The ionic strength has no
signicant inuence on the association rate constant, ka, for the
interaction of RXRaDBD with the DR1 or DR1neg DNA oligo-
duplexes. On the other hand, the dissociation rate constant (kd)
of RXRaDBD–DR1 complexes increases with the increase of the
concentration of salt, which consequently is similarly reected
on the equilibrium constant (KD). For all the cases, the unspe-
cic interaction shows higher kd values. Furthermore, at
250 mM NaCl no signicant binding was measured for
RXRaDBD to the DR1neg DNA oligoduplex. These data reveal
that the binding of RXRaDBD to DNA is drastically reduced at
higher ionic strengths, as also reported for other transcription
factors.44 Our data suggest that this decrease of the RXRaDBD
peptide ability to bind is not associated with alteration of its
affinity, as these would be reected by changes in the associa-
tion rate constant. In fact, as increasing kd values were calcu-
lated for increasing salt concentrations, we hypothesize that
such decrease of the RXRaDBD peptide ability to bind is
This journal is © The Royal Society of Chemistry 2014
associated with electrostatic shielding effects of the positive
charges of RXRaDBD by the salt. This result adds to the
hypothesis of a two-step binding mechanism in which the rst
step is driven by electrostatic interactions whilst the second step
is driven by affinity interactions.44–47

Conclusions

We have shown that the QCM is an efficient tool to characterize
protein–DNA complexes. In particular the sensor can detect the
binding of the transcription factor RXRaDBD to its specic
recognition DNA sequence DR1. A sensor frequency variation
that is only dependent on the variation of the mass, therefore
being tolerant to viscoelasticity changes on the adsorbed layer,
was identied and used successfully to calculate the association
and dissociation kinetic constants of the RXRaDBD–DR1
interaction. We show that a high ionic strength buffer prevents
unspecic interactions and at a lower ionic strength the disso-
ciation of RXRaDBD–DR1 occurs in two phases.

Kinetic studies of TF–DNA binding enable both the identi-
cation of DNA binding sites (RE), which is one of the major
goals of TF research in general, and the quantication of the
affinity of TF–DNA. As shown, the methodology herein devel-
oped is an important tool in understanding and quantifying the
mechanism of such interactions.
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N. P. Mira, I. Sá-Correia and G. N. M. Ferreira, Analyst, 2014,
139, 1847–1855.

23 W. Tang, D. Wang, Y. Xu, N. Li and F. Liu, Chem. Commun.,
2012, 48, 6678–6680.

24 G. C. DeNolf, L. Haack, J. Holubka, A. Straccia, K. Blohowiak,
C. Broadbent and K. R. Shull, Langmuir, 2011, 27, 9873–9879.

25 A. Tsortos, G. Papadakis, K. Mitsakakis, K. A. Melzak and
E. Gizeli, Biophys. J., 2008, 94, 2706–2715.

26 H. Su and M. Thompson, Can. J. Chem., 1996, 74, 344–358.
27 B. Lefebvre, Y. Benomar, A. Guédin, A. Langlois,

N. Hennuyer, J. Dumont, E. Bouchaert, C. Dacquet,
L. Pénicaud, L. Casteilla, F. Pattou, A. Ktorza, B. Staels and
P. Lefebvre, J. Clin. Invest., 2010, 120, 1454–1468.

28 B. Lefebvre, C. Brand, P. Lefebvre and K. Ozato, Mol. Cell.
Biol., 2002, 22, 1446–1459.
3440 | Analyst, 2014, 139, 3434–3440
29 Q. Zhao, S. Khorasanizadeh, Y. Miyoshi, M. A. Lazar and
F. Rastinejad, Mol. Cell, 1998, 1, 849–861.

30 S. M. A. Holmbeck, M. P. Foster, D. R. Casimiro, D. S. Sem,
H. J. Dyson and P. E. Wright, J. Mol. Biol., 1998, 281, 271–
284.

31 J. M. Encarnação, L. Rosa, R. Rodrigues, L. Pedro, F. A. da-
Silva, J. Gonçalves and G. N. M. Ferreira, J. Biotechnol.,
2007, 132, 142–148.

32 J. M. Encarnação, R. Baltazar, P. Stallinga and
G. N. M. Ferreira, J. Mol. Recognit., 2008, 22, 129–137.

33 G. N. M. Ferreira, J. M. Encarnação, L. Rosa, R. Rodrigues,
R. Breyner, S. Barrento, L. Pedro, F. A. da-Silva and
J. Gonçalves, Biosens. Bioelectron., 2007, 23, 384–392.

34 S. J. Martin, V. E. Granstaff and G. C. Frye, Anal. Chem., 1991,
63, 2272–2281.

35 J. M. Encarnação, P. Stallinga and G. N. M. Ferreira, Biosens.
Bioelectron., 2007, 22, 1351–1358.

36 C. Larsson, M. Rodahl and F. Hook, Anal. Chem., 2003, 75,
5080–5087.

37 A. B. Kolomeisky, Phys. Chem. Chem. Phys., 2011, 13, 2088–
2095.

38 H.-X. Zhou, Proc. Natl. Acad. Sci. U. S. A., 2011, 108, 8651–
8656.

39 A. Marcovitz and Y. Levy, Proc. Natl. Acad. Sci. U. S. A., 2011,
108, 17957–17962.

40 N. M. Green, in Avidin–Biotin Technology: Methods in
Enzymology, ed. M. Wilchek and E. A. Bayer, Elsevier, 1990,
vol. 184, ch. 5, pp. 51–67.

41 M. A. D. de-la-Rosa, E. F. Koslover, P. J. Mulligan and
A. J. Spakowitz, Biophys. J., 2010, 98, 2943–2953.

42 A. Marcovitz and Y. Levy, Biophys. J., 2013, 104, 2042–2050.
43 B. Cheskis and L. P. Freedman, Biochemistry, 1996, 35, 3309–

3318.
44 D. J. Hart, R. E. Speight, M. A. Cooper, J. D. Sutherland and

J. M. Blackburn, Nucleic Acids Res., 1999, 27, 1063–1069.
45 Q. Zhao, S. A. Chasse, S. D. M. L. Sierk, B. Ahvazi and

F. Rastinejad, J. Mol. Biol., 2000, 296, 509–520.
46 P. L. DeHaseth, T. M. Lohman and M. T. Record Jr,

Biochemistry, 1977, 16, 4783–4790.
47 P. L. Privalov, A. I. Dragan and C. Crane-Robinson, Nucleic

Acids Res., 2011, 39, 2483–2491.
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4an00286e

	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...
	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...
	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...
	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...
	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...
	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...
	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...
	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...
	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...

	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...
	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...
	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...
	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...
	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...

	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...
	Kinetic characterization of the retinoic X receptor binding to specific and unspecific DNA oligoduplexes with a quartz crystal microbalanceElectronic...


