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ABSTRACT Estrogen receptors are ligand-activated transcription factors that regulate gene expression by binding to specific
DNA sequences. To date, the effect of ligands on the conformation of estrogen receptor « (ERa)-DNA complex remains a poorly
understood issue. In our study, we are introducing the quartz crystal microbalance with dissipation monitoring (QCM-D) as a new
alternative to study the conformational differences in protein-DNA complexes. Specifically, we have used QCM-D, in combination
with surface plasmon resonance (SPR) spectroscopy, to monitor the binding of ER« to a specific DNA (estrogen response element,
ERE) and a nonspecific DNA in the presence of either the agonist ligand, 17b-estradiol, the partial antagonist ligand,
4-hydroxytamoxifen, or vehicle alone. Both with presence and absence of ligand, the specific ERa-ERE complexes are observed to
adopt a more compact conformation compared to nonspecific complexes. This observation is well correlated to the biophysical
changes occurring during protein-DNA interaction shown by past structural and mechanism studies. Notably, pretreatment of ER«
with E2 and 40HT affects not only the viscoelasticity and conformation of the protein-DNA complex but also ER« binding capacity
to immobilized ERE. These results affirm that ligands have remarkable effects on ERa-DNA complexes. Understanding these

effects will provide insight into how ligand binding promotes subsequent events required for gene transcription.

INTRODUCTION

Estrogen receptors (ERs), a- and B-subtypes, are ligand-
activated transcription factors that regulate genes responsible
for development and maintenance of reproductive tissues and
are also involved in the maintenance of other physiological
functions (1-3). Upon binding to cognate ligands such as es-
trogen, ERs undergo conformational changes (4) and subse-
quently dissociate from chaperone proteins (5), dimerize (6),
and bind to specific DNA sequences known as estrogen re-
sponse elements (EREs) (7,8) to change gene transcription lev-
els. The exact mechanism(s) of how ERs differentially regulate
genes is unclear, but it is known that recruitment of cell-
specific factors such as coactivators to the ER-ERE complex
through protein-protein interactions connects the regulatory
effect of ERs to the transcription initiation complex (9,10).
Although the structural basis of how ligands affect the re-
cruitment of coactivators or corepressors is understood through
x-ray crystallography (11,12) and NMR studies (13) on the
ligand binding domain (LBD) of human estrogen receptor
a (hERe), it is controversial and debatable if ligands have
effects on hER« interaction with DNA (8). Unfortunately,
there is no structural information available on the atomic level
of the full-length ERs (made up of six different domains) (8)
after ligand and/or ERE binding to propel us nearer to un-
derstanding the regulation mechanism. On one hand, elec-
trophoretic mobility shift assay (EMSA) experiments have
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demonstrated that antagonistic ligands, e.g., 4-hydroxyta-
moxifen (4-OHT)-bound hER« and ERE complexes display
retarded mobility compared to those with nonliganded and
17B-estradiol-bound hER«a-ERE (14,15), thus suggesting dif-
ferences in charge, shape, or size of the 4OHT-bound hER«
complex; on the other hand, protease digestion of hER« com-
plexed with DNA have shown that binding of ligands does not
lead to different digestion patterns of estrogen receptor «
(ERa), i.e., no conformational difference of ER« after various
ligand binding in the presence of ERE (14). Other studies have
shown that ERE sequences are also important modulators
of ER’s conformation (particularly the conformation of the
DNA binding domain, DBD) (16,17). These findings increase
the level of complexity involved in controlling ERa’s ability
to recruit cofactors when bound to the complex (18).

To affirm if ligands have effects on the conformation of
the overall ERa-DNA complex and to detect the conforma-
tional changes in ERE and ERa when forming specific com-
plex, we employ an alternative technique, namely quartz crystal
microbalance with dissipation monitoring (QCM-D), in com-
bination with surface plasmon resonance (SPR) spectros-
copy to monitor the complexes formed. QCM-D, as a surface
analytical technique, has been increasingly used successfully
to probe conformational changes during biointerface pro-
cesses involving various biomolecules. The past studies on
protein adsorption on various substrates (19-20), changes in
their viscoelastic properties (21,22), self-assembly of sup-
ported lipid bilayers (23,24), DNA assembly and hybridiza-
tion (25,26) etc. have demonstrated that the simultaneously
measured frequency and dissipation changes reflect the

doi: 10.1529/biophys;j.106.099382



4416

viscoelastic behavior of the adsorbed biomolecules and can
be related to the conformation of the adsorbed biomolecular
films. We believe that the viscoelasticity-related conformation
parameters such as flexibility and amount of water coupled are
important biophysical parameters in seeking understanding of
protein-DNA recognition processes.

To facilitate the study, we first examine the viscoelasticity
behavior of an ERa-ERE complex that is formed based on
specific sequence recognition and a nonspecific ERa-DNA
complex formed based on mainly loose electrostatic con-
tacts, without any ligand. After this, we investigate the effect
of two ligands (an agonist 178-estradiol, E2, and a partial
antagonist, 40HT) on the viscoelasticity behavior of ERa-
ERE complexes. Both E2 and 4OHT are known to bind to
the LBD of ERa and induce different conformational changes
in LBD alone (14), but whether they affect the overall con-
formation of an ER-DNA complex seems unclear. The as-
sessment of the ligand-free ER-DNA complexes provides a
basis for understanding how QCM-D is sensitive to the
conformation of ER-DNA complexes formed under different
mechanisms, which then facilitates the understanding of con-
formational changes induced by ligand binding.

Since the QCM cannot provide direct quantification of the
binding amount of protein and DNA (26-28), we use a com-
plementary technique, SPR spectroscopy, to quantify the
binding amounts of the proteins and elucidate ligand-
dependent ER« binding capacity. By modeling the combined
SPR and QCM-D data, the layer thickness, water content, and
relative changes in viscoelastic properties of the differently
liganded ERa can be found. Through this analysis, dif-
ferences in viscoelasticity between the various ERa-ERE-
complex biolayers and altered ability of liganded-ERa to
interact with immobilized DNA were observed.

MATERIALS AND METHODS
Estrogen receptor

Purified recombinant hERa was purchased from PanVera (Madison, WI).
The protein (2088 nM in HEPES buffer containing 10% glycerol) was stored
in aliquots of 10 ul at —80°C for long-term storage. Before use, the aliquots
were thawed in a room temperature water bath and diluted using HEPES
buffer (40 mM HEPES-KOH binding buffer, pH 7.4, containing 10 mM
MgCl,, 0.2% Triton X-100, 1 mM DTT (dithiothreitol), and 100 mM KCl)
to form working solutions of 125 nM.

Oligodeoxyribonucleotides

Thirty-four basepair (bp) oligos, synthesized by Proligo Primers & Probes
(Boulder, CO), were tagged with biotin at the 5" end. The specific ERE
(5'-biotin-GTCCAAAGTCAGGTCACAGTGACCTGATCAAAGT-3'), de-
noted ERE, contains core consensus sequence (underlined) from chicken
vitellogenin A2 gene (29). A sequence-scrambled DNA (5'-biotin-
GTCCAAAGTCAATCGCCAGCACGATGATCAAAGT-3’), denoted as
non-ERE, was used as a negative control. The biotinylated strands and the
antistrands were annealed in phosphate buffered saline (PBS, pH 7.4)
containing 10 mM EDTA, pH 7.5. The double-stranded DNA solutions were
stored at —27°C.
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Ligands

17-B estradiol (E2) and 4OHT were purchased from Sigma-Aldrich (St.
Louis, MO; E2257 and H7904, respectively). Both ligands were dissolved in
ethanol and stored at 4°C.

Sensor surface preparation

QCM-D and SPR gold disks were first cleaned (10 min under ultraviolet/ozone
followed by 2 min with hot piranha solution (caution!) and then treated over-
night with a binary biotin-containing thiol mixture (30) of 10% biotin-PEG
(polyethylene glycol) disulfide (LCC Engineering & Trading, Egerkingen,
Switzerland) and 90% 1 1-mercaptol-1-undecanol (Sigma-Aldrich) at a net con-
centration of 1 mM in ethanol. The disks are ready for measurements after
rinsing with ethanol followed by a drying step using nitrogen.

To prepare streptavidin (SA)-modified surfaces for DNA immobilization,
the biotin-containing thiol-treated sensor disks were exposed to 0.1 mg/ml
SA (Sigma-Aldrich) for 15 min. PBS buffer (10 mM phosphate buffer, pH
7.4, 150 mM NacCl) was used as a carrier buffer for SA and the successive
DNA assembly. HEPES buffer was used for monitoring various ERa-DNA
interactions.

Binding assay procedures

In the study of unliganded ERa-DNA complex, non-ERE or ERE at 200 nM
was immobilized to SA-modified surfaces. Unliganded ERa (125 nM) was
applied to the DNA-immobilized surfaces for 30 min in HEPES buffer at
room temperature.

In the study of ligand effect, ERE immobilization was carried out using
working concentrations of either 200 nM or 20 nM to produce immobilized
DNA of different packing densities. Before application to ERE-immobilized
surfaces, ERa (125 nM) was incubated with either 10 uM E2 or 4OHT (total
ethanol content 0.1%) for 30 min in 4°C. All control experiments were
performed with ERe, which was similarly pretreated with ethanol vehicle
(Ctrl ERa).

To regenerate the immobilized DNA surface, 0.1% SDS (sodium dodecyl
sulfate) was added to liquid cell and incubated for 2-3 min. HEPES buffer
was then applied to replace the SDS and to reset the baseline for new cycles
of receptor binding.

QCM-D measurement

The QCM-D measurements were conducted using Q-Sense electronics and
5-MHz AT-cut quartz crystals (Q-Sense, Goteborg, Sweden), which have a
mass sensitivity factor of 1 Hz = 17.7 ng/cm?, valid for thin, rigid films. The
QCM-D electronics allow for simultaneous measurements of frequency
change (Af) and energy dissipation change (AD) by periodically switching
off the driving power over the crystal and recording the decay of the damped
oscillation. The QCM-D setup allows for subsequent measurements of up to
four harmonics (fundamental frequency and 15, 25, and 35 MHz, cor-
responding to the overtones n = 3, 5, and 7, respectively) of the 5-MHz
crystal. For clarity, the normalized frequency shift (Aformatizea = Af5/5) and
dissipation shift for the fifth overtone are presented. During the measure-
ments, the crystal was mounted in a liquid chamber, designed to provide a
rapid, nonperturbing exchange of the liquid over one side of the sensor. The
measurements were conducted at controlled room temperature, and the
short-term noise level in fand D with liquid load was 0.3 Hz and 0.2 X 1076,
respectively.

SPR measurement

The SPR measurements were conducted using the AutoLab ESPR (Eco
Chemie, Utrecht, The Netherlands). A gold-coated glass disk mounted on a
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prism forms the base of a two-channel cuvette. In this study, different DNA
samples are immobilized into the two independent channels for protein to
bind. In kinetic measurement mode, the incoupling angle of the plasmon
resonance () is recorded over time for molecular adsorption at room tem-
perature, and the noise level was 0.5 mDeg. In the Autolab ESPR system, the
conversion factor from angle shift to absorbed mass is 833 ng/(cm?/deg) for
proteins (31). Using the de Feijter formula with a conversion factor of 833
ng/(cm*/deg) for proteins (corresponding to dn/dc = 0.18) and 789 ng/(cm?/
deg) for DNA (corresponding to dn/dc = 0.19), the mass of the adsorbed
biomolecules, Amgpg, could be determined from the SPR angle shifts (32).

Data modeling

All QCM-D data were modeled using a Voigt-type viscoelastic model using
the QTools 2 software (Q-Sense) (33). Two overtones were used for the
modeling, and the third was used to verify the robustness of the results.
Several approaches were tried assuming different layer structures. Based on
the closeness of fit of the modeled to the measured data, it was determined
that a one-layer model for simulating the ERE and ER« adsorption best
represented the data. The SA layer was separately modeled and subtracted
because of its low dissipation, and all effects of buffer changes on the data
were removed by subtraction before modeling commenced.

First, the QCM-D data were modeled using an arbitrary density of 1100
g/dm? to find the mass of the adsorbed biofilm, including coupled water,
corrected for the viscoelastic response of the film (21). It has been shown
that changing the density between 10001700 g/dm® affects only the
modeled thickness while essentially conserving the product, i.e., the mass
(24,26). The water content of the film (total amount of water coupled in the
film and not limited to water entrapped within the biomolecules) could then
be calculated from Water content = (Amyige — Amgspr )/ Amy,ige. Knowing
the water content and the respective mass of DNA and protein, the density of
the film (DNA including protein) was calculated using

pﬁlm,effective =
A’nVOigt

)
AmERE,SPR/pDNA + AWlEROGSPR/pprolein + AmwmeﬂSPR/pwaler

where Amggrg spr and Amgg, spr are the respective mass increases measured
by SPR after adsorption of the hybridized DNA and the ligand or nonliganded
ERa, respectively, Antyarer = Amvyoigt — AmERg spr — AmEra,spraNd ppNa,
Pprotein> aNd Pyaeer are the densities of DNA, protein, and water, respectively.

Using gy effeciive @S input for iterated modeling, the proper acoustic
thickness, viscosity, and shear modulus of the film could be obtained (27).

RESULTS AND DISCUSSION

Specific ERe-DNA binding leads to formation of a
less dissipative complex

Fig. 1 is a schematic illustration of the assay procedures.
Biotinylated-DNA, either specific or nonspecific sequence
(ERE or non-ERE), was immobilized on the SA-modified
surface. ERa (either liganded or unliganded) at a fixed
concentration is then added to bind to the immobilized DNA.
The DNA surface is regenerated for multiple subsequent
binding events by using 0.1% SDS to remove the bound
proteins.

To understand how specific ERE binding modulates the
conformation of ERa-ERE complex (with no ligand in-
volved), real time frequency (Af) and dissipation (AD) changes
were recorded for the binding of ER« to the non-ERE (Fig.
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FIGURE 1 Schematic illustration of the assay procedures used in this
study. Drawing is not to scale. The DNA can be specific ERE or non-ERE.
The ERa can be unliganded or liganded with E2 or 4OHT.

2 A) and the specific ERE (Fig. 2 B) immobilized surfaces
(immobilization of ERE and non-ERE has identical Af and
AD, (relative standard deviation) RSD < 1.5%, curves not
shown). The initial change in both f and D observed upon
addition of ERa samples includes not just protein adsorp-
tion but mainly a buffer change effect (the ERa working so-
lution contains some glycerol absent in the baseline HEPES
buffer; see Materials and Methods). Upon rinsing the sur-
face at the end of the protein binding, this buffer effect is
removed and the endpoint Af and AD are recorded. Control
experiments were performed to apply the ERa solution on-
to the SA-modified surface that carries no DNA. Only the
response of the entirely reversible buffer effect is recorded,
showing that there is no detectable nonspecific ERa adsorp-
tion on the surface.

In Fig. 2, a much larger frequency drop is observed for the
specific binding (Fig. 2 B) compared to nonspecific binding
(Fig. 2 A), showing that the ERa preferentially binds to the
specific ERE sequence (14). The dissipation response also
displays different trends for the specific and nonspecific bind-
ing. To observe how dissipation changes occur as more ER«
binds to surface-immobilized DNA, AD induced by ER«
binding is plotted against Af (Fig. 2 C, buffer jump effect is
removed according to the control experiments). This roughly
corresponds to plotting the energy loss induced by the vis-
cosity of the film versus the mass. Although the endpoint fre-
quency changes are different, it is clear that for each unit
frequency change down to Af > —8, there were observable
larger dissipation changes for nonspecific ERa binding than
specific ERa binding. It should also be kept in mind that the
first data points where binding looks similar still contain ef-
fects from the solution exchange and are not reflective of only
the binding conformation.
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FIGURE 2 QCM-D measurements of normalized Af and AD signals
versus time at overtone n = 5 for unliganded ERa (125 nM) to bind to a (A)
non-ERE and (B) specific ERE immobilized on the surface, forming non-
specific and specific complexes, respectively. (C) AD-Af plots for the for-
mation of nonspecific and specific complex.

Previous studies have shown that the QCM-D dissipation
factor is ameasure of internal energy lost in the biolayer due to
periodic shear stress (34,35). Large dissipation changes or
AD/Afratios are commonly associated with extended, flexible
conformations of the individual biomolecules with a high
water content (25) or loose bindings between interacting
biomolecules (20,34), as loosely attached films tend to deform
during the shear oscillation and dissipate more mechanical
energy. On the other hand, a low dissipation is usually
interpreted to be reflective of dehydrated, structured biomol-
ecules packed to form a rigid biolayer (21,34).

The distinct dissipative behaviors we observed for the non-
specific and specific ERa-DNA complex can be explained
based on 1), the above understandings of QCM-D capability,
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2), available conformational analysis of ERa and DNA bind-
ing, and 3), current understandings of the mechanism of
specific protein-DNA recognition.

In specific ERa-ERE interaction, structural analysis (e.g.,
x-ray crystallography and circular dichroism spectroscopy)
shows that DNA binding causes the flexible and disordered
region of the DBD of ER« to become ordered (36) and large-
scale a-helical change is induced in ERa (37). During the
specific ERa-ERE binding, DNA was also observed to bend
toward its major groove (38,39) to induce significant con-
formation changes in both the protein and DNA. These
changes are akin to that of the induced fit model (40), where
initially the protein and DNA each have some degree of
flexibility which allows them to interact and, upon specific
binding, change conformation to ‘‘fit”’ to an energetically
stable complex (40,41).

Current understanding of protein-DNA recognition using
the Lac repressor model shows that nonspecific protein-
DNA binding results in a more flexible complex, maintained
by mainly electrostatic attraction (42). Similarly, ERa also
interacts nonspecifically with DNA mainly through electro-
static interactions as demonstrated by a fluorescence anisot-
ropy study (43). Molecular dynamics simulation further shows
that low affinity of ERa to nonconsensus sequences can be
attributed to a weak hydrogen-bonding network and failure
to expel excess water molecules from the DBD-DNA inter-
face as it does in the specific binding (44).

Using the combinational Af and AD analysis on QCM-D
measurement (AD-Af plots), we successfully captured the
distinct viscoelastic properties of the specific and nonspecific
complexes, which are very well correlated to the biophysical
properties of the complexes determined by the above mech-
anisms. The low dissipation per mass unit measured for the
specific binding could be related to the formation of a well-
structured complex with a high binding strength and less
water entrapment due to dehydration. On the other hand, the
higher dissipation per mass measured for the nonspecific
complex could be attributable to the loose binding of the
protein, the higher disorder of the DBD, and a high degree of
hydration.

Ligand binding results in different viscoelastic
behavior of ERa-ERE complexes

To investigate the effect of ligands on the viscoelastic
behavior of ERa-ERE complexes, various ERa, unliganded
(Ctrl ERav) or liganded by 178-estradiol (E2-ERa) or 4OHT-
ERa, are added separately to a surface functionalized with
immobilized ERE as outlined in Fig. 1. Fig. 3 shows a typical
QCM-D plot, with real time changes in frequency (Af) and
dissipation (AD) recorded for SA immobilization followed
by ERE assembly in PBS buffer (# = 20 min) and finally
ERa bindings in HEPES buffer (¢ = 30 min). Successful
regeneration of the ERE-immobilized surface is evidenced
by the retainable baseline after regeneration using 0.1% SDS
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FIGURE 3 QCM-D measurements of the binding
reactions outlined in Fig. 1. Immobilization of SA (0.1
mg/ml) and ERE (200 nM) was done in PBS buffer,
and binding of proteins was carried out in HEPES
buffer containing 100 mM KCI. The initial change in
both f and D observed upon addition of ERa samples
includes not just protein adsorption but also a buffer
change effect (the ERa working solution contains
some glycerol absent in the baseline HEPES buffer).
Upon rinsing the surface at the end of the protein bind-
ing, this buffer effect is removed and the endpoint Af
and AD are recorded. The surface with immobilized
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(t = 3 min). This ensures the surface can be reused for bind-
ing of ERa with different ligands.

Table 1 lists the normalized endpoint Af and AD values
averaged over all measurements recorded in the HEPES buffer
for the binding of Ctrl and liganded-ERa to immobilized-
ERE (specific bindings) and Ctrl ERa to immobilized-non-
ERE (nonspecific binding). The ratio of AD/Af, the amount of
energy dissipated within the layer per unit mass coupled, is
calculated. Addition of 0.1% ethanol or 10 uM ligands alone
to immobilized ERE have no significant irreversible effect on
frequency and dissipation response, showing that the f and D
changes obtained are caused by the event of various ERa
binding to the ERE.

Among the three specific interactions, the highest AD/Af
value obtained for binding of 4OHT-ER« indicates that this
complex assumes a water-rich, and less well-structured con-
formation; whereas the E2- and unliganded ERa-ERE com-
plexes are relatively more dehydrated, compact, and rigid.
The distinct conformation of the 4OHT-ERa-ERE complex
compared to that of the E2-ERa- and Ctrl ERa-ERE com-
plexes observed here correlates with its retarded mobility
observed during gel electrophoresis (14,15).

To understand if there are coverage-induced conforma-
tional changes in the complexes (23,32), AD is plotted against
Af for the three specific ERa bindings (Fig. 4). For the Ctrl

TABLE 1 Summary of QCM-D results
Af* AD* AD/Af?
Sample (Hz) (X 1079 (X 107 Hz ™1
Ctrl ERa-ERE 39.9 0.56 11.7
E2-ERa-ERE 33.0 0.93 26.5
4OHT-ERa-ERE 19.6 1.63 71.0
Ctrl ERa-non-ERE 9.3 1.36 146.2

*Af and AD are averaged from normalized signals from overtones 3, 5, and
7 measured from experiments repeated 3—4 times. The experimental varia-
tion for Af and AD within each binding step is ~*15% but similar AD/Af
(RSD < 5.0%) were obtained.

YAD/Af value gives an indication of the dissipation induced per coupled
unit mass (31).

200 ERE is regenerated using 0.1% SDS to remove bound
proteins and the baseline is reset with HEPES buffer.

ERa, after Af of —30, the slope gradient of the AD-Af curves
goes downward, indicating an increase in rigidity of the
biolayer. The trend of E2-ERa« binding is similar, except that
there is no obvious downward gradient of the AD/Af slope
after Af of —30 Hz. This could mean that E2-treated ER«
forms complexes having a similar conformation with the
complex formed with Ctrl ERe, but due to some reason, the
surface does not allow tighter packing, leading to condensa-
tion of E2-ERa-ERE complexes at a higher capacity.

Taken together, the viscoelasticity differences of the ERa-
DNA complexes detectable through the endpoint AD/Af
values and AD-Af slopes affirm that the ligands have an
effect on overall conformation of the ERa-DNA complex.
Although it is hard to deduce the exact structural origins of
these differences in dissipation behavior, it is clear that E2
and 40HT have different effects: E2-ERa-ERE shows dis-
sipative behavior very similar to Ctrl ER«, except that the
surface density is higher; 4OHT-ER«a-ERE complexes form
a much more dissipative protein-DNA complex, but it is still
relatively more rigid than the nonspecific complexes where
nonspecific interaction occurs, indicating stronger binding of
a similarly disordered conformation.

3
4OHT-ERa
{25
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=
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Ctrl ERa . w41 9
[ »
' {05
I td
: —— ; —i0
T
.53 43 -3 393 13 -3
Af (Hz)

FIGURE 4 AD-Afplots for the binding of Ctrl ERe, E2-ERa, and 4OHT-
ERa to an ERE-immobilized surface (derived from data shown in Fig. 3).
Slope gradients identified for all three curves are shown as dark shaded lines.
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Ligands affect ER« binding capacity to
immobilized ERE

To investigate if the amount of ERa bound on the DNA is
related to the conformation and to determine whether the
measured differences in AD/Af were due to mainly a dif-
ference in water content (thickness of the film) or conforma-
tional differences between the molecules (mainly density and
viscosity increase), SPR—a complementary surface analyt-
ical technique—is utilized to monitor the same binding
reactions and to provide an independent measurement of ERa
binding amounts, Amgpg, i.e., molecular mass that does not
include coupled water (27,45).

Fig. 5 A shows the SPR measurement of the binding
reactions outlined in Fig. 1 (corresponding QCM-D measure-
ment is shown in Fig. 3). The double-channel feature of the
SPR equipment, ERa binding to the ERE and non-ERE
preimmobilized in different channels to be monitored simul-
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FIGURE 5 (A) SPR sensorgram showing the binding reactions outlined in

Fig. 1. Legend: Step 1: SA; 2: DNA immobilization (ERE, solid line, and
scrambled non-ERE, dashed line, each in one channel); 3: HEPES buffer; 4:
E2-ERe, 4': 4OHT-ERq, 4" : Ctrl ERa; 5: 0.1% SDS. Immobilization of SA
and DNA are carried out in PBS buffer. Identical SA (464 = 5 mDeg) and
DNA binding amounts (129 * 6 mDeg) are achieved for the ERE and non-
ERE channels. ERa (125 nM) was either preincubated with 10 uM 178-
estradiol (E2-ERa), 10 uM 40OHT-ERa, or ethanol (Ctrl ER). Similar to
the QCM-D experiment, addition of ERa samples to DNA layer introduced
a buffer change effect (the ERa working solution contains some glycerol
absent in the baseline HEPES buffer). Upon rinsing the surface at the end of
the protein binding, this buffer effect is removed and the endpoint A6 are
recorded. (B) The SPR angle shifts caused by the binding of various ERa
(liganded or unliganded) are averaged from three to five experiments.
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taneously. For the ERa binding, we observed the reversible
buffer jump effects as we did in the QCM-D measurements.
Rinsing the surface with HEPES buffer corrects the buffer
jump signals. Different angle shifts (Af) obtained for the
binding of various ER« to ERE (data are summarized in Fig. 5
B) confirmed that there is indeed a significant difference in
protein binding amounts after ligand binding. Within each
ERw case, the binding to non-ERE is always obviously lower
than binding to a consenus ERE, as expected.

The results we have presented up to now are based on a
129 = 6 mDeg of DNA assembled from 200 nM DNA
solution on a standard SA layer of 464 = 5 mDeg. This
results in a DNA packing density of 0.78 molar ERE per
molar SA (molecular mass of SA and ERE are 60 kDa and
21.4 kDa, respectively) or 5.0 pmol DNA/cm?. In a next
series of SPR experiment, we repeated the ERa bindings but
used a lower ERE concentration (20 nM), with which the
packing density of immobilized DNA is decreased to 0.23
ERE/SA or 1.5 pmol/cm?. The binding capacity of various
ERa (liganded and unliganded) at two ERE densities is cal-
culated (Table 2).

Results in Table 2 show that at the lower DNA packing
density condition, 125 nM Ctrl ER« saturated the immobi-
lized DNA to give a binding ratio (or stoichiometry) of ~4
ERa per ERE. This is consistent with previous reports that
ERa binds ERE as a tetramer (46—48). At this DNA density
E2-ER« is found to bind to ERE at a similar amount (or
capacity) as Ctrl ERe, on the surface, which confirms the
previous reports that E2-treated ER« has a similar affinity as
untreated ER« in liquid phase measurements (14,47,48). In
contrast, the 4OHT-ERa displayed a significantly lower
binding capacity compared to Ctrl and E2-treated samples.

At the higher DNA density condition, 125 nM ER« is not
sufficient to saturate the immobilized ERE, thus for liganded
and Ctrl ERe, the binding ratio is lower than that at the lower
DNA density condition, as expected. Although Ctrl and E2-
ERa are known to have similar affinity to ERE in liquid
phase, when ERE is closely packed on the SPR surface the
E2-ERe is found to bind at a significantly lower capacity
(1.2 molar protein per molar ERE) or a lower apparent
affinity than Ctrl ERe (2.0 molar protein per molar ERE).
This lower apparent affinity of E2-ERa may be attributable
to the formation of bigger complexes (as indicated by QCM-
D) to which steric effect plays a role to prevent the proteins
from binding in a high capacity.

At both high and low ERE packing densities, the 4OHT-
ERa binding amount is always significantly lower than
E2-ERa and Ctrl ERa. The significantly lower binding ca-
pacity of 4OHT-ER« at both the high and low DNA density
conditions (SPR results) and the high dissipation (QCM-D
results) may reflect not only altered conformation of the
complex but also significantly altered binding behavior or
affinity. This proposition is supported by a fluorescent
anisotropy study which shows that 4OHT-ERa« has a lower
affinity toward ERE (48).
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TABLE 2 Summary of binding capacity of various ERa (liganded or unliganded) measured at two different ERE packing densities

DNA packing density

0.78 ERE/SA ratio (mol/mol) 0.23 ERE/SA ratio (mol/mol)

Sample or 5.0 (pmol/cmz) or 1.5 (pmol/cmz)
ERa binding capacity (pmol/cm?) ERa/ERE (mol/mol) ERa binding capacity (pmol/cm?) ERa/ERE (mol/mol)
Ctrl ERa 9.8 £ 13 2.0 *0.3 5.8 £0.6 39 £04
E2-ERa 6.2 = 0.7 1.2 = 0.1 53* 10 35*+07
40HT-ER« 3204 0.6 = 0.1 24 £0.7 1.6 £ 0.5

*ERe binding capacity (pmol/cm®) or ERa per DNA ratio (mol/mol) are calculated from the angle shift values using an AutoLab SPR sensitivity of
833 ng/(cmz/deg) and the molecular mass of 21.4, 66.4, 66.7, and 66.8 kDa for the 34-bp ERE, Ctrl ER«, E2-ER«, and 4OHT-ERe, respectively. Values are

mean * SD obtained from three to five experiments.

Modeling of SPR and QCM-D data

The mass of the adsorbed biomolecules, Amgpgr, determined
from the SPR angle shifts is listed in Table 3. By comparing
Amgpr to Amy,ig, Which includes the contribution from
water trapped in the biofilm, the water content could be
determined and then used to give a quantitative estimate of
the conformational differences of the overall biofilms and
provide further verification of the trends observed in the
corresponding AD/Af plot (Fig. 4). Furthermore, by discrim-
inating the response of the different biomolecules and water,
the density of the biofilm could be calculated as outlined in
Materials and Methods, and the thickness, viscosity, and
shear modulus of the film estimated (25,27). The obtained
values for the different ERa-ERE films can be found in
Table 2.

The water content obtained in this way confirms the
qualitative analysis based on the AD/Af ratios. The original
34-bp duplex ERE film consists mostly of water (similar to
most other DNA films as previously demonstrated (25-27)).
Upon binding of the ERe, the water content decreases
strongly. The decrease in water content is even more pro-
nounced for the low dissipation binding. For the Ctrl ER«a the
water content is almost halved, which means that the density
of the layer has strongly increased through the binding of the
protein. Although the water content has decreased and the
density strongly increased for binding of the E2-ERa as well,
the 4OHT-ERa shows only a small decrease in water content,
from 84% to 72%.

A more detailed analysis of the change in layer mechanical
properties is possible by calculating the density of the layer
from the QCM-D and SPR data for the different adsorbed
species and then reiterate the modeling at near-equilibrium
adsorption (30-min adsorption time). Thus, the acoustic thick-
ness of the biolayer is obtained and can be compared, al-
though surface roughness and the natural errors associated
with measuring and modeling requires us to not take the
values we get as exact layer thickness for the multi-layer
film. A fully extended 34-bp duplex DNA strand has a length
of ~11.56 nm (~0.34 nm rise per bp); however, the ERE
film thickness is about half of this value, pointing toward a
tilted, random conformation of the DNA strands or at least
incomplete coupling of the water within the film. However,
after binding of the Ctrl ERa the total film thickness cor-
responds to and even exceeds the expected ERE film thick-
ness. As the density of the film simultaneously strongly
increases, it can be interpreted to mean that tight rigid bind-
ing of the Ctrl ERa allows packing at a high density and
strongly reduces the conformational and orientational free-
dom of the ERE-ERa biolayer. This is corroborated by the
change in viscoelastic parameters for the film. A similar, but
not as large, thickness increase of 4—-5 nm takes place when
the E2-ERa and 4OHT-ERa binds to the ERE. The lower
decrease in water content as well as the lower viscosities and
shear moduli for these films suggest the less conformation-
ally constrained and less close-packed nature of these films.
In particular, 4OHT-ER« stands out, with the ligand strongly

TABLE 3 Mass adsorption and viscoelastic properties calculated from QCM-D and SPR results

A””V(‘:iglx< AWISPRJr Water content pVoigt* dVoigl:t AY]V()iglzt #’Voigl*

Sample (ng/cm?) (ng/cm?) (mass %) (g/dm?®) (nm) (mPa/s) (MPa)

ERE 655 102 84 1069 6.2 2.0 0.19
Ctrl ERa-ERE 1470 755 49 1168 12.6 4.3 0.55
E2-ERa-ERE 1270 516 59 1133 11.2 34 0.42
40HT-ERa-ERE 1155 319 72 1093 10.6 24 0.23

*Anyig Value is obtained through viscoelastic modeling using the Voigt model for a one-layer film (see Materials and Methods).

tAmgpg value calculated from their corresponding angle shift using the de Feijter formula with a conversion factor of 833 ng/(cm?/deg) for proteins
(corresponding to dn/dc = 0.18) and 789 ng/(cm?/deg) for DNA (corresponding to dn/dc = 0.19).

*The effective density of the film was calculated by weighting from the modeled and measured masses Anty;g and Amgpg, using a density of 1000, 1350,
and 1700 g/dm? for buffer, protein, and DNA, respectively (see Materials and Methods). This density was used in a subsequent iteration of modeling to find

dVOigl’ Nvoigts and Mvoigt
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influencing both the density of packing of the protein into the
layer and the rigidity of the formed complex between ERE
and ERa. The water content and viscoelastic parameters of
the E2-ERa is always in between the Ctrl-ERa and 4OHT-
ERa, although the simulated density and thickness of the
film can vary between batches to approach values closer to
one or the other.

Since the modeling data were obtained based on protein-
DNA films formed in 30 min, which leads to different protein
coverage for the liganded and Ctrl ERe, the results are protein
coverage dependent. To remove the protein coverage as a
variable when comparing the viscoelastic values for Ctrl and
liganded ER« and to provide an unambiguous correlation of
viscoelastic property with different protein binding modes,
we modeled the various data at time points when the SPR
mass of all three proteins are similar (RSD ~2%, 5, 7, and 26
min for Ctrl ERe, E2-ERer, and 4OHT-ERa, respectively).
Results show that, upon binding of the ER«, the water content
decreased from 84% to 73%, 72%, and 74% for Ctrl ER«,
E2-ERe, and 4OHT-ERe, respectively. Similar water con-
tents are obtained for all three ERa-ERE films probably
because at a low protein coverage, the water content is largely
contributed by entrapped water in the entire biofilm compris-
ing mostly ERE. Similar thickness increases to 10.8, 11.5, and
11.4 nm, respectively, and similar effective density of the
films (1085-1094 g/dm?) are also obtained compared to their
increments from 6.2 nm and 1069 g/dm3 of the ERE film.
However, different viscosity was still observed for the 4OHT-
ERa—ERE complex (2.15 mPa/S) compared to the other
two ERa-ERE complexes (2.43 mPa/S). At this fixed, low
protein coverage, both E2-ERa-ERE and Ctrl ERa-ERE
seemingly displayed similar viscoelastic properties, evi-
denced by the identical viscosity and dissipative behavior as
shown in the AD/Af plot (Fig. 4). With this modeling the
protein coverage is removed as a variable, the difference in the
viscosity values can then be a true reflection of the confor-
mation of the ERa-ERE complexes. The smaller viscosity of
the 4OHT-ERa—ERE complex can be readily related to its
loose conformation (loose binding and bigger complex) that
may tender deformation easily during the shear oscillation.

The large difference in water content and viscosity be-
tween the differently liganded ERa shown in the modeling at
near-equilibrium coverage (Table 3) is mainly due to the
higher packing demonstrated for the Ctrl ERa and E2-ERa.
That significantly different packing and viscoelastic proper-
ties between both liganded and nonliganded ER« observed
when the ERE density is increased indicates a difference in
binding conformation of both liganded ERa complexes that
is not captured by previous measurements of liquid phase
binding affinities. It is also clear from the modeling results at
the same coverage of ERa that 4OHT has the most sig-
nificant effect on the conformation of the ERa-ERE com-
plex, showing up as quantitative differences already at low
coverage. Furthermore, it is demonstrated that higher pack-
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ing is only possible—and thus correlates—with a tight, rigid,
binding conformation between ERE and ERa.

CONCLUSION

QCM-D and SPR were employed to study how ER« in-
teracts differently with a specific ERE and nonspecific DNA
and—more importantly—the ligand binding effects. Signif-
icant differences in viscoelastic behavior observed between
nonspecific complexes and specific complexes correlate with
previous structural studies. Using QCM-D analysis, 4OHT-
ERa was observed to form distinctly less dense and more
dissipative complexes with immobilized ERE compared to
E2-ERea and unliganded ERa. Both ligands were affirmed to
have effects on ERa-ERE conformation as well as binding
capacity and water content of the formed biolayer at high
ERE and ERa coverage. Without ligand, ERa-ERE forms a
rigid, extended complex with a high packing density. Com-
bined with SPR studies, we showed by modeling the biolayer
viscoelastic properties that the water content, viscosity, and
shear modulus correlate with the binding capacity to immo-
bilized DNA. Importantly, this study shows that QCM-D can
extend its usefulness and is sufficiently sensitive to offer an
efficient alternative and new perspective to the study of the
conformation differences of protein-DNA interactions.

This work was supported by the Institute of Materials Research and Engi-
neering under the Agency for Science, Technology & Research (A-Star) of
Singapore.
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