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ABSTRACT: Previously, we have identified an imperfect estrogen response element (rtERE) in the promoter
of the rainbow trout vitellogenin gene. Although this ERE leads to a lower transcriptional activation, a
better estradiol stimulation in vivo as compared to consensus ERE (EREcs) was observed. Here we examine
the ability of recombinant human estrogen receptorR (rhERR) to bind DNA containing the EREcs or the
natural imperfectrtERE, which contains three mismatches. At low salt concentration, whatever the ERE
sequence, dissociation equilibrium constants of the specific rhERR-ERE complexes are similar (KD ) 2
nM) with the same stoichiometry. As salt concentration increases from 80 to 200 mM KCl, the affinity
of the rhERR-rtERE complex largely diminishes whereas that of rhERR-EREcs seems less affected.
Hence the nature of the interactions stabilizing these complexes is different: more ionic in rhERR-
rtERE as compared to rhERR-EREcs. Moreover, kinetic measurements showed that specific rhERR-
ERE complexes exhibit shorter half-lives (few seconds) and that the rhERR-EREcs complex is more
stable (33 s) than the complex that formed withrtERE (19.8 s), in accordance with equilibrium binding
results. Finally, dynamic studies of rhERR have shown that the protein fluctuations are damped when the
salt concentration increases or when bound to ERE and all the more withrtERE. The interplay of affinity,
complex half-lives, and protein dynamics in the transcriptional regulation of estrogen receptor is discussed.

The dynamic organization of the genome and its tran-
scriptional regulators rule gene expression (1-4). Genes,
distributed along DNA sequence, are packed into the higher-
order chromatin structure (5) via its association with histones
and other proteins as transcription factors and chaperones
(6). Gene activation requires remodeling of chromatin and
subsequent assembly of the transcriptional machinery (7).
The complexes formed between transcription factors and
chromatin are highly dynamic (8): transcription factors
exhibit residence times on their DNA targets ranging from
minutes to a few seconds (9), whereas the core histones
remain associated with chromatin for several hours (10).
Molecular chaperones must play a role in the dissociation
of these transcriptional regulatory complexes originating the
observed turnover and the ability to respond to signaling (11).

Estrogen receptor (ER),1 a hormone-activated transcription
factor, is involved in the regulation of genes responsible for
development, growth of reproductive system, and cellular
differentiation in response to hormone binding and, obvi-
ously, to its binding on target genes (12). In a cellular context,
the majority of ER is localized in the nuclear compartment
where it is trapped into transitory complexes associated with
heat shock proteins; upon estradiol binding, ER molecules

dissociate from these complexes and diffuse through the
nucleoplasmic space until they reach response elements (13-
15). Hence, in vivo, ER forms dynamic complexes with
specific DNA targets of the genome and also with nuclear
matrix, which can undergo rapid exchange resulting in the
transcriptional responsiveness mentioned above (4).

ER contains six domains denoted A-F, two of which are
evolutionarily conserved: the DNA-binding domain (C),
DBD, with its two zinc fingers and the ligand binding domain
(E), LBD, which contains a ligand-dependent activation
function (AF-2). The latter contains sequences responsible
for receptor dimerization (16-18) and nuclear localization
(19). Additionally, the N-terminus, A/B domains, displays
a ligand-independent activation function (AF-1) that is
controlled by the phosphorylation state of the protein (20-
22). D domain, a hinge region between DBD and LBD,
interacts with nuclear corepressor proteins (23). Last, the F
domain plays a role in distinguishing estrogen agonists versus
antagonists (24). In mammals, two ER subtypes, ERR and
ERâ, have been reported (25-28).

The nucleotide sequences specifically recognized by ERs
are named estrogen response elements (EREs). The optimal
ERE sequence consists of two six-base-pair (bp) half-sites,
AGGTCA, organized as inverted repeats with a three-base-
pair spacing (29 and references therein). Upon interaction
between ERE and DBD of ER, both molecules undergo
conformational changes; the protein structural differences
primarily concern the second zinc domain, which appears
to be disordered in the free form and folded in the complexed
form (30), whereas distortion is observed in DNA strands
(31). Altogether these structural and flexibility changes could
be critical for the differential regulation of estrogen-
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responsive genes since they likely depend on the ERE
sequence to which the ER is bound.

In fish, estrogens control gonadal sex differentiation, liver
vitellogenesis, and fat metabolism. The liver appears to be
the most abundant organ in ER (32). In rainbow trout liver,
estrogens up-regulate differently the expression of the
estrogen receptorR (rtERR) and vitellogenin (Vg) genes:
higher estradiol and ERR concentrations are required for Vg
gene expression (33, 34). In trout liver nuclear extracts, two
ERR isoforms are observed, a full-length (rtERL) form and
an N-terminal truncation (rtERS) of 71 and 65 kDa,
respectively. The latterrtERR form, which lacks the first
41 residues present in the A-domain in other species, exhibits
a significant estrogen-independent transactivation activity
compared to that ofrtERL or human ERR (35). rtERR and
hERR exhibit a homology in amino acid sequences depend-
ing on the domains; the A/B-domain is the less conserved
(20%), whereas the C-domain is the most conserved (92%)
conferring a similar binding affinity (36).

In previous studies, we have identified the natural ERE
of theOncorhynchus mykissrainbow trout vitellogenin gene
(rtERE) by using transient transfection assays in yeast and
MCF7 cells; a single copy of this 15 bp nonpalindromic
element confers estrogen-responsiveness to this gene (37).
This natural sequence,rtERE, differs from the consensus
ERE, EREcs, by three mutations: GGGGCAnnnTAACCT.
In transformed yeast expressing N-terminally truncated
rainbow trout estrogen receptorR form (rtERS), we have
shown that this natural imperfect ERE exhibits a lower
transactivation activity but a better response to estradiol
stimulation than a consensus ERE.

The aim of the present study is to quantitatively character-
ize the affinity, the specificity, and the stability of the
complexes formed between ER and EREs. This work has
been performed by using fluorescence methods. This tech-
nique allows measurement of high binding affinities (sub-
nanomolarKD) in a direct manner, study of the effects of
varying physicochemical conditions such as pH, salt con-
centration, and temperature on the thermodynamic and
kinetic parameters of the ligand-binding reactions, and
observation of the protein conformational changes associated
with binding. Actually, upon ligand binding, a protein
conformational change may occur altering thereby the
polarity of the microenvironment of the tryptophan residues,
their solvent-accessibility, or both, two parameters that can
be measured. In addition to these advantages, fluorescence
spectroscopy brings much information on the formation of
the protein-DNA complexes. In return, pure materials are
required. Hence, in vitro binding experiments were performed
by using pure rhERR, rtERS being not yet sufficiently
purified. This choice is based on the fact that, although in
yeastSaccharomyces cereVisiae the functional activities of
human and trout ERS are distinct, these two receptors exhibit
a similar EREcs binding affinity (36). In the present study,
the importance of the electrostatic properties of protein-
DNA complexes in the affinity and specificity of complexes,
rhERR-rtERE and rhERR-EREcs, has been investigated
by performing experiments at salt concentrations that better
mimic the in vivo conditions. The mechanism of recognition
between ER and its DNA binding sites must depend to some
extent on the conformational flexibility of interacting mol-
ecules. This assumption is further supported by the observed

ligand- and DNA-induced ER structural changes (38, 39).
Hence, to investigate the relation between (i) the structural
and thermodynamic features and (ii) the dynamic behavior
of ER-ERE complexes, the effect of ERE sequence on the
occupancy time of rhERR on its targets and the flexibility
of the bound receptor was examined. From the comparison
between distinct specific rhERR-ERE complexes taking into
account as a whole the thermodynamic, kinetic, and dynamic
features must emerge a new framework for considering the
molecular basis of transcriptional regulation.

MATERIAL AND METHODS

In ViVo Study

Strain and Culture Media.The S. cereVisiae strain used
was W303.1B (R, leu2, his3, trp1, ura3, ade2-1, canR, cyr+).
Yeasts were transformed by the lithium acetate protocol
(Clontech) and grown in selective medium SD/-Ura/-Leu
(glucose, 20 g/L, yeast nitrogen base, 6.7 g/L, drop-out
supplement without uracile and leucine, pH 5.8). For
transactivation experiments, the culture medium used was
YPRE (yeast extract, 10 g/L, tryptone, 20 g/L, raffinose, 5
g/L, ethanol, 3%, pH 7).

Receptor Expression and Reporter Plasmids.The con-
struction of pY60rter, yeast expression vector ofrtERS from
pY60aquapo (40) and pCMVrter (36) vectors was previously
described (37).

Three reporter plasmids were used for in vivo study,
YRPE2-1EREcs, YRPE2-rtERE and YRPE2-cyc (37). All
these plasmids were derived from YRPE2 kindly provided
by Prof. O’Malley. The reporter gene (lacZ) coding for the
â-galactosidase (â-gal) was placed under the control of
one sequence of EREcs (AGGTCAcagTGACCT) for
YRPE2-1EREcs or onertERE (GGGGCAggtTAACCT) for
YRPE2-rtERE. ERE sequence is inserted upstream of the
CYC1 promoter. For control experiments, a YRPE2-deriva-
tive plasmid without ERE sequence, YRPE2-CYC, has been
constructed (37).

TransactiVation Assay.Transformed yeasts were grown
on selective medium (SD/-Ura/-Leu) at 30 °C until
OD600 nm,l)1 cm ) 1 and then diluted 10 times in YPRE. Once
OD600 nm,l)1 cm ) 0.6, the expression of thertERS was induced
by adding galactose (20 g/L) with or without E2 stimulation
(10-8 and 10-7 M). â-gal activity was measured 17 h after
induction with or without hormonal stimulation as previously
described (37). All data, expressed in Miller units, are the
results from at least three independent transformants.

In Vitro Study

Protein. Full-length purified rhERR, baculovirus-ex-
pressed, was purchased from PanVera Corporation (Madison,
WI) and stored at-80 °C. The protein concentration of the
commercialized sample was 3µM. One hour before every
experiment, the rhERR sample was thawed and diluted to
7.5× 10-7 M in the assay buffer to allow protein stabiliza-
tion. This sample was kept on ice for the duration of the
experiments.

Oligonucleotides.Double-stranded oligonucleotide solu-
tions were prepared from two 21-bp complementary oligo-
nucleotidic sequences. These sequences were synthesized,
purified, and adjusted to 100µM by Proligo (Paris, France).
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The oligonucleotide sequences of the sense strand of palin-
dromic consensus ERE (EREcs), natural rainbow trout ERE
(rtERE), and nonspecific oligonucleotide (OLIns) are GT-
CAGGTCACAGTGACCTGAT, AGTGGGGCAGGTTAAC-
CTAAC, and CCCACGTAAAACTGACCATCC, respec-
tively.

The duplexes were formed by diluting each oligonucleotide
in the assay buffer (Tris-HCl, 10 mM, KCl, 80 mM, pH 7.5,
EDTA, 0.1 mM, DTT, 1 mM, glycerol, 10%) to obtain a
final oligonucleotide concentration of 1µM. Then both
complementary oligonucleotides were mixed and heated to
85 °C for 10 min and slowly cooled to 4°C.

For experiments requiring fluorescein-labeled oligonucle-
otides, only one of the strands in the duplexes was coupled
to fluorescein at the 5′ end.

Steady-State Fluorescence.All in vitro experiments were
carried out with rhERR at 10 ( 2 °C in assay buffer
containing various KCl concentrations (80, 140, and 200
mM). Steady-state fluorescence emission was measured by
using a SLM8100 spectrofluorimeter.

Tryptophan fluorescence spectra were obtained with
bandwidths adjusted for an excitation and emission resolution
of 4 and 2 nm, respectively. The excitation wavelength was
290 nm to ensure that the measured fluorescence was due
to the sole tryptophanyl residues. Fluorescence emission
intensity was collected with an integration time of 1 s
between 300 and 430 nm. Each displayed spectrum is the
average of four acquisitions.

Tryptophan fluorescence quenching experiments were
achieved by using acrylamide as a quencher and monitoring
protein emission in the presence of 140 mM KCl. Acrylamide
is an efficient quencher of tryptophanyl fluorescence (41,
42). These experiments were carried out with 3× 10-8 M
rhERR and various acrylamide concentrations from 0 to 0.16
M. Stock acrylamide solutions (2 M) were obtained by
dissolving acrylamide (Sigma) in the assay buffer.

For experiments carried out with the rhERR-EREcs
complex, a EREcs concentration of 5.42× 10-8 M was used,
whereas artERE concentration of 8.1× 10-8 M was used
for the rhERR-rtERE complex study; in this way, at least
90% of the rhERR is specifically complexed. All experiments
were repeated three times.

The quenching of fluorescence of fluorophore residues in
proteins can occur in two ways: (i) static quenching arising
from formation of a complex between fluorophore and
quencher before excitation, (ii) dynamic quenching resulting
from encounters of fluorophore and quencher molecules
during the excited-state lifetime, or both. When both occur,
the quenching process can be analyzed according to the
modified Stern-Volmer equation:

whereF0 andF represent the fluorescence intensity in the
absence and in the presence of the quencher Q, respectively,
and KSV and Ka are the collisional and static quenching
constants, respectively. If a single process is operating or
dominating, the plotF0/F vs [Q] will be linear; if both
processes occur, the plotF0/F vs [Q] will exhibit an upward
curvature.

For proteins having several fluorophore residues, the
quenching data can be described by the Lehrer’s equation:

where∆F ) F0 - F is the fluorescence intensity decrease
due to the quencher concentration [Q],fa is the fractional
maximum of the accessible fluorophores, andK is the
quenching constant. For dynamic quenching, the constant
KSV is equal to the productkqτ0, wherekq is the bimolecular
collisional rate constant andτ0 is the fluorescence decay time
in the absence of quenching. The fraction of the accessible
fluorophores was determined from they-intercept of the plot
F0/∆F vs 1/[Q] and the apparent quenching constant from
the ratio of they-intercept to the slope.

Fluorescein fluorescence anisotropy values were monitored
with an excitation wavelength of 480 nm, and the bandwidth
for excitation was 2 nm; the fluorescence emission intensities
were collected through a 515 cutoff Oriel filter, which
eliminates the excitation light scattering. The emission
anisotropy,A, was measured according to the definition:

whereF12 is an emission fluorescence intensity with sub-
scripts 1 and 2 indicating the vertical or horizontal position
of the excitation and emission polarizers, respectively.

For rhERR-oligonucleotide binding titration experiments,
the oligonucleotide concentration was kept constant at 5×
10-10 M, and the protein concentration was varied between
2 × 10-10 and 3 × 10-8 M. Prior to performance of
measurements, the sample (oligonucleotide plus protein) was
incubated for 10 min to allow protein-oligonucleotide
complexation. Fluorescence anisotropy measurements were
carried out with an integration time of 5 s oneach emission
intensity component. Data fitting was performed by nonlinear
regression analysis.

For kinetic measurements of the complex dissociation, the
initial value of fluorescence anisotropy of the sample
containing 1× 10-9 M fluorescein-labeled ERE with 1×
10-8 M rhERR was measured after an equilibration time of
10 min. A 10-fold molar excess of unlabeled oligonucleotide
was then added and quickly mixed. Data were immediately
recorded with integration and interval times of 1 and 3 s,
respectively. Data were fitted to single-exponential decay
to obtain the dissociation rate constant.

Spectra and anisotropy values were corrected by subtract-
ing background intensities of the buffer solution. Every
displayed datum is the average of three independent experi-
ments. Measurements were performed in a cuvette thermo-
stated at 10°C.

RESULTS

Transcriptional ActiVity Assay.Recently, we have identi-
fied a nonpalindromic ERE sequence in the promoter of the
rainbow trout vitellogenin gene (37). Transfection assays in
cotransformed yeast cells with expression and reporter
plasmids were used to examine the ability ofrtERS to activate
transcription of reporter vector containing either a single

F0

F
) (1 + KSV[Q])(1 + Ka[Q])

F0
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) 1

faKSV

1
[Q]

+ 1
fa

A )
FVV - FVH(FHV/FHH)
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EREcs orrtERE in response to E2. The effect of different
E2 concentrations onrtERS transcriptional activity is reported
in Figure 1. For yeast cells transformed with YRPE2-1EREcs,
E2-stimulation factors of 1.4 and 2 were obtained with 10-8

and 10-7 M E2, respectively; whereas higher E2-stimulated
transcription is observed from yeasts transformed with
YRPE2-rtERE: E2-stimulation factors of 1.6 and 5.5 were
obtained with 10-8 and 10-7 M E2, respectively. No
enhanced transcriptional activity was noticed with YRPE2-
CYC in the presence of 10-7 M E2.

Effect of Salt Concentration on the Affinity and the
Specificity of rhERR-ERE Interaction.The affinity of rhERR
for EREcs andrtERE sequences was determined by using
fluorescence anisotropy methodology. Fluorescence anisot-
ropy DNA binding curve has been already used for deter-
mining protein-DNA equilibrium (43-46). Previous studies
performed at low salt concentration have reported that affinity
of rhERR for ERE, either consensus or mutated motif with
a single base-pair change per half-site, is roughly the same
(KD ≈ 2 nM) with the same rhERR/ERE stoichiometry (46).
Recently, we have reported that the rhERR binds with a
nonpalindromic ERE sequence identified in the promoter of
the rainbow trout vitellogenin gene; the equilibrium dis-
sociation constant of the resulting complex is 2.5 nM at 80
mM KCl; this value is similar to that of the complex formed
between rhERR and EREcs under same experimental condi-
tions (37). These similar results, obtained by Szatkowski
Ozers and co-workers (46) and us, are in opposition with
current literature reporting that affinity of rhERR decreases
as oligonucleotidic sequence is more degenerated (29). To
elucidate this controversy, the effect of the salt concentration
on the complex formation was investigated.

Figure 2 displays the changes of the fluorescence anisot-
ropy value of the 5′-fluorescein-labeled oligonucleotide in
the presence of increasing rhERR concentrations from 2×
10-10 to 3 × 10-8 M. This latter protein concentration was

limited by the concentration of the commercialized rhERR.
These titration curves were obtained at 10°C for various
KCl concentrations (80, 140, and 200 mM), with both EREcs
and rtERE oligonucleotidic specific sequences at 0.5 nM.
The effect of different salt concentrations on the interaction
between rhERR and EREcs sequence is shown in Figure 2A.
At 200 mM KCl, the titration curve is monophasic within
the protein concentration range used, suggesting one unique
protein-DNA binding equilibrium. At 80 mM KCl, the
titration curve appears more complex, due to a nonspecific
binding contribution observed for protein concentrations
above 10-8 M. Moreover, after rhERR binding, whatever
the KCl concentration, the fluorescence anisotropy value of
the fluorescein-labeled oligonucleotide is roughly increased
2-fold suggesting that the stoichiometry of the rhERR-
EREcs complex is not affected by an increased salt concen-
tration (from 80 to 200 mM KCl). Besides, the titration curve
is slightly shifted toward high protein concentrations as the
salt concentration is increased from 80 to 200 mM. Data
fitting, by using a single binding equilibrium, yields an
apparent dissociation constant value of (2.0( 0.5) × 10-9

mol‚L-1 at 80 mM KCl and (4.8( 0.7) × 10-9 mol‚L-1 at
200 mM KCl. These values indicate that rhERR strongly
binds to the EREcs sequence and that this binding is only
slightly altered by salt concentration. Figure 2B displays the
effect of KCl concentration on the rhERR-rtERE binding
titration. As above, whatever the salt concentration, we
observe that the titration curve exhibits a monophasic
behavior and that the fluorescence anisotropy value of the
free fluorescein-labeled oligonucleotide is 2-fold lower
compared to that of the complex. Though, unlike what was
observed with the rhERR-EREcs complex, the titration
curve is significantly shifted toward higher protein concen-
trations as the salt concentration is increased. Fitted data,
derived from a simple binding model, yield apparent dis-
sociation constant values of (2.5( 0.8) × 10-9 and (6.2(
0.3)× 10-9 mol‚L-1 at 80 and 140 mM in KCl, respectively,
whereas no binding was observed at 200 mM in KCl within
the rhERR concentration range used.

To assess the specificity of the rhERR-ERE interactions,
titration curves were performed with OLIns. The Figure 3
displays the effect of salt concentration on the fluorescence
anisotropy profile of fluorescein covalently bound to OLIns.
At 80 mM KCl, the titration curve obtained with OLIns is
shifted toward higher rhERR protein concentrations as
compared to that obtained with EREcs orrtERE sequences.
In these experimental conditions, rhERR binds to OLIns with
an apparentKD value of (32( 4) × 10-9 mol‚L-1; above
80 mM KCl, no nonspecific binding was observed between
3 × 10-10 and 3× 10-8 mol‚L-1 in rhERR.

Thus, the rhERR-ERE complex observed at low salt
concentration, between 2× 10-10 and 3× 10-8 mol‚L-1

protein concentration range, is of course a specific complex;
moreover, our data show that the interactions stabilizing this
specific complex depend on the ERE sequence.

Effect of ERE Sequence on the Kinetic Stability of the
rhER-ERE Complex.Binding equilibrium experiments have
shown that the specific interaction of rhERR with thertERE
sequence is highly sensitive to salt concentration in the 80-
200 mM range, whereas the rhERR-EREcs specific complex
was only weakly affected. Because at 140 mM KCl the
dissociation equilibrium constant of both specific complexes

FIGURE 1: Identification of ERE in Vtg gene promoter. Yeast cells
were cotransformed with the pY60rter expression vector and one
YRPE2 derivative reporter plasmid: YPE2-rtERE (A) and YRPE2-
1EREcs (B). The recombinant cells were grown in YPRE medium
until OD600 nm,l)1 cm ) 0.6 and then induced with 20 g/L of
galactose. E-G+ denotes no E2 stimulation; 10-8 M E2 and 10-7

M E2 denote E2 stimulation at 10-8 and 10-7 M, respectively.
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is at least 100-fold lower than that of the nonspecific, kinetic
dissociation, studies have been performed at this salt
concentration to focus on the specific complexes. The
rhERR-EREcs and rhERR-rtERE specific complexes were
obtained by incubating fluorescein-labeled ERE at 1× 10-9

mol‚L-1 and rhERR at 1× 10-8 mol‚L-1. In these conditions,
the percentage of bound oligonucleotide is about 80%. The
dissociation rate of these complexes was observed, after
addition of nonfluorescent oligonucleotide at 1× 10-7

mol‚L-1, by monitoring the fluorescein fluorescence anisot-
ropy decrease as a function of time (Figure 4).

Figure 4A displays the time-fluorescence anisotropy
change of fluorescein-labeled EREcs bound to rhERR after
dilution by the same nonfluorescent ERE. The decay is best
fitted by a single-exponential law, which yields a dissociation
rate constant value of (2.1( 0.3) × 10-2 s-1. This value
gives a half-life (t1/2) for the rhERR-EREcs complex of 33
s. Figure 4B displays the time-fluorescence anisotropy decay
of fluorescein-labeledrtERE sequence bound to rhERR after
addition of the nonfluorescentrtERE. As for rhERR-EREcs

dissociation, we observe a monoexponential decay of the
signal. The data fitting yields a value of (3.5( 0.5)× 10-2

s-1 for the dissociation rate constant of specific rhERR-
rtERE complex; thus thet1/2 of the rhERR-rtERE complex
is 19.8 s.

These results show that, in our experimental conditions,
the complext1/2 depends on ERE sequence involved in the
specific complex with a shortert1/2 for rhERR-rtERE. These
rate constant values are concordant with equilibrium binding
results: at 140 mM KCl, the rhERR-EREcs complex is
more stable than the rhERR-rtERE.

rhERR Flexibility at Different Salt Concentrations.rhERR
is composed of five tryptophanyl residues distributed among
595 residues in the DBD (1 tryptophan/66 residues), in the
hinge region between DBD and LBD (1/64), and in the LBD
(3/238). Thus, the dynamic properties of tryptophanyl
residues must reflect those of the whole protein. The
fluorescence properties of tryptophanyl residues of rhERR
were analyzed from their averaged fluorescence lifetimes and
emission spectra. No changes were observed upon KCl
concentration increase from 80 to 200 mM (data not shown);
the averaged fluorescence lifetime is 7.88( 0.32 ns and the
wavelength of the maximum emission is 335 nm. Thus, the
environment of the tryptophanyl residues of rhERR is not
altered by salt concentration.

The dynamic accessibility of tryptophanyl residues in
rhERR was analyzed by acrylamide as fluorescence quench-
er. Figure 5 displays the fluorescence emission spectra of
tryptophanyl residues of rhERR (80 mM KCl) monitored at
increasing concentrations of acrylamide. As acrylamide
concentration increases, the fluorescence intensity decreases
without noticeable change of the spectrum shape. In Figure
6A, data have been plotted according to the modified Stern-
Volmer equation (see Material and Methods),F0/F vs
[acrylamide], yielding a straight line between 0 and 0.16
mol‚L-1 in acrylamide; this pattern suggests that the quench-
ing process is mainly dynamic. Besides, data were also
plotted according to the Lehrer equation (see Material and
Methods). From the intercept of the Lehrer plot,F0/∆F vs
1/[acrylamide] (Figure 6B), yielding the fraction of accessible
tryptophanyl residues (fa), we determined that all the five
tryptophanyl residues are quenched by acrylamide. Similar

FIGURE 2: Fluorescence anisotropy profiles of 5′-fluorescein-labeled ERE upon binding with human ER: determination of apparent equilibrium
constant. Titrations of 0.5× 10-9 mol‚L-1 labeled EREcs (A) andrtERE (B) are performed at various KCl concentrations (b 80 mM, 2
140 mM, and9 200 mM). Experimental conditions are 10 mM Tris-HCl buffer, pH 7.5, 10% glycerol, 0.1 mM EDTA, 1 mM DTT at 10
°C. The lines through the data points result from data fitting using a single equilibrium model.

FIGURE 3: Fluorescence anisotropy profiles of the covalently bound
fluorescein to a nonspecific oligonucleotidic sequence upon binding
with human ER. Titrations of 0.5× 10-9 mol‚L-1 labeled
nonspecific 21-mer are performed with three KCl concentrations:
80 (b), 140 (2), and 200 mM (9). Experimental conditions are
the same as those in Figure 2.
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fa values of 1 were observed whatever the salt concentration;
only the collisional quenching rate constants of these
residues, determined from the slope of the Lehrer plot, were
observed to vary with KCl concentration. As shown in Table
1, the collisional rate constant is reduced when KCl
concentration increases: 11.9× 108, 10.8× 108, and 9.9×
108 L‚mol-1‚s-1 for 80, 140, and 200 mM KCl, respectively.
These results suggest that the dynamic accessibility of the
rhERR tryptophanyl residues would decrease as the KCl
concentration is increased from 80 to 200 mM. Hence at
high salt concentrations, the protein would be more con-
strained due to lesser protein fluctuations.

Protein Flexibility within rhERR-ERE Complexes.Protein
flexibility study within rhERR-ERE complexes has been
performed with 140 mM KCl to prevent nonspecific protein-
DNA complex contributions observed at 80 mM KCl. In our
experimental conditions, the emission spectrum of rhERR
tryptophan appears unchanged (no intensity change and no
spectral shift) upon ERE binding (data not shown). This

indicates that there are noπ-π stacking interactions between
indol rings and nucleic acid bases (47-49) and that the
environment of these aromatic amino acid residues seems
to be not affected upon complex formation.

Whatever the specific complex, rhERR-EREcs or rhERR-
rtERE, the Lehrer plot yields a straight line, the intercept of
which is equal to 1 (Figure 7); this result indicates that all
tryptophanyl residues in the complex remain accessible to
acrylamide. However, it appears that the collisional rate
constant differs in the free (10.8× 108 L‚mol-1‚s-1) and
bound states (rhERR-EREcs, 8.4× 108 L‚mol-1‚s-1;
rhERR-rtERE, 7.9 × 108 L‚mol-1‚s-1): the dynamic
accessibility of the tryptophanyl residues is lowered as a
consequence of ER-DNA binding. Moreover, this constant
also depends on the type of complex (Table 1): it is even
more reduced within the complex exhibiting the lowest
affinity, namely, rhERR-rtERE. These results were observed
to be highly reproducible since twin free- and bound-protein
experiments were repeated three times: in each case, the
quenching constant was lower for complexed protein as
compared to the free form and lower for rhERR-rtERE as
compared to rhERR-EREcs.

DISCUSSION

In vitro studies have previously reported that the estrogen
receptor, with or without estrogen, specifically binds to the
consensus palindromic ERE sequence, AGGTCAnnnT-
GACCT, as an homodimer (50, 51); each subunit recognizes
one half-site of the palindromic sequence. The interactions
between the EREcs target and the DBD of rhERR involve
direct and water-mediated protein-DNA hydrogen bonds
(30, 52). These water-mediated interactions confer the
specificity of recognition and the stability of interaction
between ERE and rhERR (52). In vitro, it appears that the
equilibrium binding and association rate constants of the
specific rhERR-EREcs complex do not depend on E2 (46,
53), whereas in vivo, the transcriptional activity of rhERR
depends on the presence of the hormone (54). Previously, it
has been observed that the specific complexes formed
between ER and degenerated oligonucleotidic sequences

FIGURE 4: Time-fluorescence change of 5′-fluorescein-labeled ERE sequence bound to human ER after dilution by nonlabeled ERE
sequence: measurement of dissociation rate constant of the specific complexes hER-EREcs (A) and hER-rtERE (B). Incubation conditions
are 1× 10-9 mol‚L-1 fluorescein-labeled ERE with 1× 10-8 mol‚L-1 rhER during 15 min at 10°C. Fluorescence anisotropy values are
measured after addition of 10-fold excess of nonlabeled ERE in reaction mixture containing 140 mM KCl. The lines through the data points
result from data fitting using a single-exponential function.

FIGURE 5: Emission spectra of the rhER tryptophan fluorescence
quenched by acrylamide. The emission of 1× 10-7 mol‚L-1 rhER
in assay buffer at 10°C without (s) and with various acrylamide
concentrations (0.025, 0.05, 0.10, 0.14, and 0.17 mol‚L-1) is
monitored from 300 to 450 nm using an excitation wavelength of
290 nm. Buffer solution is composed of 10 mM Tris-HCl buffer,
80 mM KCl, pH 7.5, 10% glycerol, 0.1 mM EDTA, 1 mM DTT.
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found in most of genes in many species exhibit lower
affinities as compared to the complex formed with the
palindromic EREcs sequence (29). Recently, we have identi-
fied the natural rtERE in the promoter region of the
vitellogenin gene ofOncorhynchus mykiss; this natural
sequence, a 15-bp nonpalindromic element, differs from the
EREcs by three mutations: GGGGCAnnnTAACCT. As
mentioned above, at low salt concentration, the binding
affinity of rhERR is similar whatever the ERE sequence,
EREcs orrtERE. Moreover, at low salt concentration, the
complexes formed between the ER and both ERE sequences

exhibit two distinct stoichiometries depending on protein
concentration: below 3× 10-8 M rhERR, the protein is
bound to ERE in a 2:1 (monomer/ERE) complex, and above
this concentration, higher stoichiometry is observed; the latter
is observed with any OLIns sequence. TheKD value of these
specific complexes is about 2 nM, whereas theKD value of
nonspecific complex is 15-fold higher. A similar high affinity
(KD ) 2 nM) was yet measured at low ionic strength for the
purified baculovirus-expressed human ERR binding to
consensus and mutated ERE bearing a single base-pair
change in each half-site (46) and also for purified yeast-
expressed human ERR binding to consensus ERE sequence
(55). This apparent discrepancy with the literature vanishes
if one considers the effect of salts. Indeed increasing salt
results in a significantly decreased affinity for the degenerated
sequence, whereas the affinity for EREcs is poorly altered.
The effect of an increased salt concentration is more
pronounced on the complex formed with an imperfect ERE
sequence as compared to the complex formed with EREcs.
Similar results were already obtained with synthesized
mutated ERE (46). These results show that one degeneracy
of the ERE sequence results in a decrease of the complex
affinity, which might come from a different pattern of
stabilizing interactions within the complex: electrostatic
interactions would dominate within the complex formed with
rtERE. It could be hypothesized that this particular feature
allows additional modulations by charged molecules in the
receptor functional nuclear compartment. Moreover, our
experiments performed at 80 or 140 mM KCl show, whatever
the ERE sequence (EREcs orrtERE), a similar overall

FIGURE 6: Effect of KCl concentration on rhER dynamic quenching process by acrylamide. Stern-Volmer (A) and Lehrer (B) plots of the
rhER tryptophan fluorescence quenched by acrylamide are shown. Experimental conditions are the same as those in Figure 5. Buffer
solution contains 80 (s), 140 (‚‚‚), or 200 mM (- ‚ -) KCl.

Table 1: rhER Fluorescence Quenching Experimentsa

KCl concentration
on rhER dynamics

ERE binding on
rhER dynamics
(140 mM KCl)

80 mM 140 mM 200 mM rhER-EREcs rhER-rtERE

fa 1 1 1 1 1
K (L‚mol-1) 9.4( 0.3 8.5( 0.2 7.8( 0.2 6.60( 0.02 6.2( 0.4
kq (108 L‚mol-1‚s-1) 11.9 10.8 9.9 8.4 7.9

a The table displays the parameters obtained from the fluorescence quenching of hER tryptophanyl residues by acrylamide.K is the Stern-
Volmer constant;kq, the collisional rate constant between the fluorescent probe and the quencher, is calculated fromkq ) (K/τ0). τ0, the fluorescence
lifetime of the hER tryptophanyl residues in the absence of acrylamide, is 7.88( 0.32 ns whatever the protein state, free or complexed with ERE,
and whatever the salt concentration.fa is the fraction of the accessible tryptophanyl residues in hER.

FIGURE 7: Effect of ERE binding on rhER dynamic quenching
process by acrylamide. Lehrer plots of the rhER (s), rhER-EREcs
(‚‚‚), and rhER-rtERE (- ‚ -) tryptophan fluorescence quenched
by acrylamide. Experimental conditions are the same as those in
Figure 5, and the buffer solution contains 140 mM KCl.
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anisotropy change upon rhERR binding between free and
bound ERE forms; this suggests that these high-affinity
complexes exhibit similar stoichiometries. The lower affinity
of rhERR for rtERE as compared to EREcs is concordant
with its shorter t1/2 as measured by kinetic fluorescence
anisotropy. Previously, it has been shown that each base in
the palindromic ERE sequence is important to retain the high
affinity of the rhERR-ERE complex (56). Since, a bunch
of experiments have assessed the relation between equilib-
rium binding affinity and structural features. Nevertheless,
we must be aware of the preponderant role of molecular
fluctuations and the resulting conformational flexibility in
determining the recognition and the stabilization of protein-
DNA complexes. Indeed, a low affinity associated with a
short complext1/2 might result, among other events, in a
modification of the relaxation processes, which depend on,
or are of consequences for, the energy and flexibility of the
interacting molecules. From the fluorescence quenching
experiments presented here, it arises that all tryptophanyl
residues exhibit a homogeneous dynamical accessibility
whatever their protein localization. Interestingly, it is ob-
served that both salt and ERE binding lead to restricted
protein fluctuations. Hence, affinity and flexibility changes
are linked since a salt concentration jump results in a decrease
of both protein fluctuations and ERE affinity: the higher
the protein fluctuates, the higher the affinity is. Besides, it
is important to remember that the observed dynamical
changes not only concern the DBD but rather reflect the
overall protein conformational flexibility. Consequently, the
high flexibility of rhERR observed at low salt concentration
may be responsible for the poor discrimination between
specific and nonspecific binding.

As a conclusion, the link between affinity and dynamics
here observed allows us to propose an alternate mechanism
for the various effectors involved in the fine-tuning of gene
expression: any effectors altering proteins fluctuations would
therefore modulate the stability and half-life of the complex,
which in turn would interfere with the recruitment of
subsequent transcriptional factors. Hence, the time scale of
molecular interactions must have a root in the larger scale
chromatin dynamics, the “fast” elementary events constitut-
ing the molecular clocks, which eventually lead to the “slow”
large-scale chromatin dynamics. From this point of view,
the complex half-lives would altogether be intrinsically linked
to the diffusion of transcription factors toward their specific
target and play a prominent role in the control of transcrip-
tional activity. Time correlations must hence help us to a
better understanding of these complex regulations.
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