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Abstract
Estrogen receptor α (ERα) acts as a transcription factor by virtue of the ability of its DNA-binding
(DB) domain, comprised of a tandem pair of zinc fingers, to recognize the estrogen response
element (ERE) within the promoters of target genes. Herein, using an array of biophysical
methods, we probe structural consequences of the replacement of zinc within the DB domain of
ERα with various environmental metals and their effects on the thermodynamics of binding to
DNA. Our data reveal that while the DB domain reconstituted with divalent ions of zinc,
cadmium, mercury and cobalt binds to DNA with affinities in the nanomolar range, divalent ions
of barium, copper, iron, lead, manganese, nickel and tin are unable to regenerate DB domain with
DNA-binding potential though they can compete with zinc for coordinating the cysteine ligands
within the zinc fingers. We also show that the metal-free DB domain is a homodimer in solution
and that the binding of various metals only results in subtle secondary and tertiary structural
changes, implying that metal-coordination may only be essential for DNA-binding. Collectively,
our findings provide mechanistic insights into how environmental metals may modulate the
physiological function of a key nuclear receptor involved in mediating a plethora of cellular
functions central to human health and disease.
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INTRODUCTION
Estrogen receptor α (ERα) is a member of a family of ligand-modulated transcription factors
that have come to be known as nuclear receptors (NRs) (Evans, 1988; Thornton, 2001;
Escriva et al., 2004; McKenna et al., 2009). ERα mediates the action of estrogens such as
estradiol in a diverse array of cellular processes and its hyperactivation leads to the genesis
of large fractions of breast cancer (Heldring et al., 2007). ERα is constructed on a modular
architecture, also shared by other members of the NR family, comprised of a central DNA-
binding (DB) domain flanked between an N-terminal trans-activation (TA) domain and a C-
terminal ligand-binding (LB) domain. Upon the binding of estrogens to the LB domain, ERα
translocates to the nucleus and binds as a homodimer with a two-fold axis of symmetry to
the estrogen response element (ERE), containing the AGGTCAnnnTGACCT consensus
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sequence, located within the promoters of target genes (Klinge, 2001). DNA-binding is
accomplished through a pair of tandem C4-type Zinc fingers located within the DB domain,
with each finger containing a Zn2+ ion coordinated in a tetrahedral arrangement by four
highly conserved cysteine residues to generate the Zn2+[Cys]4 metal-protein complex
(Schwabe et al., 1990; Schwabe et al., 1993) (Figure 1). Importantly, while the first Zinc
finger (ZF-I) within each monomer of DB domain recognizes the hexanucleotide sequence
5′-AGGTCA-3′ within the major groove at each end of the ERE duplex, the second Zinc
finger (ZF-II) is responsible for the homodimerization of DB domain.

Upon binding to the promoters of target genes through its DB domain, the LB domain of
ERα recruits a multitude of cellular proteins in an estrogen-dependent manner, such as
transcription factors, co-activators and co-repressors, to the site of DNA transcription and
thereby allowing it to exert its action at the genomic level in a concerted fashion (Ham and
Parker, 1989; Darimont et al., 1998). The TA domain is believed to be responsive to growth
factors acting through MAPK signaling and thus it further synergizes the action of various
co-activators and co-repressors recruited by the LB domain at the site of DNA transcription
(Kato et al., 1995; Warnmark et al., 2003). In this manner, ERα and other nuclear receptors
mediate a diverse array of cellular functions from embryonic development to metabolic
homeostasis and their aberrant function has been widely implicated in disease (Brzozowski
et al., 1997; Gottlieb et al., 2004; Gurnell and Chatterjee, 2004; Noy, 2007; Sonoda et al.,
2008; McEwan, 2009).

Discovered more than a quarter of century ago (Miller et al., 1985), the zinc finger is one of
the most common motifs found in transcription factors (Green et al., 1998; Wolfe et al.,
2000). Several lines of evidence suggest that metals other than zinc can serve as
coordination sites for cysteine ligands within zinc fingers with important consequences on
cellular processes involved in gene expression, DNA repair and genomic stability
(Freedman et al., 1988; Thiesen and Bach, 1991; Hartwig, 2001; Bal et al., 2003; Blessing et
al., 2004; Kopera et al., 2004; Hartwig et al., 2010). In an effort to further our understanding
of the interaction of metals with zinc fingers, we analyze here structural consequences of the
replacement of zinc within the DB domain of ERα with various environmental metals and
their effects on the thermodynamics of binding to DNA using an array of biophysical
methods. Our data reveal that while the DB domain reconstituted with divalent ions of zinc,
cadmium, mercury and cobalt binds to DNA with affinities in the nanomolar range, divalent
ions of barium, copper, iron, lead, manganese, nickel and tin are unable to regenerate DB
domain with DNA-binding potential though they can compete with zinc for coordinating the
cysteine ligands within the zinc fingers. We also show that the metal-free DB domain is a
homodimer in solution and that the binding of various metals only results in subtle
secondary and tertiary structural changes, implying that metal-coordination may only be
essential for DNA-binding. Collectively, our findings provide mechanistic insights into how
environmental metals may modulate the physiological function of a key nuclear receptor
involved in mediating a plethora of cellular functions central to human health and disease.

MATERIALS and METHODS
Protein preparation

The DB domain (residues 176–250) of human ERα was cloned into pET101 bacterial
expression vector with a C-terminal polyhistidine (His)-tag using Invitrogen TOPO
technology. The recombinant protein was expressed in bacteria supplemented with 50μM
ZnCl2 and purified to apparent homogeneity on a Ni-NTA affinity column followed by
treatment on a Hiload Superdex 200 size-exclusion chromatography (SEC) column coupled
in-line with GE Akta FPLC system as described previously (Deegan et al., 2010; Deegan et
al., 2011). Zinc divalent ions were stripped by the treatment of purified protein in Tris buffer
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(50mM Tris, 200mM NaCl and 10mM β-mercaptoethanol at pH 8.0) containing 8M urea
and 10mM EDTA. After denaturation of protein overnight, EDTA was removed under
denatured conditions by dialysis in acetate buffer (50mM Sodium acetate, 200mM NaCl and
10mM β-mercaptoethanol at pH 6.0) containing 8M urea. Further dialysis of protein in
acetate buffer containing one of the metal chlorides at a final protein-to-metal molar ratio of
1:10 led to simultaneous removal of urea and reconstitution of the DB domain with the
corresponding metal divalent ions. It is important to note that the reconstitution of DB
domain at pH 6.0 was necessary to prevent the formation of insoluble salts such as lead
chloride. Additionally, acetate buffer was preferred over phosphate buffer due to insolubility
of various metal phosphates. Metal-reconstituted DB domain was extensively dialyzed in an
appropriate buffer to remove excess metal ions. Protein concentration was determined by the
fluorescence-based Quant-It assay (Invitrogen) and spectrophotometrically using an
extinction coefficient of 14,940 M−1cm−1. Results from both assays were in an excellent
agreement.

DNA synthesis
21-mer DNA oligos containing the ERE consensus site AGGTCAnnnTGACCT were
commercially obtained from Sigma Genosys. The complete nucleotide sequences of the
sense and antisense oligos constituting the ERE duplex is presented below:

5′-cccAGGTCAcagTGACCTgcg-3′

3′-gggTCCAGTgtcACTGGAcgc-5′

Oligo concentrations were determined spectrophotometrically on the basis of their extinction
coefficients derived from their nucleotide sequences. Sense and antisense oligos were
annealed together to generate the ERE duplex as described earlier (Deegan et al., 2010;
Deegan et al., 2011).

ITC measurements
Isothermal titration calorimetry (ITC) measurements were performed on a Microcal VP-ITC
instrument and data were acquired and processed using fully automized features in Microcal
ORIGIN. All measurements were repeated at least three times. Briefly, protein and DNA
samples were prepared in 50mM Sodium phosphate buffer containing 5mM β-
mercaptoethanol at pH 7.0 and de-gassed using the ThermoVac accessory for 5min. The
experiments were initiated by injecting 25 × 10μl aliquots of 50–100μM of ERE duplex
from the syringe into the calorimetric cell containing 1.8ml of 2–5μM of DB domain of ERα
reconstituted with various metals at 25°C. The change in thermal power as a function of
each injection was automatically recorded using the ORIGIN software and the raw data were
further processed to yield binding isotherms of heat release per injection as a function of
molar ratio of ERE duplex to dimer-equivalent DB domain. The heats of mixing and dilution
were subtracted from the heat of binding per injection by carrying out a control experiment
in which the same buffer in the calorimetric cell was titrated against the ERE duplex in an
identical manner. Control experiments with scrambled dsDNA oligos generated similar
thermal power to that obtained for the buffer alone, implying that there was no non-specific
binding of DB domains to non-cognate DNA. To extract various thermodynamic
parameters, the binding isotherms were iteratively fit to a built-in one-site model by non-
linear least squares regression analysis using the ORIGIN software as described previously
(Wiseman et al., 1989; Deegan et al., 2010).

ALS experiments
Analytical light scattering (ALS) experiments were conducted on a Wyatt miniDAWN
TREOS triple-angle static light scattering detector and Wyatt QELS dynamic light scattering
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detector coupled in-line with a Wyatt Optilab rEX differential refractive index detector and
interfaced to a Hiload Superdex 200 size-exclusion chromatography column under the
control of a GE Akta FPLC system within a chromatography refrigerator at 10°C. The DB
domain of ERα pre-treated with EDTA to strip divalent zinc ions and upon reconstitution
with divalent ions of various metals was loaded onto the column at a flow rate of 1ml/min
and the data were automatically acquired using the ASTRA software. All protein samples
were prepared in 50mM Sodium phosphate buffer containing 5mM β-mercaptoethanol at pH
7.0 and the starting concentrations injected onto the column were between 20–50μM. The
angular- and concentration-dependence of static light scattering (SLS) intensity of each
protein species resolved in the flow mode was measured by the Wyatt miniDAWN TREOS
detector. The SLS data were analyzed according to the following built-in Zimm equation in
ASTRA software (Zimm, 1948; Wyatt, 1993):

[1]

where Rθ is the excess Raleigh ratio due to protein in the solution as a function of protein
concentration c (mg/ml) and the scattering angle θ (42°, 90° and 138°), Mobs is the observed
molecular mass of each protein species, A2 is the second virial coefficient, λ is the
wavelength of laser light in solution (658nm), Rg is the radius of gyration of protein, and K
is given by the following relationship:

[2]

where n is the refractive index of the solvent, dn/dc is the refractive index increment of the
protein in solution and NA is the Avogadro’s number (6.02×1023mol−1). If we assume that c
→ 0 and θ → 0, then Eq [1] reduces to:

[3]

Thus, under dilute protein concentrations (c → 0) and at low scattering angles (θ → 0), the
y-intercept of Eq [1] equates to 1/Mobs. Accordingly, the weighted average value for Mobs
was obtained from the y-intercept of linear fits of a range of (Kc/Rθ)−sin2(θ/2) plots as a
function of protein concentration along the elution profile of each protein species using SLS
measurements at three scattering angles. The time- and concentration-dependence of
dynamic light scattering (DLS) intensity fluctuation of each protein species resolved in the
flow mode was measured by the Wyatt QELS detector positioned at 90° with respect to the
incident laser beam. The DLS data were iteratively fit using non-linear least squares
regression analysis to the following built-in equation in ASTRA software: software (Koppel,
1972; Berne and Pecora, 1976; Chu, 1991):

[4]

where G(τ) is the autocorrelation function of dynamic light scattering intensity fluctuation I,
τ is the delay time of autocorrelation function, Γ is the decay rate constant of autocorrelation
function, α is the initial amplitude of autocorrelation function at zero delay time, and β is the
baseline offset (the value of autocorrelation function at infinite delay time). Thus, fitting the
above equation to a range of G(τ)-τ plots as a function of protein concentration along the
elution profile of each protein species computes the average value of Γ using DLS
measurements at a scattering angle of 90°. Accordingly, the translational diffusion
coefficient (Dt) of each protein species was calculated from the following relationship:
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[5]

where λ is the wavelength of laser light in solution (658nm), n is the refractive index of the
solvent and θ is the scattering angle (90°). Additionally, the hydrodynamic radius (Rh) of
each protein species was calculated from the Stokes-Einstein relationship:

[6]

where kB is Boltzman’s constant (1.38×10−23JK−1), T is the absolute temperature and η is
the solvent viscosity. It should be noted that, in both the SLS and DLS measurements,
protein concentration (c) along the elution profile of each protein species was automatically
quantified in the ASTRA software from the change in refractive index (Δn) with respect to
the solvent as measured by the Wyatt Optilab rEX detector using the following relationship:

[7]

where dn/dc is the refractive index increment of the protein in solution.

CD analysis
Circular dichroism (CD) analysis was conducted on a Bio-Logic MOS450/SFM400
spectropolarimeter thermostatically controlled with a water bath at 25°C and data were
acquired using the BIOKINE software. Briefly, experiments were conducted on 20–50μM of
DB domain of ERα pre-treated with EDTA to strip divalent zinc ions and upon
reconstitution with divalent ions of various metals in 50mM Sodium phosphate buffer at pH
7.0. For far-UV measurements in the 190–250nm wavelength range, experiments were
conducted in a quartz cuvette with a 2-mm pathlength. For near-UV measurements in the
250–350nm wavelength range, experiments were conducted in a quartz cuvette with a 10-
mm pathlength. All data were recorded with a slit bandwidth of 2nm at a scan rate of 3nm/
min. Data were normalized against reference spectra to remove the contribution of buffer.
The reference spectra were obtained in a similar manner on a 50mM Sodium phosphate
buffer at pH 7.0. Each data set represents an average of at least four scans acquired at 1nm
intervals. Data were converted to molar ellipticity, [θ], as a function of wavelength (λ) of
electromagnetic radiation using the following equation:

[8]

where Δε is the observed ellipticity in mdeg, c is the protein concentration in μM and l is the
cuvette pathlength in cm. All data were processed and analyzed using the Microcal ORIGIN
software.

SSA experiments
Steady-state absorbance (SSA) spectra were collected on a Jasco V-630 spectrophotometer
using a quartz cuvette with a 10-mm pathlength at 25 °C. Briefly, experiments were
conducted on 5μM of DB domain of ERα pre-treated with EDTA to strip divalent zinc ions
and upon reconstitution with divalentions of various metals in 50mM Sodium phosphate
buffer at pH 7.0. All data were recorded in the 200–350nm wavelength range using a 1.5-nm
slit bandwidth. Data were normalized against reference spectra to remove the contribution of
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buffer. The reference spectra were obtained in a similar manner on a 50mM Sodium
phosphate buffer at pH 7.0.

SSF measurements
Steady-state fluorescence (SSF) spectra were collected on a Jasco FP-6300
spectrofluorometer using a quartz cuvette with a 10-mm pathlength at 25 °C. Briefly,
experiments were conducted on 5μM of DB domain of ERα pre-treated with EDTA to strip
divalent zinc ions and upon reconstitution with divalent ions of various metals in 50mM
Sodium phosphate buffer at pH 7.0. Excitation wavelength was 295nm and emission was
acquired from 310nm to 500nm. All data were recorded using a 2.5-nm bandwidth for both
excitation and emission. Data were normalized against reference spectra to remove the
contribution of buffer. The reference spectra were obtained in a similar manner on a 50mM
Sodium phosphate buffer at pH 7.0.

RESULTS and DISCUSSION
Binding of the DB domain of ERα to DNA is restored upon substitution of zinc with only
specific divalent metal ions

To determine the extent to which environmental metals may be able to replace zinc within
the zinc fingers of ERα, we measured the binding of ERE duplex to the DB domain pre-
treated with EDTA to remove divalent zinc ions (as a control) and upon reconstitution with
divalent ions of various metals using ITC (Figure 2). Our data reveal that while the DB
domain reconstituted with divalent ions of zinc, cadmium, mercury and cobalt binds to DNA
with affinities in the nanomolar range (Table 1), divalent ions of barium, copper, iron, lead,
manganese, nickel and tin are unable to regenerate DB domain with DNA-binding potential.
These data are consistent with previous studies demonstrating that DB domain of ERα
regenerated with divalent ions of zinc, cadmium and cobalt binds DNA but not that
regenerated with divalent ions of copper and nickel (Predki and Sarkar, 1992; Predki and
Sarkar, 1994).

Although the replacement of zinc with cadmium, mercury and cobalt restores DNA-binding
with very similar affinities, the underlying thermodynamic forces display remarkable
contrast (Table 1). Thus, while the binding of DB domain reconstituted with various metals
is universally driven by favorable enthalpic changes accompanied by entropic penalty, the
binding of DB domain reconstituted with cadmium and mercury results in the release of 5–
15 kcal/mol of additional enthalpic contribution to the overall free energy relative to
reconstitution with zinc and cobalt. We believe that such enthalpic advantage is due to the
fact that the DB domain reconstituted with cadmium and mercury is only partially structured
and that it only becomes fully structured upon binding to DNA in a binding-coupled-folding
manner. To shed further light on this phenomenon, we also measured heat capacity changes
associated with the binding of various metal-coordinated DB domains to DNA (Figure 2 and
Table 1). It has been previously reported that a large negative heat capacity change (ΔCp)
associated with protein-DNA interactions is indicative of protein folding coupled to DNA-
binding (Spolar and M.T. Record, 1994). Remarkably, our analysis reveals that while a large
negative ΔCp indeed accompanies the binding of mercury-coordinated DB domain to DNA,
ΔCp associated with the binding of cadmium-coordinated DB domain is smaller than that
observed for DB domain reconstituted with zinc and cobalt. In fact, ΔCp accompanying the
binding of cobalt-coordinated DB domain to DNA is similar to that observed for mercury-
coordinated DB domain. However, it is important to note that such discrepancies in the
values of ΔCp do not necessarily contradict the corresponding enthalpic contributions to the
overall free energy of binding of various metal-coordinated DB domains to DNA. On the
contrary, it is believed that factors other than protein folding can also contribute toΔCp. In
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particular, factors such as entrapment of water molecules and counterions within interfacial
cavities as well as proton-linked equilibria during the formation of macromolecular
complexes may also contribute to heat capacity changes (Cooper et al., 2001; Cooper, 2005).
Thus, the large negative values of ΔCp reported here may not solely reflect the folding of
DB domain upon binding to DNA but they could also arise from other factors. We have
previously shown that the binding of DB domain of ERα to DNA is coupled to proton
uptake (Deegan et al., 2010). Interestingly, this phenomenon is not affected by the
replacement of zinc with divalent ions of cadmium, mercury and cobalt. As shown in Figure
3, the observed enthalpies for the binding of various metal-reconstituted DB domains to
DNA are strongly dependent on buffer, implying that DNA-binding is coupled to proton
uptake irrespective of the nature of metal coordination. Our analysis also suggests that the
binding of metal-reconstituted DB domains to DNA involves a net uptake of two protons in
agreement with our previous study (Deegan et al., 2010).

Importantly, the metal-coordination of cysteine ligands in a tetrahedral arrangement to
generate the M2+[Cys]4 metal-protein complex may be important for the proper folding of
the DB domain such that it can recognize the ERE duplex in a specific manner. This is
further corroborated by the knowledge that the divalent ions of zinc, cadmium, mercury and
cobalt are all capable of coordinating their ligands with tetrahedral geometries (Rulisek and
Vondrasek, 1998). However, the fact that divalent ions of metals such as nickel and
manganese can also adopt tetrahedral geometry implies that the factors other than
coordination geometry may also hold key to determining whether a particular divalent metal
ion can replace zinc within the zinc fingers of the DB domain. Of particular importance are
the ionic radii and internuclear coordinaton distances of various divalent metal ions in
complex with their ligands. Interestingly, the ionic radii of hydrated divalent ions of all
divalent metal ions analyzed here fall in the 100–150pm range (Marcus, 1988), and there
seems to be no correlation between their ionic radii and their ability to replace zinc within
the zinc fingers of the DB domain. To what extent the hydration shell, or the extent to which
a divalent metal ion becomes hydrated in solution, may be an important determinant of its
ability to coordinate a given ligand also remains debatable. In short, it is not clear from our
studies as to why some divalent ions can replace zinc within the zinc fingers of the DB
domain while others cannot on basis of their physicochemical properties such as
coordination geometry, ionic radius and internuclear coordination distance. Our study thus
clearly warrants further investigation of the precise mechanisms driving protein-metal
interactions.

Substitution of zinc with other divalent metal ions does not affect hydrodynamic
properties of the DB domain of ERα

To further investigate how the substitution of zinc with cadmium, mercury and cobalt affects
the hydrodynamic properties of the DB domain of ERα, we conducted ALS analysis based
on first principles of hydrodynamics with no assumptions (Figure 4). It is generally believed
that the DB domain is monomeric in solution and that it only homodimerizes upon binding
to DNA (Schwabe et al., 1990; Schwabe et al., 1993). Contrary to this school of thought, our
analysis reveals that the DB domain predominantly exists as a homodimer in solution even
in the absence of DNA (Table 2). Analysis on a non-reducing SDS-PAGE further confirmed
that the ability of DB domain to homodimerize in solution was not an artifact of
intermolecular disulfide bridges.

Strikingly, the DB domain not only homodimerizes in the absence of DNA but even the
metal-coordination does not appear to be obligatory. Thus, the metal-free DB domain not
only appears to behave as a homodimer in solution in a manner akin to when reconstituted
with divalent metal ions but its hydrodynamic radius also does not seem to change, implying
that the protein possesses a globular fold even in the absence of metal-coordination. It is
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however important to note that our ALS measurements were conducted on DB domains in
the 20–50μM range. Although all DB domains behaved as homodimers within this
concentration range, it is conceivable that the DB domain in the absence or presence of
metal-coordination may behave as a monomer at protein concentrations in the
submicromolar range. It should however be noted that ALS measurements for the DB
domain outside the 20–50μM concentration range were not feasible. Thus, while the ALS
signal-to-noise ratio starts to get poorer at protein concentrations below 20μM making
hydrodynamic analysis less reliable, the DB domain appears to precipitate on the SEC
column at concentrations above 50μM. Although it has not been possible at this stage, our
future efforts will further explore the ability of DB domain to homodimerize in solution
using alternative methodologies such as analytical ultracentrifugation and native mass
spectrometry. Nonetheless, these observations suggest strongly that the DB domain may be
able to attain a globular fold alone and that metal-coordination may only be essential for
DNA-binding. Importantly, these findings are consistent with the knowledge that the LB
domain of ERα also behaves as a homodimer in solution (Brandt and Vickery, 1997),
suggesting that both the LB and DB domains contribute to the dimerization of ERα in
solution (Notides and Nielsen, 1974; Notides et al., 1981).

Substitution of zinc with other divalent metal ions results in subtle secondary and tertiary
structural changes within the DB domain of ERα

To further understand how the binding of various metals changes secondary and tertiary
structural features of the DB domain of ERα, we conducted CD analysis of DB domain in
complex with various divalent metal ions (Figure 5). Consistent with our ALS analysis
above, the metal-free DB domain indeed displays spectral features in the far-UV region
characteristic of a mixed αβ-fold, with bands centered around 210nm and 220nm (Figure
5a). The metal-free DB domain also displays near-UV spectral features characteristic of a
globular fold with bands centered around 260nm and 280nm (Figure 5b), due respectively to
Phe and Trp/Tyr residues. Upon the addition of divalent ions of zinc and cobalt, the far-UV
and near-UV spectra of the DB domain undergo sharp enhancement in intensity, implying
that the binding of zinc and cobalt induces substantial folding of the protein. In contrast,
addition of cadmium results in only slight changes in the spectral intensities of the DB
domain in the far-UV and near UV-regions, suggesting that cadmium-coordination also
results in some degree of folding but is not sufficient to lead to fully structured protein.
Strikingly, in the presence of mercury, the far-UV and near-UV spectral intensities of the
DB domain undergo slight reduction. This salient observation implies that the coordination
of mercury has little or no effect on the secondary or tertiary structure of the DB domain in
agreement with our thermodynamic data (Table 1). We believe that this is most likely due to
the preference of mercury to coordinate its ligands with linear geometry (Rulisek and
Vondrasek, 1998). Accordingly, the cysteine ligands within the DB domain may be
coordinated by mercury with a linear geometry as opposed to tetrahedral arrangement
necessary for its proper folding as observed in the case of coordination with zinc, cobalt and
cadmium divalent ions. In light of our thermodynamic data (Table 1), it is conceivable that
the binding of DNA causes mercury to switch its coordination from linear to tetrahedral
geometry so as to allow the DB domain to undergo proper folding necessary for DNA
recognition.

Taken together, our CD data are consistent with the notion that the DB domain may be able
to attain a globular fold alone and that metal-coordination may only be essential for DNA-
binding. It should also be noted here that the failure of DB domain regenerated with divalent
ions of barium, copper, iron, lead, manganese, nickel and tin to bind DNA does not
necessarily imply failure to replace zinc within the zinc fingers of the DB domain. Indeed, it
has been previously reported that the divalent ions of copper can replace zinc within the zinc
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fingers of DB and that such substitution is met with profound effects on the physiological
action of ERα (Young et al., 1977; Fishman and Fishman, 1988; Hutchens et al., 1992;
Predki and Sarkar, 1992). It is thus conceivable that divalent ions of barium, copper, iron,
lead, manganese, nickel and tin can replace zinc within the zinc fingers of DB domain but
their inability to coordinate cysteine ligands in a tetrahedral arrangement results in improper
folding such that the DB domain can no longer recognize the target DNA. This is indeed
further supported by our CD measurements of DB domain in complex with divalent metal
ions of barium, copper, iron, lead, manganese, nickel and tin (Figures 5c and 5d). Evidently,
the addition of these metal divalent ions results in marked changes in both the secondary and
tertiary structural features of the DB domain, implying that these metals can also coordinate
the protein but in a non-productive manner. In light of these observations, we believe that
metals such as barium, copper, iron, lead, manganese, nickel and tin may also be able to
compete with zinc for coordinating to the DB domain within living cells with important
consequences on the physiological action of ERα.

DB domain of ERα reconstituted with various metals displays distinct spectroscopic
properties

In an attempt to further analyze how reconstitution of DB domain of ERα with various
divalent metal ions results in structural changes, we also measured SSA and SSF spectra
(Figures 6a and 6b). As expected, the metal-free DB domain displays characteristic
absorbance spectral features in the UV region with maxima centered around 225nm and
280nm (Figure 6a), due respectively to peptide bonds and Trp/Tyr/Phe residues.
Additionally, the DB domain reconstituted with various metals also displays similar
spectroscopic features but the spectral intensity of the 280-nm band appears to undergo
reduction, implying that metal-binding most likely induces structural changes within the DB
domain, due for example to burial of Trp/Tyr/Phe residues. Such metal-mediated modulation
of spectral features is further indicative of specific metal-protein interactions as noted
previously (Bal et al., 2003; Kopera et al., 2004). Consistent with our absorbance
measurements, the DB domain reconstituted with various metals also displays fluorescence
properties distinct from those observed for the metal-free DB domain (Figure 6b). Thus, the
increase in fluorescence intensity and the emission wavelength maximum (λmax) undergoing
a slight blue-shift in the DB domain reconstituted with various metals relative to metal-free
DB domain is indicative of the transfer of Trp to a more hydrophobic environment and
thereby suggesting that the protein undergoes conformational changes upon metal-
coordination.

Interestingly, mercury-coordinated DB domain also undergoes substantial enhancement in
fluorescence, implying that coordination of mercury also results in structural changes within
the DB domain. However, this observation is at odds with our CD data above, wherein the
CD spectral features of mercury-coordinated DB domain did not differ much from those
observed for the metal-free DB domain. It is however conceivable that mercury-
coordination of cysteine ligands within the DB domain with Cys-Hg2+-Cys linear geometry
primarily results in perturbation of environment around Trp, which could also account for
the enhancement of fluorescence observed here. Notably, our SSA and SSF measurements
also suggest that the addition of divalent ions of barium, copper, iron, lead, manganese,
nickel and tin also results in changes in spectroscopic properties of DB domain (Figures 6c
and 6d), implying that although these metals cannot regenerate DB domain with DNA-
binding potential, they are nonetheless capable of competing with zinc for the zinc fingers in
agreement with our CD data.
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CONCLUSIONS
In the industrialized world, the environment has come to play an increasing role on human
health due to the presence of obnoxious chemicals in a wide variety of sources. In particular,
over the past decade or so, it has become clear that metal ions absorbed from various
environmental sources can potentiate the transcriptional activity of ERα within the body
leading to the development and progression of breast cancer (Garcia-Morales et al., 1994;
Martin et al., 2003; Darbre, 2006). Although it is generally believed that such metals up-
regulate ERα by virtue of their ability to mimic the action of endogenous estrogens, our data
presented here suggest that some of these metals may also be able to replace zinc within the
zinc fingers of the DB domain and thereby modulate its binding to the promoters of target
genes (Klinge, 2001). In particular, our data suggest that metals such as barium, copper,
iron, lead, manganese, nickel and tin may coordinate to cysteine ligands within the DB
domain in a manner that it can longer bind to DNA. It is thus quite possible that these metals
may influence the physiological action of ERα by virtue of their ability to compete with zinc
for coordinating to DB domain though their concentration is likely to be much lower than
zinc within living cells. More importantly, given that the hyperactivation of ERα is linked to
the genesis of large fractions of breast cancer (Deroo and Korach, 2006; Heldring et al.,
2007), deciphering the molecular basis of how environmental metals modulate the
transcriptional activity of ERα bears the potential to not only expand our biomedical
knowledge but may also lead to the development of novel anti-cancer therapies harboring
greater efficacy coupled with low toxicity. Toward this goal, our present study provides
mechanistic insights into how environmental metals may replace zinc within the zinc fingers
of ERα and thus bears important consequences on understanding its physiological function
in human health and disease.
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ABBREVIATIONS

ALS Analytical light scattering

CD Circular dichroism

DB DNA-binding

DLS Dynamic light scattering

ERα Estrogen receptor α

ERE Estrogen response element

ITC Isothermal titration calorimetry

LB Ligand-binding

MAPK Mitogen-activated protein kinase

NR Nuclear receptor

PAGE polyacrylamide gel electrophoresis

SDS Sodium dodecyl sulfate

SEC Size-exclusion chromatography
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SLS Static light scattering

SSA Steady-state absorbance

SSF Steady-state fluorescence

TA Trans-activation

ZF Zinc finger
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Figure 1.
3D structural model of the DB domain of human ERα in complex with ERE duplex
containing the AGGTCAcagTGACCT consensus sequence based on the crystal structure
(PDB# 1HCQ) determined by Rhodes and co-workers (Schwabe et al., 1993). The structural
model was built as described earlier (Deegan et al., 2010) and rendered using RIBBONS
(Carson, 1991). Note that the DB domain binds to DNA as a homodimer with a two-fold
axis of symmetry. One monomer of DB domain is shown in green and the other in blue. The
Zn2+ divalent ions are depicted as gray spheres and the sidechain moieties of cysteine
residues being coordinated in red. The DNA backbone is shown in yellow and the bases are
colored gray for clarity.
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Figure 2.
Representative ITC isotherms for the binding of ERE duplex to the DB domain of ERα pre-
treated with EDTA to strip divalent zinc ions (a) and upon reconstitution with divalent ions
of zinc (b), cadmium (c), mercury (d) and cobalt (e). The upper panels show the raw ITC
data expressed as change in thermal power with respect to time over the period of titration.
In the lower panels, change in molar heat is expressed as a function of molar ratio of ERE
duplex to dimer-equivalent DB domain. The solid lines in the lower panels represent the fit
of data to a one-site model, based on the binding of a ligand to a macromolecule assuming
the law of mass action, using the ORIGIN software (Wiseman et al., 1989; Deegan et al.,
2010). The insets in top panels represent ΔH-T plots for the corresponding protein-DNA
complexes. The solid line in red represents linear fit to the corresponding data.
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Figure 3.
Dependence of observed enthalpy (ΔHobs) as a function of ionization enthalpy (ΔHion) of
various buffers upon the binding of ERE duplex to the DB domain of ERα reconstituted
with divalent ions of zinc (DB[Zn]), cadmium (DB[Cd]), mercury (DB[Hg]) and cobalt
(DB[Co]). The ΔHion of various buffers used were +1.22 kcal/mol (Phosphate), +5.02 kcal/
mol (Hepes), +7.64 kcal/mol (Ticine) and +11.35 kcal/mol (Tris) (Fukada and Takahashi,
1998; Kozlov and Lohman, 2000; Ortiz-Salmeron et al., 2001). The solid lines within each
panel represent linear fits to data points and the net change in the number of protons (Δm)
uptaken per DB monomer upon binding to DNA was calculated from the corresponding
slopes as described earlier (Deegan et al., 2010). Error bars were calculated from at least
three independent measurements. All errors are given to one standard deviation.
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Figure 4.
Representative ALS chromatograms for the DB domain of ERα pre-treated with EDTA to
strip divalent zinc ions (DB) and upon reconstitution with divalent ions of zinc (DB[Zn]),
cadmium (DB[Cd]), mercury (DB[Hg]) and cobalt (DB[Co]). (a) Elution profiles as
monitored by the differential refractive index (Δn) plotted as a function of elution volume
(V) for the indicated species. (b) Partial Zimm plots obtained from analytical SLS
measurements at a specific protein concentration for indicated species. The solid lines
through the data points represent linear fits. (c) Autocorrelation function plots obtained from
analytical DLS measurements at a specific protein concentration for the indicated species.
The solid lines through the data points represent non-linear least squares fits to Eq [4].

Deegan et al. Page 17

J Mol Recognit. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Representative far-UV (a and c) and near-UV (b and d) CD spectra for the DB domain of
ERα pre-treated with EDTA to strip divalent zinc ions (DB) and upon reconstitution with
divalent ions of zinc (DB[Zn]), cadmium (DB[Cd]), mercury (DB[Hg]), cobalt (DB[Co]),
barium (DB[Ba]), copper (DB[Cu]), iron (DB[Fe]), lead (DB[Pb]), manganese (DB[Mn]),
nickel (DB[Ni]) and tin (DB[Sn]). Note that the spectra with divalent metal ions that can
regenerate the DB domain with DNA-binding potential are presented in (a–b), while spectra
for divalent metal ions that fail to do so in (c–d).
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Figure 6.
Representative SSA (a and c) and SSF (b and d) spectra for the DB domain of ERα pre-
treated with EDTA to strip divalent zinc ions (DB) and upon reconstitution with divalent
ions of zinc (DB[Zn]), cadmium (DB[Cd]), mercury (DB[Hg]), cobalt (DB[Co]), barium
(DB[Ba]), copper (DB[Cu]), iron (DB[Fe]), lead (DB[Pb]), manganese (DB[Mn]), nickel
(DB[Ni]) and tin (DB[Sn]). Note that the spectra with divalent metal ions that can regenerate
the DB domain with DNA-binding potential are presented in (a–b), while spectra for
divalent metal ions that fail to do so in (c–d).
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Table 2

Hydrodynamic parameters obtained from ALS measurements for the DB domain of ERα pre-treated with
EDTA to strip divalent zinc ions (DB) and upon reconstitution with divalent ions of zinc (DB[Zn]), cadmium
(DB[Cd]), mercury (DB[Hg]) and cobalt (DB[Co])

Mobs/kD Dt/μm2.s−1 Rh/Å Associativity

DB 26 ± 1 102 ± 3 24 ± 1 Dimer

DB[Zn] 27 ± 1 104 ± 9 23 ± 2 Dimer

DB[Cd] 26 ± 1 102 ± 5 25 ± 1 Dimer

DB[Hg] 27 ± 1 103 ± 4 23 ± 1 Dimer

DB[Co] 26 ± 1 108 ± 5 23 ± 1 Dimer

Mobs, Dt and Rh are respectively the observed molecular mass, translational diffusion coefficient and hydrodynamic radius for each indicated
species. Note that the calculated molecular mass of the recombinant DB domain from amino acid sequence alone is 13 kD. Errors were calculated
from at least three independent measurements. All errors are given to one standard deviation.
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