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ABSTRACT: We present 158 ns of unrestrained all-atom molecular dynamics (MD) simulations of the human
estrogen receptorR ligand binding domain (ERR LBD) sampling the conformational changes upon binding
of estradiol. The pivotal role of His524 in maintaining the protein structure in the biologically active
agonist conformation is elucidated. With His524 modeled as theε-tautomer, a conserved hydrogen bond
to the ligand is found in the active complex. Helices 3 and 11 are held together by a hydrogen-bonding
network from His524 to Glu339 via Glu419 and Lys531, arresting the ligand in the binding pocket and
creating the “mouse trap” binding site for helix 12 (H12). The simulations reveal how His524 serves as
a communication point between the two. When estradiol is bound, His524 is positioned correctly for the
hydrogen bond network to be established. H12 is then positioned for interaction with the co-activator
protein, leading to the biologically active complex. The conformational dynamics of ERR LBD is further
investigated from simulations of antagonist and apo conformations of the protein. These simulations suggest
a likely sequence of events for the transition from the inactive apo structure to the transcriptionally active
conformation of ERR LBD. Stable conformations are identified where H12 is placed neither in the “mouse
trap” nor in the co-activator binding groove, as is the case for antagonist structures of ERR LBD. Finally,
the influence of such conformations on the biological function of ERR is discussed in relationship to the
interaction with selective estrogen receptor modulators and endocrine-disrupting compounds.

The estrogen receptor (ER1) is a member of the nuclear
receptor (NR) superfamily (1, 2). These proteins are ligand
activated transcription factors involved in a number of
biological processes, such as homeostasis, lipid metabolism,
embryonic development, and cell death (1, 3-7). Upon the
dysfunction of NRs, diseases and malfunctions, such as
obesity, diabetes, infertility, and cancer, may develop (4, 5,
8). The NR family consists of 48 different proteins (2, 9),
each consisting of three functional domains (10). These are
the N-terminal transactivation domain, the central DNA
binding domain, and the C-terminal ligand binding domain
(LBD), where the activation function-2 (AF-2) is positioned.
The overall architecture of the LBD is conserved among all
NRs (11); however, selective ligand interactions are entirely
due to this domain. Various isoforms of NR LBDs, all with
their own particular ligand specificity, may be found in

different tissues and thus provide opportunities for specific
medicinal targeting of these domains. Apart from ligand
binding, the NR LBD is involved in receptor dimerization
and is additionally crucial for the binding of cofactors that
are important for correct transcriptional interaction (3). Upon
activation of the ER, a major conformational change takes
place in the LBD, where the C-terminal helix, helix 12 (H12),
is repositioned to either cap the ligand binding site, in what
has been termed the “mouse trap” (7), as for the agonist
protein structures, or to reside in the so-called “charge clamp”
site (12) in the antagonist protein structure. When H12 is
positioned in the agonist position, a co-activator protein, with
a common LXXLL motif (13), is bound. These proteins are
important for activity because the homo-dimerization of ERR
LBD is induced upon this coordination (14), allowing the
transcription to take place. When an antagonist ligand binds
in the ligand binding cavity, however, H12 occupies the
surface area where the co-activator protein should bind, thus
preventing dimerization and transcription from occurring. In
this conformation, ER instead recruits co-repressor proteins
(15).

No 3D structure has yet been obtained of an entire NR
with all domains intact, indicating an overall non-globular
protein. Rather, the three functional domains may be thought
of as separate pearls on a string. However, 3D structures of
the DNA binding domain (16-18) and the LBD (3) alone
of several human NRs have been solved during the past
decade, revealing that all NR LBDs share an overall common
fold that primarily consists ofR-helices. The first X-ray
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structure of theR isoform of the human ER LBD was solved
in 1997 (19). Since then, more than 20 different 3D protein
structures have been solved of the hERR LBD. Upon
comparison of all 3D structures of the LBD of NRs, it
becomes obvious that (at least) three different structural
conformations are found for the protein, as displayed in
Figure 1 for hERR; an apo conformation (20), where H12 is
extending away from the core of the LBD, an agonist
conformation (21), which becomes the transcriptional active
conformation of the protein upon the binding of co-activators,
and finally an antagonist conformation with H12 resting in
the co-activator binding pocket (22). This nomenclature refers
to the overall fold of the domain, especially to the position
of H12, but does not refer to what may be captured in the
ligand binding pocket. The agonist conformation of NR
LBDs always has the same tertiary structure and is often
captured with a fragment of the co-activator protein, whereas
several apo and antagonist conformations are found (23, 24).
All conformations share a certain similarity of the binding
site region composed of amino acids from helices 3, 4, 6, 8,
and 11. Three residues are particularly important for ligand
binding in ERR LBD, namely, Glu353, Arg394, and His524.
These are the only amino acids in the ligand binding site
with side chains capable of forming hydrogen bonds to the
ligands. Aside from these three residues, the binding site is
mostly hydrophobic and is thus appropriate for binding the
endogenous steroid ligand, estradiol (E2) (Scheme 1). For
the larger antagonistic ligands, raloxifen (RAL) and 4-hy-
droxytamoxifen (OHT), Asp351 in H3 is well positioned to
hydrogen bond to the side chain of the ligand.

The major differences between the three conformations
of the ERR LBD are the position of H12, which confer the
specific activity, the lengths of H11 and H12 as well as the
separation of the N-terminal of H3 and the C-terminal of
H11, along with the position of theΩ-loop (25). In the apo

conformation, H12 is extended away from the protein and
is assumed to be fully solvated in the monomer. In the crystal
structure used to model the apo conformation, H12 is
interacting with the other monomer of an LBD dimer. This
cross-monomer interaction is an artifact of the crystal
structure. As pointed out by Tanenbaum et al., H11 and H12
in two neighboring monomers were synthetically linked with
a disulfide bond (20). This constrains H12 of one monomer
to interact with the LBD of the other monomer. A close
inspection of the crystal structure (pdb entry 1A52) reveals
that H12 is indeed very flexible because very large Debye-
Waller factors are reported (20). When comparing one
monomer from this artificial conformation of ERR LBD to
known apo structures of other NRs, it becomes obvious that
there is a great resemblance (12, 20, 26, 27). Thus, we believe
it serves as the best available model of an apo conformation
of ERR LBD. In the agonist conformation, H12 is closed
over the binding site, being held in place by what has been
termed a “mouse trap” (7, 27), thereby assisting in creating
a co-activator binding groove between H3, H4, and H12. In
the antagonist conformation, however, H12 occupies a part
of the co-activator binding groove. This inhibits the binding
of the co-activator protein, and consequently, dimerization
and transcription activation is prevented, explaining the
antagonistic activity of these ligands.

In 1964, Belleau introduced the concept of macromolecular
perturbation theory (28), accounting for the unique confor-
mational adaptability of enzymes when interacting with
various ligands, and he extended the idea to also include
receptors. Very recently, this concept of a conformational
ensemble as a necessity to account for the properties of
macromolecules has gained much interest in the study of
protein folding and function (29) as well as enzyme catalysis
(30-33). As the different structures became available for
the various NR LBDs, it became evident that a large
conformational change must accompany the biological func-
tion of this class of proteins, and the concept of a “canonical
structure” of the LBD was born (11). This model was further
developed for the ERR LBD by Moras and co-workers (34),
who proposed a “dynamic model where H12 occupies two
more or less favourable states”. They termed this a “flip-
flop” mechanism for the positioning of H12 (6), where the
equilibrium between ERR conformations with the two
positions of H12 (agonist or antagonist) can be perturbed
by point mutations or by the presence of various other
compounds such as cofactors (34). The two possible positions
of H12 are guided by specific interactions with the remaining
parts of the protein, the “mouse trap” (7,11) when H12 is
resting in the agonist position and the “charge clamp” (12)
when it resides in the co-activator binding groove as is the
case for the antagonist structures. This “charge clamp” is
slightly different than when acting on co-activator proteins,
which are partially held tight by interaction with a residue
within H12, namely, Glu542. Instead, His373 in the N-
terminal of H4 interacts with Tyr537 in H12 in the antagonist
structure of ERR LBD (22). Moras and co-workers presented
a proposal for the sequence of events during the activation
of ERR LBD (23), where ligand binding to the apo
conformation precedes any conformational changes of the
protein. The opposite sequence of events was recently
presented by Norman et al. (35); in their receptor ensemble
model, a rapid dynamic equilibrium between the three ERR

FIGURE 1: (a) Backbone of apo (pink) (20), (b) agonist (green)
with the cocrystallized copep (yellow) and missing loops (orange)
included (21), and (c) antagonist (cyan) (22) conformations of hERR
LBD aligned by structure. Important helices are labeled.

Scheme 1: Molecular Structures of Selected ERR Ligands
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LBD conformations exists. They suggest that each receptor
conformer can preferentially bind different ligands, meaning
that ligand binding and any selectivity is determined by the
conformation of the protein. No effort was presented in any
of these articles to account for the binding of a co-activator
protein, as to whether it precedes ligand binding and
conformational changes or not. Neither was the timing of
homo-dimerization included in these proposals (23, 35).

The sequence of events, ligand binding, conformational
change, cofactor binding, and homo-dimerization accompa-
nying ERR LBD activation has not yet been established.
Much discussion, however, is currently ongoing in the
literature with respect to the allosteric control of ERR LBD.
How is the information regarding the type of ligand bound
in the ligand binding cavity communicated to the transcrip-
tional machinery of ERR (7, 36-39)? It is imperative that
the specific ligand bound to the protein is somehow con-
nected to the recruitment of cofactors andVice Versa.
However, the means of actual coupling is still poorly
understood (37). It has become evident that amino acid
residues also distant from the ligand binding cavity are
involved in an allosteric network that links the functional
surface of NR LBDs to the presence of a ligand in the ligand
binding cavity (36, 37, 39).

Rapidly increasing scientific evidence suggests that a
variety of chemicals released to the environment are xe-
noestrogens. Termed endocrine-disrupting compounds (EDCs)
(40), they can interfere with hormonally regulated biological
processes, as in transcription mediated by the ER (41-47).
EDCs come from many different sources, such as natural
products, various pesticides, pharmaceuticals, and other
industrial compounds (41, 46). Recent research has focused
on developing analytical techniques for identifying any
endocrine action of an environmental sample (40) or predict-
ing eventual risks from computer studies (48). It has been
shown that some pesticides give rise to an agonistic behavior
of ER, others lead to antagonistic responses (49, 50), whereas
some, including DDE (a metabolite of the pesticide DDT),
give rise to an entirely different response, as the induced
ER conformation recognizes neither co-activators nor co-
repressors related to the classical responses; rather, they
adjoin different regulator peptides (51). This finding was
interpreted as these compounds being able to induce yet
another conformation of the ER LBD with different surface
properties and, thereby, interfere in the transcriptional process
in a different manner, further supporting the ideas of a ligand
sensitive conformational equilibrium between the different
conformations of the LBD (52) and indicating that (weak)
binding of EDCs may be sufficient to disturb the position
of this very delicate conformational equilibrium. Very little
detailed information on how all these events are controlled
at the molecular level are available, and the dynamic parts
of the protein machinery are not yet fully understood.

Even though the crystal structure of ERR LBD has been
known since 1997 (19), very little effort has been assigned
to modeling the conformational changes that are so evident
from a simple inspection of the different static structures.
The sequence in which these events occur for ER has, to
the best of our knowledge, neither been targeted through
dynamic studies (e.g., NMR), nor through computer simula-
tions. For the retinoic acid receptor (RAR), a simulation of
the agonist-to-apo conformational change of the LBD has

been published, suggesting that ligand dissociation is con-
nected with minor conformational changes of H12 (53). From
simulations of LBDs of RAR and the thyroid receptor (TR),
three ligand binding/unbinding pathways have been observed
(53-56). Very recently, a new study of the RAR LBD using
random expulsion MD identified a fourth possible escape
pathway between H12 and the N-terminal of H3 in an agonist
conformation of the protein (57). These five studies revealed
that the identified pathway depends on the specific setup of
the simulation, on the NR, and on whether mutations are
present in the starting structure of the protein as well as the
structure of the ligand. Nonetheless, some overlap between
the proposed pathways was found. It is obvious that the
sequence of events and the actual pathways may not be
directly transferable between different NRs. Importantly,
none of these simulations included the co-activator protein,
which may obstruct some of the observed escape routes.
However, the results are very promising in showing how
MD simulations can help in disentangling reaction sequences
and revealing the dynamics of larger conformational changes
of proteins. In recent years, MD simulation has proved to
be a valuable tool for studying the dynamic behavior of
macromolecular systems (58-61), and the method is comple-
mentary to static X-ray diffraction methods. Especially, for
elucidation of the dynamic pathways of biological transport
mechanisms (62-66) and conformational changes (29, 67,
68), MD techniques have recently been very successful in
providing additional knowledge of such complicated bio-
chemical reactions.

In this article, we present the results of a total of 158 ns
unrestrained all-atom MD simulations of the hERR LBD.
The focus will first be on describing the binding of the
endogenous ligand, E2, with respect to the preferred charge
and tautomer of His524 in the agonist conformation of hERR
LBD and the influence of the co-activator protein on this
binding. To the best of our knowledge, this is the first time
that a model of the co-activator protein has been included
in simulations of a NR LBD. We model the co-activator
protein with a small peptide with the conserved LXXLL
motif, NALLRYLLD (copep). Experimental studies have
shown that this motif is “necessary and sufficient to mediate
the binding of these proteins” and that peptides with this
motif “contained within as few as eight amino acids is
sufficient to bind to transcriptionally active NRs” (13); thus,
this 9-amino acid model peptide should represent a realistic
model. Then, the conformational changes of the LBD will
be examined from several long time MD simulations of the
apo and the agonist conformations with and without the
ligand and copep present. Because H12 is not localized at
the dimerization interface, we expect that dimerization will
not be greatly influenced by H12 positioning. Therefore, we
have chosen to model the monomer of hERR LBD instead
of the dimer. This is similar to all other simulations on NR
LBDs in the literature (53-57). The putative switching, or
flip-flop mechanism (6, 23, 34, 51, 52) of H12 between
either covering the ligand binding pocket, as caught in the
“mouse trap”, or resting in the co-regulator binding groove
is also examined by MD simulations of the antagonist
conformation. From the simulations, we propose a likely
sequence of events, ligand binding, copep binding, and
conformational changes of H12, required for the formation
of a transcriptional active complex, and we will discuss the
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proposed agonist-to-antagonist conformational changes. We
present a likely allosteric mechanism for linking the two focal
points for activation of the ERR LBD, namely, ligand binding
and positioning of H12, and we also present results that shed
light on the pivotal role of His524 in ligand binding and
activation of hERR LBD.

MATERIALS AND METHODS

The apo and agonist conformations of hERR LBD, both
with co-crystallized E2, and the antagonist conformation with
co-crystallized OHT were chosen as starting protein struc-
tures. Atomic coordinates were taken from the Protein Data
Bank (69), entries 1A52 as a model for the apo conformation
(20), 1GWR for the agonist conformation (21), and 3ERT
for the antagonist conformation (22). The proteins contain
238 (apo), 243 (agonist), and 246 (antagonist) amino acid
residues in the modeled monomer, all starting from Leu306.
The co-crystallized copep, with sequence NALLRYLLD
from the agonist structure pdb entry 1GWR, was used in
simulations of apo as well as agonist conformations with a
copep present. The residues are numbered 1-9. The termini
were modeled as charged. No efforts were taken to include
the approximately 45 missing amino acid residues of the
F-domain in the C-termini of the structures because their
function and structure are unknown (6). It is speculated that
the flexibility of H12 cannot be hampered much by the
inclusion of this small domain because only the flexibility
of a loop is required. Most importantly, the presence of more
than 60 NR crystal structures, including either the DNA
binding domain or the LBD as well as experimental studies
on the LBD alone, indicate that the different domains are
not dependent upon each other for activity.

Coordinates for the backbone atoms in two loops, between
H2 and H3 and between H8 and H9, were missing in the
agonist conformation. These were modeled by including
coordinates for residues 331-339 and 461-465 from pdb
entry 1A52 into the agonist protein structure. These residues
later underwent special treatment during the minimization
of the system. Several residues in the three conformations
were solved to multiple positions in the X-ray structure, and
their treatment is included in the Supporting Information.
Coordinates for missing amino acid side chains and hydrogen
atoms were reconstructed with the psfgen structure builder
module of NAMD (70) and by using the CHARMM27 force
field (71). The system was solvated in a pre-equilibrated
water box using the solvate plug-in in VMD and extending
10 Å beyond the protein. The TIP3P water model was used
(72). This solvation resulted in systems with overall sizes
of approximately 80× 100 × 60 Å3 (apo), 80× 80 × 60
Å3 (agonist), and 80× 80× 80 Å3 (antagonist) and contained
approximately 40,000 (apo and antagonist) and 30,000
(agonist) atoms. All crystal water molecules were kept in
the simulations.

Amino Acid Protonation States.There are 13 histidine
residues in the hERR LBD. One of these, His524, is
positioned in the binding pocket and hydrogen bonds the
ligand; it is, thus, important for appropriate ligand binding.
In all X-ray agonist structures of the hERR LBD, His524-
(Nδ) is pointing toward E2(O17) (see Scheme 2 for the
numbering of atoms), indicating a preferred binding mode.
However, because hydrogen atom positions cannot normally

be determined by X-ray crystallography, there is no direct
evidence of the charge and tautomer state of His524. It is,
therefore, not a straight forward decision as to whether
His524 or the ligand acts as the hydrogen bond donor or
acceptor because both can act as such depending on the
charge and tautomer of His524 and the orientation of the
E2 hydroxyl group. To study this issue, simulations were
set up with both of the neutral tautomers of the imidazole
ring in His524 as well as the charged form, by incorporating
an imidazolium ion for each of the models studied. Other
histidine residues were modeled according to their local
environment (see Supporting Information for details), whereas
all Arg, Lys, Asp, and Glu residues were modeled as charged
and all tyrosines as neutral. By changing the charge of His356
in H4, which is distant from the binding site and is surface
exposed, at the same time as that of His524, the system is
kept neutral in all setups.

Modeling Estradiol.Force field parameters to model E2
were extracted from the CHARMM27 force field (71) and
supplemented by parameters from a very recent simulation
including cholesterol for the steroid skeleton (73) as well as
Accelrys-CHARMm parameters as included in Quanta 2000
(74). Partial charges for E2 were calculated with VCharge
(75) by equalization of electronegativity. This method has
recently been shown to give charges very similar to those in
the CHARMM force field (75). Partial charges and added
parameters for force constants and Van der Waals terms are
tabulated in the Supporting Information. The initial structure
of E2 was extracted from the pdb file of the agonist structure
(21) and used in all of the agonist and antagonist simulations.
Because E2 is not naturally found in the antagonist confor-
mation, it was manually positioned with the steroid A-ring
on top of the phenol ring of the co-crystallized OHT
positioning the E2(O3)-hydroxyl group to hydrogen bond
with Glu353 and Arg394. In the apo simulations, the co-
crystallized E2 from pdb entry 1A52 (20) was used.

Minimization. The solvated systems were minimized with
NAMD (70) using the conjugate gradient algorithm twice
for 2500 minimization iterations to remove the steric strain
introduced when adding hydrogen atoms and missing side

Scheme 2: Coordination of E2 in the Ligand Binding
Cavitya

a Important atoms in E2 (blue) and the surrounding residues are
labeled. His524 is drawn as theε-tautomer. In theδ-tautomer, the proton
would be located on Nδ (denoted Hδ), whereas in the imidazolium
ion of charged His524, both hydrogen atoms as well as a delocalized
positive charge are found. A crystallized water molecule (brown) also
interacts with E2.
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chain atoms. During the initial 2500 minimization steps, only
hydrogens were allowed to move while all heteroatoms were
kept fixed. In the second set of minimization, heteroatoms
were restrained in a harmonic potential with a force constant
of 0.5 kcal/(mol‚Å2). All atoms in the two loops that were
originally missing coordinates in the agonist structure were
allowed to move freely during both sets of minimizations.

Molecular Dynamics Simulations.All simulations were
performed using the CHARMM27 force field (71) with the
added parameters for E2 by using the MD program NAMD
2.5 (70) on 32 processors. The MD simulations were
performed in the NPT ensemble with periodic boundary
conditions. For full employment of electrostatics, the particle
mesh Ewald method (76) was employed, whereas Van der
Waals interactions were accounted for to a cutoff distance
of 12 Å and gradually dampened by use of a switching
function from 10 Å. Langevin dynamics with a damping
constant of 0.1 ps-1 was included to achieve constant
temperature, whereas the atmospheric pressure was realized
with the Langevin piston method as implemented in NAMD
(77). A total of 10 different setups, models1-10, of the
system were investigated (see Table 1 for details). Three
simulations were run for each model to account for the three
possible forms of His524, labeled, for example, for model1
as 1D, 1E, and 1P, for the δ-tautomer,ε-tautomer, and
positively charged forms of His524, respectively, resulting
in a total of 30 simulations. All simulations were carried
out for at least 5 ns using a 1 fstime step, and snapshots for
analysis were saved every 500 fs.

Data Analysis.Analysis of the computed trajectories was
performed with VMD 1.8.3 (78) and the included Tcl-
scripting facility. All molecular figures were drawn in VMD.
The root-mean-square-deviation (RMSD) of protein CR
atoms in each simulation was calculated with respect to the
initial minimized structure. To measure the length of H11,
backbone N‚‚‚O distances from residuesn to (n + 4) are

measured. If this distance is less than 3.5 Å, then the (n +
4) residue is supposed to be included in H11. This is slightly
longer than the normal hydrogen bond distance of ap-
proximately 3 Å (79) and is included to allow for breathing
in the helix.

RESULTS AND DISCUSSION

We first set up systems to study the hERR LBD in the
agonist conformation with bound E2. Models1 and 2
investigate the stability of this conformation and the influence
of the copep on binding of the endogenous ligand. Model1
represents the functional biological form of the receptor; it
can, therefore, be used to imply whether the applied protocol
for modeling is reliable. Model2 examines the binding of
E2 in the absence of copep, whereas models3 and4 were
included to evaluate the stability of un-liganded hERR LBD
in the agonist conformation. The influence of the bound
copep is studied in models1 to 4 for the agonist conformation
where simulations with copep are done in the presence or
absence of E2, respectively. Furthermore, we set up simula-
tions that were likely to result in conformational changes;
the intention being to construct some of the protein-ligand
complexes proposed to be involved in the mechanism of the
structural transition from the transcriptionally inactive apo
form to the active agonist form with ligand and copep bound
(23). Models5-10 are constructed to evaluate exactly such
conformational changes. The two first sets, models5 and6,
investigate the dynamics of the antagonist form when it is
bound to E2 at different temperatures. With this setup, one
may then expect to observe a conformational change from
the antagonist form to either the apo or agonist conformation.
Such a mechanism has been proposed by Moras and co-
workers (11, 23) and Shiau et al. (52) and has been further
interpreted as a “switching mechanism of H12 between
capping the ligand binding cavity and the co-regulator

Table 1: Ten hERR LBD Models with Information about the Initial Conformation of the Protein, the Presence of E2, and a Co-Activator
Peptidea

initial conformation ligand co-activator peptide to study

1 agonist E2 NALLRYLLD E2 binding in biologically relevant form;
evaluate charge and tautomer of His524

2 agonist E2 none the influence on E2 binding in the
absence of copep

3 agonist None none the stability of agonist conformation
of the protein without E2

4 agonist None NALLRYLLD the stability of agonist conformation
without E2 but in the presence of copep

5 antagonist E2 none antagonist conformation with E2

6b antagonist E2 none antagonist conformation with E2
at higher temperature

7c apo E2 none stability of the apo conformation
with E2 bound

8 apo E2 NALLRYLLD the influence of copep on apo conformation
with E2 bound

9 apo none none the stability of the apo conformation,
only protein

10d apo none NALLRYLLD the stability of the apo conformation,
including copep

a The purpose of studying each model is listed.b Model 6 is simulated at 400 K.c Model 7E is simulated for 12 ns.d Model 10P is simulated
for 6 ns.
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binding groove” (51) very similar to the flip-flop mecha-
nism, which states that the two binding sites of H12 have
very similar binding energies (34). Because model5 at 310
K did not reveal much instability in the protein (Vide infra)
a similar simulation, model6, at an elevated temperature
was undertaken in order to force some conformational
changes to occur. The next four models,7-10, are simula-
tions of the apo conformation and are included in the study
to test the hypothesis that the biologically active form of
hERR LBD is produced from the apo form by the binding
of E2 and/or copep followed by conformational changes (23)
or theVice-Versa(35). In models8 and10, the influence of
a copep is further studied for the apo conformation of the
protein. Models3, 4, 9, and 10 were included to observe
the stability of the ligand binding site of hERR LBD and to
evaluate whether the binding cavity collapses without a
bound ligand, similar to what has been described for the
retinoid-X receptorR (24). It was recently shown that some
EDCs recognize another conformation of hERR LBD (51);
thus, it was of great interest to us to test if such (quasi) stable
conformations could be identified from the MD simulations.

Conformational Stability of Simulations.For all simula-
tions, the calculated RMSD for all CR atoms reaches a stable
value after approximately 1 ns. The agonist models1-4
reach a value of∼1.8-2.0 Å, the antagonist models are more
dynamic and have RMSD values between 2 and 4 Å, and
the apo models show even more movement, leveling out at
2-5 Å (Figure 2). Initially, this may indicate unstable
simulations of the antagonist and apo models, but because
these calculations were set up to investigate conformational
changes of, especially, H12, it is not surprising to get such
rather high rmsds. Therefore, another set of RMSDs curves
were calculated, including only CR atoms in residues 306-
527, these curves are displayed in Figure 3 for antagonist
and apo models. In this way, the last coil of H11, the loop
H11-H12, and H12 itself are not included in the RMSD
calculation, and thus, only the stability of the LBD core of
hERR is calculated. Using this scheme, the simulations of
models5 and 7-10 gave RMSD values of approximately
1.8-2.0 Å, similar to what is found for the whole protein in
the agonist conformation. The RMSD value for model6,
which was run at a higher temperature of 400 K, is logically
somewhat higher and levels out at 2.5-3.0 Å.

These results show that the dynamics are mostly associated
with the H11-H12 region for the simulations of antagonist
and apo models. The RMSD of the agonist model1-4 did
not change when excluding the C-terminal residues, showing
that all agonist simulations are carried out on stable
structures, also in the absence of ligand E2 and/or the copep.
It can, thus, be concluded that equilibrated systems are
obtained after approximately 1 ns in all models.

ConserVed Hydrogen Bonds.X-ray structures of the hERR
LBD indicate the presence of hydrogen bonds between
E2(O3) (see Scheme 2 for the numbering of atoms) and the
side chains of two residues, namely, Glu353 and Arg394, in

FIGURE 2: RMSD of CR atoms of the hERR LBD throughout
simulations for (a) agonist models1-4, (b) antagonist models5-6,
and (c) apo models7-10, all with His524 modeled as the
ε-tautomer. Data for theδ-tautomer and charged His524 can be
found in the Supporting Information.

FIGURE 3: RMSD for hERR CR atoms in the LBD core during
simulations for (a) antagonist models5-6 and (b) apo models
7-10. All Figures have His524 in theε-tautomer. Plots with the
two other forms of His524 are found in the Supporting Information.
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the binding site. In the X-ray structures, a water molecule is
similarly responsible for yet another stabilizing hydrogen
bond between E2 and the protein. During the extent of all
of the present simulations, a hydrogen bond can be identified
to one of the carboxylic oxygen atoms of Glu353, most often
to Glu353(OE2), which is positioned closest to E2 in the
agonist and apo X-ray structures. A rotation of the side chain
is possible and results in hydrogen bonding the Glu353(OE1)
instead. A direct hydrogen bond to Arg394, however, is not
present in the simulations, evidenced from average distances
between E2(O3) and the two terminal nitrogen atoms of
Arg394 of more than 4.2 Å. Rather, the Arg394 side chain
moves slightly to form two ionic hydrogen bonds to Glu353.
In NRs with a keto functionality on the A-ring of the steroid
ligand, Glu353 is replaced by a glutamine residue, thereby
favoring hydrogen bonds from both residues to the ligand,
whereas the hERR LBD system seems to be stabilized by
the interactions of the formal charges at residues Glu353 and
Arg394. In Figure 4, the resulting hydrogen bond network
between E2(O3), Glu353, Arg394, His524, and a binding
site water molecule is displayed.

It was recently shown by Moras and co-workers (39), that
two conserved hydrogen bonds are found in all class I NRs
(homo-dimers). They proposed that these hydrogen bonds
are present to facilitate communication between the co-
activator binding site (Glu323 in Helix1) and the dimerization
interface (Arg503 in helix10). The communication pathway
passes through helix8 (Lys449 and Glu444). These two
hydrogen bonds are conserved in all of the simulations (data
not shown), further revealing that the monomer modeled is
indeed in accordance with the monomers of the crystallized
dimers.

Agonist Conformation.The binding of E2 in the biologi-
cally active transcription complex of hERR LBD with a
bound copep is studied in model1. Three simulations were
carried out to elucidate the likely protonation state of His524,
models1D, 1E, and 1P. On the basis of X-ray structures
(19, 21, 22, 34, 80, 81), it is believed that there is a hydrogen
bond between His524(Nδ) and E2(O17). However, with
X-ray diffraction techniques, it is normally not possible to
refine the hydrogen atom positions in protein crystals;
therefore, all three possibilities are explored in this study.
Recently, we have shown that MD simulation is a suitable
tool for assigning the protonation state of important residues
in protein-ligand complexes (82, 83). Similar methodology
is applied here, focusing on identifying the charge and
tautomer of His524 that gives rise to the most stable
hydrogen-bonding pattern.

In Figure 5, plots of the distance between His524(Nδ) and
E2(O17) and the corresponding hydrogen bond angle are
displayed for the three simulations of model1. It is apparent
that only model1E, with theε-tautomer of His524, has the
hydrogen bond between E2(O17) and His524(Nδ) conserved

throughout the simulation. This means that E2 is the
hydrogen bond donor, and His524 is the hydrogen bond
acceptor. Also, the angle for the hydrogen bond is stable,
with an average of 163( 12°. Neither theδ-tautomer nor a
charged His524 are able to retain the conserved hydrogen
bond throughout the simulation. These two forms of His524
rotate after approximately 1 ns; therefore, the imidazole ring
system becomes almost perpendicular to the E2 D-ring with
E2(O17)‚‚‚His524(Nδ) and E2(O17)‚‚‚His524(Nε) distances
of 6-8 Å being too long for a hydrogen bond to form.

From the X-ray experiments, it is suggested that His524
is placed in a rather shallow potential on the energy surface
because it occupies only one position and has normal
Debye-Waller factors. The average dihedral angles for the
side chain of this amino acid is experimentally found to be
a gauche conformation forø1 (C-CR-Câ-Cγ), measuring 45-
60°, and a-gauche conformation forø2 (CR-Câ-Cγ-Nδ)
between-70° and-90°. The distribution in the two dihedral
angles as a function of time is depicted in Figure 6 for the
MD simulations of model1. Again, it is obvious from the
curves that only anε-tautomer of His524 gives a dihedral
angle distribution that is in accordance with the experimen-
tally observed numbers; hence, the simulations of model1
support that His524 is neutral and found as theε-tautomer
and functions as a hydrogen bond acceptor, whereas the
ligand is the hydrogen bond donor.

FIGURE 4: Stereoview of E2 in the binding site of hERR LBD (snapshot of model1E at 1.5 ns) with Glu353, Arg394, and His524. A
structural water molecule is present that further links E2 and Glu353. Average distances between interacting heteroatoms are listed in
Ångstrøms.

FIGURE 5: (a) Hydrogen bond distance E2(O17)‚‚‚His524(Nδ) in
models1D,1E,and1Pand(b)thecorrespondingE2(O17)‚‚‚H‚‚‚His524-
(Nδ) angles. For1D, H ) Hδ, and for1E and1P, H ) H17.
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During the three simulations of model1, H12, which has
been proposed to function as a lid of the ligand binding
cavity, is held in the agonist position by the “mouse trap”
mechanism. H12 is positioned in the groove between H3,
H4, and H11 and is mainly held tight by hydrophobic
interactions. The binding of the copep is also stable in all
model1 simulations. The copep is positioned in a shallow
hydrophobic groove between H3, H4, and H12 and held in
place by the so-called “charge clamp” made from Lys362
in H3 and Glu542 in H12 (3, 19). The former is coordinated
through the three hydrogen atoms at Lys362(NZ), forming
hydrogen bonds with Leu7(O), Tyr6(O) and Asp9(OD2) of
the copep in a nice tetrahedral manner, whereas Glu542
interacts with Ala2(NH) and Leu3(NH). The LXXLL motif
of the copep is made up by Leu4 to Leu8. These findings
suggests that on this time-scale, the finer details in the ligand
binding cavity, as expressed in the three setups of model1,
do not influence surface properties as judged by the binding
of H12 and copep.

On the basis of a triple Cysf Ser mutation study of ERR
LBD, Moras et al. (34) proposed that the biologically active
agonist conformation is partly stabilized by the presence of
a conserved hydrogen-bonding network zipping H3 and H11
together, originating at the His524 side chain in the ligand
binding pocket and terminating at Lys531 in the C-terminal
of H11 and Glu339 in the N-terminal of H3 via Glu419.
We have analyzed the presence of such a network with res-
pect to the selection of the charge and tautomer for His524.
The computed frequencies for the formation of the hydrogen
bonds involved in the zipper are listed in the Supporting
Information. In model1E, this hydrogen-bonding network
is indeed present throughout the simulation (Figure 7),
whereas it is formed much less frequently in1D and1P. In
conclusion, model1E must be a reliable setup for the bio-

logical active structure of hERR LBD because all experi-
mental data available are nicely reproduced in this model,
and we conclude that the present MD simulation protocol
represents an appropriate method for studying this system.

We next studied the agonist complex, where E2 is bound,
and H12 is capping the ligand binding site but without the
copep (model2). These simulations will reveal the influence
of a copep on the stability and dynamic properties of the
system upon comparison with model1. Focusing first on
the interaction of E2(O17) with His524, the three simulations,
2D, 2E, and 2P, reveal that the hydrogen bond
E2(O17)‚‚‚His524(Nδ) can be maintained for both of the
neutral tautomers of His524. The curves are shown in Figure
8 for the E2(O17)‚‚‚His524(Nδ) distance and the corre-
sponding bond angle.

FIGURE 6: Variation in the dihedral angles of the side chain of
His524 in simulations1D (blue), 1E (magenta), and1P (green);
(a) ø1 and (b)ø2.

FIGURE 7: Snapshot of model1E at 1.5 ns showing the binding of
E2, along with the residues in the hydrogen bond zipper. Numbers
are included for the presence of each hydrogen bond during the
trajectory.

FIGURE 8: Time dependence of (a) hydrogen bond distance E2-
(O17)‚‚‚His524(Nδ) in models2D, 2E, and2P; (b) the correspond-
ing E2(O17)‚‚‚H‚‚‚His524(Nδ) angle. For2D, H ) Hδ, and for
2E and2P, H ) H17.
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Without the copep bound to the complex, more flexibility
in the choice of the tautomer of the neutral His524 seems to
be possible because both models2D and 2E show a
conserved hydrogen bond from E2(O17) to His524(Nδ)
throughout the simulation. In model2E, the distance of E2-
(O17)‚‚‚His524(Nδ) is 2.96 ( 0.17 Å, and the angle of
E2(O17)‚‚‚H‚‚‚His524(Nδ) is 165.1° ( 8.9°. The same
geometric properties for model2D are 3.08( 0.23 Å and
153.4° ( 16.5°, respectively. Again, a charged His524 is
not suitable for conserving this hydrogen bond because the
residue rotates. In model2D, a rotation around the E2(O17)
hydroxyl bond has taken place; therefore, E2 is now the
hydrogen bond acceptor, and His(Nδ) is the hydrogen bond
donor. An additional long hydrogen bond, 3.69( 0.44 Å,
between E2(O17) and Gly521(O) was found to further
stabilize this model. This is similar to what has been proposed
for the binding of E2 in ERâ (52). With respect to the
hydrogen-bonding network originating at His524, it is
conserved in model2E with the number of hydrogen bonds
present very similar or slightly larger than that found for
1E. In model 2D, however, only the distance from
His524(Nε) to Glu419(O) remains below the limiting 4.0
Å, with an average of 3.87( 0.75 Å. This must be a very
unfavorable situation because of the lack of an intermediate
hydrogen atom, and we expect model2D to be unlikely on
this basis. The rest of the hydrogen bonds are lost very early
in the simulation of model2D. However, no further con-
formational consequence of this un-zipping of H3 and H11
can be detected because the length of H11 is conserved and
terminates at Asn532 in all setups. (The computed frequen-
cies for the R-helical length of H11 are listed in the
Supporting Information.) This suggests that once H12 is
placed in the “mouse trap” position, it is firmly bound, and
even the un-zipping of H3 and H11 does not influence the
binding of H12 on this time scale.

The simulated trajectories of models3 and4, both without
E2, reveal that the protein is stable on a nanosecond time
scale in the agonist fold with neither copep nor the ligand
bound (models3) as well as in a setup including copep but
without the ligand (models4). In model4D, the length of
H11 is slightly shortened, indicating that the presence of the
copep can induce some changes in the finer details of the
conformation. This effect is not seen for other forms of
His524, nor in any setup in model3. Because the ligand
binding cavity is empty in models3 and 4, His524 is not
anchored to the ligand. In these simulations, a rotation of
His524 is observed changing from-gauche forø2, which is
found in agonistic protein crystal structures. Instead, both
ø1 andø2 are in the+gauche conformation. After∼1.5 ns
of simulation in model4D, both ø1 andø2 dihedral angles
shifts to the-gauche conformation, still unlike the experi-
mentally observed conformations. This is additionally re-
vealed in the computed number of possible interactions
between His524 and Glu419(O), where it is evident that
His524 is flexible in the absence of copep (model3). The
inclusion of a copep in the simulations of models4E and
4P results in a completely locked orientation of His524.
Accompanying this freezing out of any rotation of His524
is the observation that the hydrogen-bonding network is re-
established, zipping H3 and H11 together only in model4E,
showing how the presence of a copep is communicated to
the ligand binding cavity through the conservation of this

hydrogen-bonding network and arresting His524 in an
orientation set up for the interaction with E2 once it is present
in the ligand binding cavity.

Antagonist Conformation.In models5 and6, we examine
the dynamical behavior of a mismatched complex between
an antagonist conformation of the protein, with H12 resting
in the co-activator binding groove, and an agonist ligand,
E2, in the ligand binding cavity. According to the flip-flop
mechanism, this situation should lead to a rearranged
structure. Therefore, by running MD simulations on this
unfavorable complex, the idea was to stimulate the confor-
mational changes to proceed. As for the agonist models
discussed above, the first structural feature to look for is the
presence of a hydrogen bond from E2(O17) to His524. The
hydrogen bond was not found for extended periods of time
in any of the three examined His524 forms of models5 and
6 during the 5 ns simulations. Another possibility would be
a hydrogen bond to His524(Nε), but further analysis re-
vealed this distance to be constantly larger than 5 Å for
all models, thus precluding this hydrogen bond from
forming.

In antagonist protein structures (22, 34, 84, 85), His524
is rotated compared to the agonist structure, which explains
the lack of formation of this hydrogen bond. We speculate
that as a consequence of the rotation of His524, an unleashing
of the hydrogen bond network zipping H3 and H11 together
is taking place. Indeed, the simulations reveal that the
network is not starting to form in any of the setups, and
Glu339 and Lys531 are positioned too far away from each
other to interact. This set of simulations, therefore, indicates
that a direct equilibrium between the agonist and antagonist
conformations may not be so likely. The very dynamic
appearance of the binding site is not due to a simple
continuous rotation of the His524 side chain because both
ø1 andø2 are alternatingly stable in+gauche,-gauche, or
anti conformations. The dynamic behavior is also due to
movements of the backbone of H11 and the ligand. To
identify the most dynamical parts of the ERR LBD in the
antagonist conformation, simulations at 400 K, where the
protein is more dynamic, model6, were undertaken. Specif-
ically, in model6P, it is noted that H12 is slightly released
from the co-activator binding groove. At the same time, the
small kink between H10 and H11 becomes more pronounced,
and the two helices become almost perpendicular to one
another. As a consequence, His524, which is located in the
N-terminal of H11 near the kink, becomes surface exposed.
These features will be further studied for mechanistic
relevance.

Apo Conformation. We next set up models to study the
dynamic behavior of the apo conformation of hERR LBD.
The influence of the binding of E2 and copep is studied
systematically in the four models,7-10, in order to obtain
more information about the sequence for the binding of E2,
copep, and the conformational changes observed in the LBD
of hERR. The binary apo complex with E2 bound, model7,
reveal that the dynamic behavior of H12 is dependent on
the chosen form of His524. A new stable conformation is
found in model7D, which is stable for the last 3 ns of the
dynamics. In this alternative structure, the hydrogen bond
between His524(Nδ) and E2(O17) reforms after approxi-
mately 2.0 ns. It was present in the very beginning of the
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simulation, but when H12 started to move after approxi-
mately 0.5 ns, the hydrogen bond broke and did not reform
before the stable alternative position of H12 was re-
established (Figure 9).

Figure 10a shows the distance between E2(O17) and
His524(Nδ) as a function of simulation time for model7.
By following the dihedral angles of His524 in model7D, it
is found that the hydrogen bond breaks because of a rotation
of ø2 from a-gauche conformation to a+gauche conforma-
tion, which changes back to-gauche as the hydrogen bond
reforms (Figure 10b). Because of the lack of a hydrogen atom

on His524(Nε), the hydrogen bond network from His524 to
Glu339 cannot be fully formed throughout the7D simulation,
but there are conserved hydrogen bonds between
Lys531(NZ) and both carboxyl oxygens on Glu339, serving
to keep H3 and H11 tied together. In accordance with this,
it is found that H11 is not unwinding in this new alternative
conformation. The binding of H12 to the core of the hERR
LBD in the alternative conformation is firm on the basis of
the long stability of the conformation and on computed
RMSD values between snapshots taken between 2 and 5 ns
of ∼1.2 Å.

In model 7E, H12 is solvent exposed during the first
nanoseconds of the simulations. After 5.0 ns, snapshots
indicate that H12 may be moving toward the “charge clamp”
position in the co-activator binding site. Because of the
possibility of a conformational change toward the antagonist
conformation, the7E simulation was continued to 12 ns.
However, instead of approaching the antagonist conformation
further, the orientation of H12 once again shifted. The
N-terminal of H12 is kept relatively at the same point in
space, while the C-terminal moves. This leads to a position
after 7.5-8.0 ns, which resembles the agonist structure. The
E2(O17)‚‚‚His524(Nδ) hydrogen bond is disrupted after
around 4.8 ns of dynamics but is reformed for brief periods
later in the simulation (6.8-7.4 and 11-12 ns). After
approximately 9 ns, the otherwise conserved hydrogen bond
to Glu353 disappears, and H12 is again fully flexible.

The dynamic consequences of modeling His524 as charged
in the apo conformation, model7P, leads to a situation, where
H12 is not able to bind to the core of hERR LBD. It is
persistently found in a conformation mostly resembling the
apo form as solvent exposed. It moves in a seemingly random
way, similar to a dog wagging its tail. The effects on the
dynamic properties of the binary apo ERR complexed with
E2 upon the binding of a copep are studied in model8. A
stable conformation of hERR cannot be identified from the
trajectories for any of the three His524 forms. All give rise
to a random dynamic behavior, similar to that in model7P.
This observation suggests that the conformational change
toward the active complex requires that copep and E2 cannot
both bind to the apo conformation of hERR prior to changing
the conformation of the protein.

Finally, the dynamics of apo hERR LBD is studied in the
absence of a ligand in the binding site (models9 and10).
Interestingly, these simulations reveal a semi-stable confor-
mation as well as new mechanistic aspects of the activation
mechanism. In model9E, a new conformation is found for
about 1 ns during the simulation, and this conformation is
then reformed during the final nanosecond. Further studies
are in progress for this model. In model10P, with a copep
bound to the apo conformation of hERR LBD, dramatic
changes in the behavior of the binary complex is observed.
H12 is very dynamic and travels toward the agonist position.
After 6.0 ns, H12 is positioned in the extension of its
agonistic position in the “mouse trap”. Snapshots of this
conformational change are included in Figure 12a, and the
end-point of10P is overlaid upon the agonist structure in
Figure 12b.

It is furthermore seen that His524 becomes surface
exposed during the dynamics of H12 because of a kink
between H10 and H11, hindering the formation of the
hydrogen bond zipper. This can be observed by counting

FIGURE 9: Overlay of snapshots of the conformational dynamics
of model7D. The X-ray structure (1A52) is shown in pink with
H12 in green. For the snapshots, the core of the protein is depicted
in cyan, whereas H12 is yellow after 1 ns, orange after 1.5 ns, red
after 2.0 ns, and blue after 5.0 ns.

FIGURE 10: Time dependence of (a) the distance between E2(O17)
and His524(Nδ) in 7 and (b)ø1 andø2 in model7D.
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how many snapshots preserve the hydrogen bonds in the
zipper (Supporting Information). An increase in these ac-
cumulated numbers cannot be traced after the first nanosec-
ond of the simulation. During the conformational change,
H11 is partially unwinding and during the last nanosecond
of the simulation, the copep, which is only held in place by
half of the “charge clamp” (Lys362), is tilted out to allow
for H12 to enter and form the complete co-activator binding
site. The two neutral tautomers of His524, models10D and
10E, do not lead to stable conformations of hERR. The
behavior observed in10P, contrary to that of the other apo
models, leads us to conclude that the shift from apo to agonist

conformation may happen before a ligand is bound but with
a copep coordinated. It is possible that the copep can serve
to pull H12 in place.

CONCLUSIONS

In this article, we present an exhaustive, 158 ns non-
restrained all-atom molecular dynamics simulation of the
hERR LBD to elucidate the binding of the natural ligand
E2 and to gain further insight into the dramatic conforma-
tional changes governing this protein from its inactive
structure to the biologically active form. From the simula-
tions, we conclude that E2 binding in the active form of
hERR LBD is favored with the neutralε-tautomer of His524
(model 1). This tautomer is able to preserve a conserved
hydrogen bond from His524 to the substrate and also
maintain a hydrogen bond network from His524 to
Glu339 (H3) via Glu419 and Lys531 (H11) throughout the
simulation. By conserving this network, H3 and H11 are kept
in close contact, presumably preventing the ligand from
escaping the ligand binding cavity. Furthermore, this network
ensures that H12 is positioned in the “mouse trap” because
it cannot reach the other favorable (antagonist) position on
the hERR LBD surface when H11 is not allowed to unwind.
The positioning of H12 then sets up the “charge clamp” that
binds a co-activator peptide with a LXXLL motif, leading
to the transcriptionally active tertiary complex. From simula-
tions of agonist hERR LBD (model 2), it is proposed that
once the ligand is positioned correctly, the overall structure
of the binary agonist hERR LBD complex is stable. Once
H12 is positioned in the agonist position in the “mouse trap”,
it does not move away again whether or not the copep stays
bound. A similar simulation at an elevated temperature could
further elucidate the most flexible parts of this complex.
Thus, it is possible that if the LBD is found in the cell as
agonistic holo hERR with bound E2, then diffusing co-
activator proteins can associate with this binary complex.
We speculate that if other small molecules are present in
the cellular environment, then they may be capable of binding
in the co-activator binding cleft between H3, H4, and H12,
thereby interfering with the transcriptional machinery at this
stage of the cycle by inhibiting co-activator binding. Some
inhibitors of ER activity have indeed been designed to bind
in this site (86, 87). Ongoing research in our group will
investigate the possibility for EDCs to bind in this cavity as
well as to the alternative ligand binding cavity (35, 88).
Simulations of models3 and4 of hERR LBD in the agonist
conformation without E2 revealed stable proteins on the
examined time scale. Specifically, H12 is stable and stays
tightly bound to the core of the LBD, and no signs of a
conformational change toward an apo or antagonist structure
could be detected.

The observation that the hydrogen bond network between
E2, His524, Glu419, Lys531 and Glu339 is not intact in the
antagonist simulations strongly indicates that His524 must
serve a pivotal role in maintaining the local environment
between H3 and H11. We suggest that hERR is working by
having such a communication link between the presence of
an agonist ligand and the overall fold of the LBD of the
protein, providing a possible mechanism for the observed
allosteric activation within the ligand binding domain of ER.
The former is signalled by the presence of a hydrogen bond
from the ligand to His524, serving to keep this residue in

FIGURE 11: Snapshots from the simulation of model7E at 5.0 ns
(H11-H12 in purple), 7.5 ns (H11-H12 in pink), and 8.0 ns
(residues 306-520 in cyan and H11-H12 in brown). Also included
are agonist (H11-H12 in red) and antagonist (residues 306-520
in green with H11-H12 in blue) X-ray structures with pdb entries
1GWR (21) and 3ERT (22), respectively.

FIGURE 12: (a) Trajectory of model10P, including the initial
conformation (magenta) and snapshots taken at 3.5 ns (yellow),
4.5 ns (pink), 5.0 ns (green), and 6.0 ns (red). (b) The 6.0 ns
snapshot (red) superpositioned with the agonist X-ray structure
(blue). The copep is shown in cyan for the agonist structure and in
pink in 10P. H12 is approaching the agonist position after 6 ns,
while the copep is tilted out of the site to possibly allow H12 to be
positioned.
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position, whereas the latter is signalled by the position of
H12. When a hydrogen bond from the ligand to His524 is
present, H12 can only rest in the “mouse trap” because
His524 is holding in place the hydrogen bond network,
serving as the spring of the “mouse trap”, which prevents
H3 and H11 from un-zipping and thereby providing more
flexibility to the positioning of H12. If the bound ligand is
not capable of hydrogen bonding to His524, the conserved
hydrogen bond network can be disrupted, which then leads
to the flexibility observed in the positioning of H12 and to
the opening of the binding cavity, allowing for more easy
exchange of ligands. Another way to interrupt the hydrogen-
bonding network is to remove the Nε hydrogen atom on
His524. Without this atom, His524 and Glu419 will be
repelled, and consequently, the network is disrupted. A
His524Ala mutation of hERR LBD in the interaction with
various EDCs points in the same direction (51) because the
differential response seen for the ERR wild type was
eliminated by this site point mutation pointing toward
His524, having an essential role in the overall conformational
dynamic picture of the protein. Model4 revealed that the
presence of a copep in the “charge clamp” can be com-
municated to the ligand binding cavity by zipping the
hydrogen bond network only if His524 is neutral and found
in the ε-tautomer.

Three of the most dynamic models studied were the
antagonist conformation at 400 K, the apo conformation with
E2 in the binding site, and the apo conformation with an
empty binding site but including the copep, models6P, 7E,
and10P. The end structures from simulations6P and10P
and a snapshot from simulation7E at 8.0 ns are highly
similar. RMSDs for all CR-atoms equal less than 3 Å
between the two latter structures. Low RMSDs, below 2.7
Å, are also calculated between model6P and models10P
and7E when H12 is excluded.6Pand10Pboth have His524
modeled with the charged imidazolium ion, whereas7E
includes the Nε-tautomer of the neutral residue. In both of
the setups with a charged His524, we observe the formation
of a kink between H10 and H11 as well as a partial release
of the component (copep or H12) bound in the “charge
clamp”. A close-up view of the final structures from the two
simulations along with the agonist X-ray structure is depicted
in Figure 13. Although the two conformations are, of course,
not entirely identical, the similarities are easily seen. The
C-terminal H12 of6Pand the copep in10Pare both partially
held in place by hydrogen bonds to Glu362, whereas the
N-terminals show more flexibility. For the6P simulation, it

seems the displacement of H12 serves to pull H11 into the
kinked position. Because of this conformational change,
His524 is now positioned outside of the binding site, and is
surface exposed, hereby opening an entrance to the binding
site between H3 and H11. Interestingly, a similar conforma-
tion of His524 is observed in10P, which was initiated from
the apo conformation of the protein. Here, the kink between
H10 and H11 is observed without H12 positioned to pull;
instead, it appears to be the reverse, and now H11 is
positioned to drag H12 into the “mouse trap”, forming the
agonist conformation. Remarkably,6Pand10Pare the only
stable setups identified with His524 modeled as charged,
strongly indicating this will only happen when this residue
is solvent exposed. Because the kink between H10 and H11
is also only observed in simulations6P and 10P, we
anticipate that these two features must be highly correlated.
In Figure 13b, a close-up view of7E, along with10P and
the agonist structure, is depicted. It is clear that7E (8.0 ns)
and 10P (6.0 ns) are highly similar with respect to the
conformation of H11 and H12.

The overall results of the simulations form the basis of a
more detailed picture of the dynamic equilibrium of hERR
LBD, where two activation pathways seem possible (Scheme
3). We suggest that the initial association of the copep to
apo hERR LBD, upper part of Scheme 3, stimulates the
movement of H12 toward the agonist position without closing
the entrance to the ligand binding cavity between H3 and
H11. This most likely happens with a surface exposed
positively charged His524 as in model10P. Once H12 is in
or near the agonist position in the “mouse trap”, we suggest
that His524 becomes deprotonated at Nδ either by the solvent
or by a neighboring acidic residue, for example, Glu419. It
is possible that E2 enters first and then, by forming a
hydrogen bond from E2(O17) to His524(Nδ), pulls His524
inside the cavity, thereby closing the entrance. Further
simulations will shed more light on these proposed reaction
sequences by examining how the protein can discriminate
between the E2 A- and D-rings to orient E2 correctly before
entering the binding cavity. Also, we plan to examine if
E2(O3) is being guided into the binding cavity by specific
interactions. New appropriate setups of the protein with
wisely selected protonation states of central residues are
needed and in progress in our group.

The other possible pathway involves an initial binding of
E2 to the apo conformation of hERR LBD with anε-tautomer
of His524 (lower part of Scheme 3). After 7.5-8.0 ns of
simulation, a conformational change toward the agonist

FIGURE 13: Overlay of the agonist X-ray structure (transparent green; copep, transparent yellow) (21) with snapshots from (a)6P (5 ns;
red) and10P (6 ns; blue). His524 from6P (ball and stick) and10P (licorice) is depicted as well as Glu419 from10P. (b) 7E (8.0 ns; pink)
and10P (6 ns; blue).

1754 Biochemistry, Vol. 46, No. 7, 2007 Celik et al.



position of H12 is observed. The latter path, though stable
on this time scale, may not be as likely because we expect
that a charged His524 is more probable when solvent
exposed. Further calculations are underway to estimate the
energetics associated with the conformational changes. It will
be of utmost importance if experimental evidence for the
activation of ER can be established with respect to the
sequential binding of the two co-factors, E2 and copep. From
the simulations, we predict a two-step activation, where the
addition of the co-activator peptide is likely to precede the
binding of E2, and furthermore, the binding of the first of
these co-factors will result in the conformational change
before the other co-factor binds.

Moras, Karplus, and co-workers have suggested, from
multi ligand copy MD simulations (53), that the ligand enters
the binding site from the LBD “main entrance” closed by
H12 in the agonist conformation. If the same mechanism is
found for ER, it will be necessary to un-zip H3 and H11.
Our simulations suggest that if the copep binds prior to the
ligand, then His524 cannot be present as the Nε-tautomer
when ligand recognition is taking place because the entrance
to the binding cavity is closed in model4E. It can, however,
proceed if recognition is taking place in a structure similar
to that of10P, followed by a deprotonation of His524, maybe
by nearby residues in the hydrogen bond zipper, Glu419 or
Lys531, also giving rise to a zipping of the hydrogen-bonding
network. Other pathways have also been studied for RAR

and TR (53-57), and studies are in progress in our group to
assess these with respect to our data.

The simulations of the antagonist and agonist structures
did not show any signs of an easy conformational change
between the two protein conformations in either direction
on this time scale, even for miss-matched protein-ligand
complexes. We think, that a change from an agonist-to-
antagonist fold, or vice versa, is not happening directly;
rather, it probably proceeds via an open apo conformation
of the hERR LBD. A set of new quasi stable conformations
of hERR LBD, models7D and9E, were identified from the
simulations. They are stable for several nanoseconds, which
should be enough to be recognized by EDCs or SERMs,
thereby disturbing the very delicate conformational equilib-
rium of ERR LBD. Continuing efforts in our group will look
further into this issue.
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SUPPORTING INFORMATION AVAILABLE

Assignments of the protonation states of histidine residues,
residue topology descriptions, added force constants to model
estradiol, the RMSD of CR-atoms for the two remaining

Scheme 3 : Two Possible Pathways for the Activation of hERR LBDa

a The pathway depends on whether the copep or the ligand is bound first to the apo protein, and there may be a common intermediate before
reaching the agonist conformation. The two question marks are included to account for other, yet, undiscovered conformations.
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forms of His524, frequencies for hydrogen bond formation
in relation to the zipper, helix 11, and the complete citation
for the reference on CHARMM (71). This material is
available free of charge via the Internet at http://pubs.acs.org.
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