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Abstract
Background: Resveratrol, a naturally occurring stilbene, has been categorized as a phytoestrogen due to its ability
to compete with natural estrogens for binding to estrogen receptor alpha (ERα) and modulate the biological
responses exerted by the receptor. Biological effects of resveratrol (RES) on estrogen receptor alpha (ERα) remain
highly controversial, since both estrogenic and anti-estrogenic properties were observed.
Results: Here, we provide insight into the structural basis of the agonist/antagonist effects of RES on ERα ligand
binding domain (LBD). Using atomistic simulation, we found that RES bound ERα monomer in antagonist
conformation, where Helix 12 moves away from the ligand pocket and orients into the co-activator binding groove
of LBD, is more stable than RES bound ERα in agonist conformation, where Helix 12 lays over the ligand binding
pocket. Upon dimerization, the agonistic conformation of RES-ERα dimer becomes more stable compared to the
corresponding monomer but still remains less stable compared to the corresponding dimer in antagonist
conformation. Interestingly, while the binding pocket and the binding contacts of RES to ERα are similar to those of
pure agonist diethylstilbestrol (DES), the binding energy is much less and the hydrogen bonding contacts also
differ providing clues for the partial agonistic character of RES on ERα.
Conclusions: Our Molecular Dynamics simulation of RES-ERα structures with agonist and antagonist orientations of
Helix 12 suggests RES action is more similar to Selective Estrogen Receptor Modulator (SERM) opening up the
importance of cellular environment and active roles of co-regulator proteins in a given system. Our study reveals
that potential co-activators must compete with the Helix 12 and displace it away from the activator binding groove
to enhance the agonistic activity.
Keywords: Resveratrol, Estrogen Receptor, Agonist, Antagonist, Phytoestrogen, Helix 12, Molecular dynamics
simulation, Hydrogen bonding

Background
Resveratrol (RES) (3,5,4′-trihydroxy-trans-stilbene) is a
naturally occurring stilbene commonly found in grapes
and red wine [1]. Resveratrol has various health benefits,
such as cardiovascular, neuroprotective, anti-oxidant, antiinflammatory, anti-diabetic, anti-viral, and cancer preventive properties [2-7]. Resveratrol has been characterized as
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a phytoestrogen based on its ability to compete with 17βestradiol (E2) for binding to and modulating the activity of
estrogen receptor alpha (ERα) [8]. However the biological
effects of RES on ERα are still highly controversial. Experimental studies performed using different cell lines and reporter constructs suggest that the estrogenicity of RES,
both in terms of the potency and degree of agonism depends on the cell type, the specific sequence and promoter
context of the estrogen response elements (EREs), gene of
interest, ER isoforms, and the assays used [7]. Superestrogenic properties of RES have first been reported in MCF-7
human breast cancer cells transfected with reporter-gene
constructs, [8] and then were confirmed in additional
studies with MCF7 and HepG2 cells by others [9,10]. Full
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agonism of RES was observed in breast cancer cells expressing endogenous ERα [11] and stably transfected with
wild type and mutant (D351Y) ERα [12,13]. However, in
other cell types (COS-1, kidney; BG-1, ovarian; CHO-K1,
ovarian) transfected with ERα, only partial agonism was
observed depending on the ERE-reporter [8,14,15] while
the agonistic stimulation of cell growth were observed in
two other studies in non-breast cancer cells [16,17]. In
addition, RES antagonism or “no agonism” was also reported in E2-treated MCF7 cells, mammary tumor models
and in the reproductive and nonreproductive estrogen target tissues in vivo [18-22]. Altogether, RES appears to be a
mixed agonist/antagonist, a land mark feature or characteristic of selective ER modulators (SERMs) [23-25]. The gene
expression profiling of breast cancer cells transfected with
ERα and treated with E2, RES, several SERMs and pure
antiestrogen ICI revealed substantial overlap between RESand SERM-induced gene modulations confirming postulated mixed agonist/antagonist character of RES [24,25].
The mixed agonist/antagonist nature of RES remains of
great interest considering its potential to have an impact
on human health. While as a natural SERM, the partial estrogenic activity of RES could provide health benefits in
cardiovascular system, bone tissues, and Alzheimer’s disease, there is a concern for its adverse side effects if it is
used as a preventive or therapeutic agent for hormonedependent cancers, particularly in ERα positive breast
cancers.
Resveratrol binds to ERα and is able to compete with
classical estrogen E2 [8,14,15]. Binding of estrogenic ligand brings conformational changes suitable for the protein
to dimerize, recruit co-activator proteins, bind to the ERE
in the promoter region of target genes, and trigger gene
transcription [26-28]. ERα exhibits discrete ligand-specific
conformational changes: in the presence of SERM and
pure antagonist, the AF2 helix, i.e., Helix 12 adopts a
distinct conformation than the agonist bound ERα, preventing the co-activator binding [29-31]. Interestingly, in
experiments with AF2 deleted mutant ERα, E2 and RES
behaved differently in their ability to regulate TGFα expression suggesting possible conformational differences in
ERα-E2 and ERα-RES complexes [13].
The structure of the RES-ER complex has not yet been
experimentally determined. Molecular modeling suggested RES to form more hydrogen-bonding with ERα
than DES and thus have the potential to generate different conformation of the protein [32,33]. However, the
resulting receptor dynamics upon RES binding has never
been explored. In the present study, we have investigated
the conformational dynamics of the ERα ligand binding
domain (LBD) monomer and dimer bound to RES using
highly suitable method of Molecular Dynamics (MD)
simulation and examined the effect of RES binding in
both classical agonist and antagonist conformations. We
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refer the agonist and antagonist conformation of ERα in
terms of Helix 12 orientations as observed from the different ligands bound to ERα LBD crystal structures
[28-30]. Our results provide for the first time the structural reasons for antagonist and partial agonist activity
of RES exerted on ERα.

Results and discussions
We used MD simulation to systematically study the effect
of RES binding to ERα LBD in monomer and homo-dimer
structures. We refer to agonist or antagonist structure in
terms of the relative orientation of helix-12 position as has
been observed in DES and 4-hydroxy tamoxifen (4-OHT)
bound crystal structures for ERα LBD [30]. When estrogenic DES is bound to ERα LBD, helix-12 lays over the ligand binding pocket. However, when SERM 4-OHT is
bound to ERα LBD, helix-12 orients away from the ligand
binding pocket and lays over the co-activator binding
groove formed by residues from helices3, 4, and 5 and the
turn connecting helices 3 and 4. Schematic representations of all the four ligands (Diethylstilbestrol, Resveratrol,
4-Hydroxytamoxifen and ICI 182,780) have been shown in
Scheme 1.
Effect of resveratrol binding on ERα monomers

Molecular dynamics simulations have been performed
on RES bound to both agonist and antagonist ERα LBD
monomers to gain insights into structural stability and
conformational dynamics of the protein-ligand complexes and their dependency on the bound ligand subtypes (Figure 1).
The RMSD (root means square deviations) of the backbone Cα atoms of the simulated protein over time can be
used to analyze the structural stability of the system. To
understand the stability of RES bound ERα-LBD complexes and to compare them with ERα-LBD bound to
known agonist, antagonist, and SERM ligands, we have
performed molecular dynamics of RES bound with ERαLBD agonist and antagonist monomers, DES bound with
ERα-LBD agonist monomer, and 4-OHT and ICI bound
with ERα-LBD antagonist monomer. As evident from
Figure 1A, during the first 2 ns of the simulation, all the
systems undergo conformational readjustments according
to the bound ligand in the initial ERα structure and monotonically tend to reach an equilibrium state. When pure
agonist (DES) or antagonist (ICI) is bound to the LBD, the
complex reaches a stable equilibrium state during simulation. Resveratrol bound ERα-LBD antagonist conformation also reaches a stable equilibrium state during the
simulation and its conformational dynamics is comparable
with the pure agonist DES or pure antagonist ICI bound
LBD. On the contrary, RES bound agonist ERα-LBD
shows high fluctuations over its assumed equilibrium state

Chakraborty et al. BMC Structural Biology 2013, 13:27
http://www.biomedcentral.com/1472-6807/13/27

Page 3 of 11

Scheme 1 Chemical structures of four ERα ligands used in this study: Diethylstilbestrol, Resveratrol, 4-Hydroxytamoxifen, ICI 182,780.

during the simulation which is comparable to the SERM
(4-OHT) induced dynamics of ERα-LBD.
To understand the structural basis for the observed
differences in RMSD fluctuations between the RES
bound agonist and antagonist ERα-LBD conformations
during simulation, we have analysed the RMSF (root
mean square fluctuations) per residues to identify the regions of high fluctuations. Results are summarized in
Figure 1B. In general, the residue fluctuations for RES
bound antagonist ERα are very comparable to the RES
bound agonist ERα complex. We found that the observed high RMSD fluctuations of the RES bound ERα
agonist complex are mainly due to the long loop region
between Helix 8 and Helix 9 and N-terminal region of

Helix 9 (from residue 150 to 166). This region is found
to be highly flexible during the MD simulation for the
RES bound agonist ERα. In contrast, Helix 12 has been
found to be flexible in both RES bound ERα antagonist
and agonist conformations.
We then analyzed the effect of RES binding on the secondary structure profile of ERα agonist and antagonist
conformations (Figure 2). ERα essentially constituted of 12
helices and one β-strand connected by short loop regions.
Comparisons of secondary structure evolution of RES
bound agonist (Figure 2A) and antagonist (Figure 2B) ERα
reveal that the secondary structures of both the complexes
are stable during the MD simulation. As evident from
Figure 2C & D, for initial agonist conformation, there are

Figure 1 Variation of dynamic parameters of ERα bound to different ligands obtained from MD stimulation. (A) Variations in Cα-RMSD
of ERα monomer with simulation time. RES-ERantgonist, DES-ER and ICI-ER have highly stable complexes during simulation (cyan, black and orange),
RES-ERagonist and 4OHT-ER show high fluctuations (green, red). (B) RMSF profile of RES-ERα monomer. Black and red lines represent RES bound ERα
in agonist and antagonist conformation, respectively. The peak in fluctuation corresponds to Helices 8 & 9 (residues 150 to 166).
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Figure 2 Secondary structure profiles with simulation time. (A) RES-ERαagonist complex; (B) RES-ERαantagonist complex. (C) Variation of
structural content of ERα bound with RES during simulation. D: Variations of percentages of helical structures in RES-ERα complex with
simulation time.

197 residues adopting a defined secondary structure and,
during simulation, on average 189 ± 4 residues maintain
their initial secondary structure. In case of RES-ERα antagonist complex, the initial structure has 184 residues
with defined secondary structure and 182 ± 4 residues
maintain their secondary structure during simulation.
Thus, RES-ERα antagonist complex maintains its native
secondary structure better during the simulation than the
RES-ERα agonist complex, despite the fact that the percentages of helical residues are very similar in both the
complexes.
To provide a detailed insight into all the visited conformations of ERα LBD during its MD simulation in the
presence of various bound ligands, RMSD matrices have
been computed, and the results are displayed in Figure 3.
In the presence of pure agonist DES and antagonist ICI in
the LBD, the structure of ERα is quite stable throughout
the simulation period. It is to be noted that for DES-ERα
complex, the MD simulation has been carried out starting

from an agonist conformation in terms of Helix 12 position. Most of the conformations visited during the simulation are structurally very close to the initial agonist
conformation; structurally distinct conformations are less
frequently visited. The situation is in sharp contrast when
4-OHT, a SERM, is bound in the LBD. The starting conformation of ERα for the MD simulation is in antagonist
conformation. Throughout the simulation period, this initial antagonist conformation is much less populated and
structurally distinct conformations are more frequently
visited. While for pure antagonist ICI, the starting structure of ERα for MD simulation is in antagonist conformation with respect to Helix 12 orientation and throughout
the simulation period this antagonist conformation is
highly populated and the structurally distinct conformations are very less frequently visited. This signifies that the
binding of pure antagonist ICI, maintains the initial antagonist conformation better than a SERM. We now present
the effect of RES on the stability of ERα conformation.
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Figure 3 RMSD matrices of ERα bound with different ligands computed from MD trajectory. DES-ERα, RES-ERαantagonist and ICI-ERα
display highly stable initial conformation of the protein. On the contrary, RES-ERαagonist complex shows similarity with 4OHT-ERα where the
initial structure changes appreciably during the simulation. RMSD matrix has been computed using trajectory analysis tools available within
GROMACS packages by comparing the root mean square distances of each structure in the trajectory with respect to each other structure and
generate a bi-dimentional matrix.

When RES is bound in the agonist conformation of ERα
LBD, the complex undergoes some structural changes
during the initial simulation period and eventually stabilizes in the remaining simulation time with an RMSD of
0.35 nm from the initial structure. This feature is also evident when pure agonist DES is bound to the LBD. On the
contrary, when RES is bound in antagonist ERα conformation, the initial antagonist structure is highly stable during the simulation and there is no structurally distinct
conformational cluster visited during the simulation.
Analysis of RES-ERα binding details and evaluation of
binding energy

We next analyzed the structure of RES bound ERα agonist
and antagonist complexes (Figure 4). As evident from the
figure, RES binds in the ligand binding site of ERα in a
similar way for both the agonist and antagonist complexes.
As mentioned earlier, the only difference in these two
complexes are the Helix 12 orientation. In the agonist

complex Helix 12 overlay over the ligand binding cavity
while in the antagonist complex the Helix 12 orients in
the co-activator binding groove. In the agonist RES-ERα
complex, the N-terminal helical region of Helix 8 and the
linker loop between Helices 8 and 9 moves upward with
respect to the dimerization surface. We have recently
demonstrated that the essential dimerization surfaces of
ERα are mainly composed of Helix 10/11 and the Cterminal region of Helix 9 [34,35]. Thus the upward movement of the linker region between Helices 8 and 9 does
not disrupt the essential dimerization surface of the receptor but may induce some perturbation therein.
Using the Linear interaction energy (LIE) method we calculate the binding free energies of RES with two different
ERα conformations from the MD simulation average properties [36-40]. Lennard–Jones (LJ) and Coulomb interaction energies between the ligand and its environment
were computed and averaged over the last 7 ns of the
simulation. Subsequently, binding free energies (ΔG) were
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Figure 4 Structures of RES-ERα complexes obtained from MD simulation. (A) The structures of RES-ERαagonist (green) and RESERαantagonist (red) are overlapped. Using VMD, the ERα is shown in New Cartoon representation, and RES is shown in VDW mode. The side
chains of some of the residues whose conformations are dramatically different between the complexes are shown: Helix12 and linker region of
Helices 8 and 9. (B) & (C) Details of the hydrogen bonding contacts between DES and RES with ERα agonist conformation, respectively. RES is
bound within the same ERα pocket that recognizes DES and 4OHT [30,32,33]. The hydrogen-bonding interactions with the different residues
are shown.
LJ
Coul
coul
calculated by: ΔG = α (ELJ
BOUND-EFREE) + β (EBOUND-EFREE)
LJ
Coul
where E and E
denotes the LJ interaction energy and
the Coulomb interaction energy of the ligand when it is
bound to the receptor (BOUND) and it is free in solution
(FREE), respectively. The parameters α = 0.82 and β = 0.20
were used to calculate the binding energy which were
developed for ERα-ligand systems and used frequently to
calculate the binding free energy of different ligands to
ERα [39,40].

In previous studies with cell based assays, DES is found
to have stronger binding affinity to ERα compared to estradiol, but their binding energies are found to be quite
comparable: −12.55 Kcal/mol for DES and −12.40 Kcal/
mol for E2 [39]. For both DES and E2, the theoretical
binding energies calculated from AMBER force-field for a
given orientation are −10.43 Kcal/mol and −10.86 Kcal/
mol, respectively [39]. Using the LIE method as adopted
by Lipzig et al. [39] for ERα, but using the OPLS force-

Figure 5 Variations of RMSD (A) and radius of gyration, Rg (B) of RES-ERα dimer complexes with simulation time. Black and red lines
represent agonist and antagonist conformation of ERα, respectively.
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field, we found the binding energies of DES and RES are
quite comparable in ERα agonist conformation: −9.5 for
DES and −9.0 for RES. Interestingly, RES is found to bind
strongly in the antagonist conformation of ERα with the
calculated binding energy of −12.0 Kcal/mol compared
to −9.0 Kcal/mol for ERα agonist conformation. Thus, in
terms of binding energy, RES bound ERα antagonist complex is energetically more favorable than RES bound ERα
agonist complex. This is an interesting revelation in the
sense that the observed energetic preferences together
with the orientational preference of Helix 12 in RES
bound ERα complex provide possible pathways for antagonistic actions of RES.
Analyzing several structural parameters (RMSD, secondary structure, cluster analysis) and energetics, we can
conclude that in RES bound ERα monomer, the Helix 12
preferentially orients to the co-activator binding grooves.
This orientation is markedly different compared to the
structure of ERα bound with pure agonist DES and rather similar with the conformation of ERα in presence of
SERM 4-OHT.
In addition to the energetic preferences for binding,
we further explored the details of the binding contacts
of RES within ERα ligand binding cavity (Figure 4A, B).
Figure 4A reveals that RES essentially occupies the same
binding pocket in both the agonist and antagonist conformations of ERα which differ in the orientation of
Helix 12. Although, as mentioned above, the orientation
of Helix 12 in RES-ERα is similar with the Helix 12
orientation in 4-OHT-ERα complex, the RES binding
pocket in ERα is very similar to that of DES. In fact, RES
forms exactly similar hydrogen bonding contacts with
eight residues as found in the case of DES binding with
ERα: LEU 346, GLU 353, LEU 391, ARG 394, MET 421,
GLY 521, HIS 524, and LEU 525 (Figure 4B & C). Interestingly, ER agonists like DES and E2 contain hydroxyl
groups attached to the phenolic rings which seem crucial
for agonistic action [32]. RES also contains similar hydroxyl groups (one additional) attached to phenolic rings
which are involved in hydrogen bonding like in DES.
Among them, hydrogen bonding with three key residues
HIS 524, ARG 394 and GLU 353 are known to be crucial to elicit the agonistic effects of DES or E2 on ERα
[32,33] and are also observed here in the complexes of
RES bound ERα. Additionally, using alanine mutation
and receptor binding studies with E2 [41], it has been
established that the residues GLY 521 and LEU 525 assume key role in recognizing the agonist ligand–both
DES and RES are found to establish hydrogen bonding
with these two key residues as well. Alanine scanning
experiment revealed that while LEU 525 is crucial for
ligand binding of any type regardless of its agonist or antagonist nature, HIS 524 is found to be important in the
recognition of pure agonist ligands but not so for SERM
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like 4-Hydroxytamoxifen which lacks a second hydroxyl
group [41]. RES possesses hydroxyl groups attached to
two opposite benzene rings and the distal hydroxyl
group is capable of interacting with HIS 524 through
hydrogen bond. The similarity in the interaction pattern
indicates that RES has the ability to elicit similar pharmacological effects (agonistic) on ERα like DES. However, there are explicit differences in the hydrogen
bonding pattern as well: DES provides two additional
hydrogen bonding with residues MET 343 and MET 528
while RES provides one additional hydrogen bonding
with LEU 349 residue, as shown in Figure 4B & C within
square. The interaction features of RES with ERα also
shed light on the fact that RES has a greater affinity towards ERα compared to other phytoestrogens which
exhibits higher affinity towards ERβ [42-44].
Effect of RES binding on ERα-LBD dimers

Dimerization of ERα is essential for its transactivation
functions [26,28]. We have analyzed the stability of RES
binding on dimerized ERα in both agonist and antagonist forms (Figure 5). As seen in Figure 5A, during the
first 3 ns of the simulation, both the systems undergo
conformational readjustments according to the bound
RES and monotonically reach an equilibrium state. Interestingly, RES bound ERα dimer in both agonist and antagonist dimer structures are stable during the dynamics.
Molecular dynamic simulation reveals that the RES-ERα
dimer antagonist complex is comparatively more stable
than the agonist dimer complex. The average RMSD for
the former dimer complex during the last 7 ns of simulation is 0.34 ± 0.06 nm while for the later dimer complex it has been observed to be 0.38 ± 0.08 nm with
respect to the initial complex, respectively. We further
analyze the stability of the dimer complex during the
simulation in terms of the radius of gyration (Rg). Rg defines the overall shape and dimensions of the protein by
calculating the mass-weighted root mean square distance of a collection of atoms from their common center
of mass. The plot of the variation of radius of gyration
of each LBD dimer with time is shown in Figure 5B. It is
to be noted that we have considered two distinct conformations of ERα LBD dimer. Due to the orientational
difference of Helix 12, the antagonist ERα dimer has a
higher Rg compared to the agonist form. The Rg profile
obtained from MD simulations reveals that the RES
bound ERα dimer conformation where Helix 12 takes
the classical antagonist orientation is more stable compared to the complex where Helix 12 takes the agonist
conformation. In fact, the Rg values of the RES bound
agonist dimer changes and converges with the Rg value
of the antagonist ERα dimer during the simulation. Critical insight into the agonist dimer trajectory reveals that
during the simulation period Helix 12 retains in its
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original agonist position. The observed changes in the
Rg profile of the RES-ERα agonist dimer is solely attributed to the loop dynamics. Resveratrol bound ERα LBD
dimer in agonist conformation is more stable compared
to its monomeric form and the upward movement of
the linker region between Helices 8 and 9, as observed
for monomer, has not been observed for dimer. This can
be explained by the fact that dimerization imposes
constraints on the movement of the linker region, thus
making the agonist dimer more stable compared to its
monomeric form.
Next we have analyzed the essential dimer contacts for
RES bound agonist and antagonist dimer complexes,
shown in Figure 6A and B, respectively. As evident from
the contact map obtained from MD simulation, the regions of close contact residues between the two monomers are very similar for both RES bound agonist and
antagonist ERα dimers. Further analysis reveals that in
the case of antagonist dimer, the essential contacts between the two chains are more evident compared to
those in the agonist dimer.
We further analyze the interaction energies and intermolecular hydrogen bonding between the two monomers of ERα dimer (Figure 6B, C). Resveratrol bound
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antagonist ERα forms more stable dimer than the agonist
dimer (Figure 6B). Although the Coulomb interaction energies between the two monomers are very similar for both
the agonist and antagonist conformations, van der Waals
interactions are clearly more favorable in the antagonist
dimer structure. In RES bound ERα antagonist dimer the
average Coulomb and LJ interaction energies over the last
7 ns are −883.4 ± 167.7 kJ/mol and −572.2 ± 37.7 kJ/mol,
respectively. In the case of RES bound ERα agonist dimer,
the average coulomb and LJ interaction energies over
the last 7 ns are −811.7 ± 147.3 kJ/mol and −449.7 ±
40.9 kJ/mol, respectively. Analysis of the hydrogen
bonding contacts between the two monomers in the
dimer interface reveals that both the complexes have
very similar hydrogen bonding profile (Figure 6C).
Throughout the simulation period, on average about
10-12 hydrogen bonds have been observed for both RES
bound ERα agonist and antagonist dimers.

Conclusions
In the present study, we have investigated ligand-specific
responses of phytoestrogen RES on ERα LBD using molecular modeling and atomistic simulations. Our results
shed light on the structural basis of the observed

Figure 6 Comparison of RES-ERα dimer characteristics. (A) Left and right figures represent RES-ERαagonist and ERαantagonist conformation of
dimer, respectively. (B) Variations in Coulomb and LJ interaction energies between the two monomers of ERα bound with RES during the last
7 ns of simulation. Black and red colors represents Coulomb and LJ interaction between two monomer in agonist conformation, respectively, and
gray and cyan colors represents Coulomb and LJ interaction between two monomers in antagonist conformation, respectively. (C) Variations in
the number of hydrogen bonds between two monomers of ERα dimer bound with RES. Black and red line represents agonist and antagonist
conformation of ERα, respectively.
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differential pharmacological effects of RES on ERα. We
find that RES binds at the same ligand-binding pocket of
ERα LBD that recognizes DES. To understand the structural effects of ligand-binding, we performed molecular
dynamics simulation on ligand bound ERα LBD monomer and dimer complexes, and clarified the roles of
parameters such as interaction energy, conformational
energy changes, movement of the binding pocket residues, regions of high fluctuations (RMSF) and RMSD
matrix of the protein, in conformational stability and
plasticity of the receptor induced by the ligand.
When RES is bound to the agonist form of ERα, the
dimer complex is more stable compared to its monomeric
form and the upward movement of the linker region between Helix 8 and Helix 9, as observed for monomer, was
not found for dimer. However, the binding of RES to ERα
LBD monomer and dimer in antagonist conformation
makes the complex more stable with higher binding energy than RES binding to ERα LBD agonist conformation.
For ERα LBD agonist conformation, although RES binding
interactions (binding pocket and hydrogen bonding interactions) is very similar to the binding feature of known
agonist DES, the binding energy is much lower for RES
than with DES and E2. This observation can explain partial estrogenecity of RES; to induce agonistic effects, potential co-activators have to displace the Helix 12 into an
“agonist” conformation by directly competing with more
preferable Helix 12 “antagonistic” orientation. Our results
on RES–ERα complex are very similar to the genistein
bound ERβ complexes where the relative free energies for
the agonist and antagonist conformations of Helix-12 are
similar with the “antagonist-like” state being slightly more
stable [45]. In addition, in terms of Helix 12 orientation
for agonist and antagonist conformations and the overall
conformation plasticity during simulation, RES-ERα is
markedly different from DES-ERα and rather shares characteristics with 4-OHT-ERα complex. It is known that the
tissue selective agonism/antagonism of SERMs and phytoestrogens are the result of numerous factors, including
structure of the ligand, over-expression of ER, availability
of certain cellular proteins, balance of co-activators and
co-repressors, to mention some [12,13,46-50]. This situation might occur when due to manipulations of endocrine therapy in breast cancer, estrogen levels, status of
the receptor and cellular proteins are changes. Adjusting
the balance between ligand-mediated structural perturbations of the ERα and tissue-specific cellular proteins will
provide an adequate strategy for the use of RES in clinic.

Methods
Modeling of the receptor-resveratrol complex

The crystal structure of ERα LBD homo-dimer (PDB ID:
3ERD) where each monomer is bound with an agonist ligand DES was considered as ERα LBD agonist conformation.
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In this structure, Helix 12 is positioned over the ligand
binding cavity such that co-activator binding pocket in the
LBD remains unperturbed. On the other hand, the crystal
structure of ERα LBD (PDB ID 3ERT) where a SERM, 4hydroxytamoxifen (4-OHT), is bound to the LBD and the
Helix 12 positioned itself in such a way that prevents coactivator binding, was considered for ERα antagonist conformation. Molecular docking using AutoDock 4.2 [51]
was used to dock RES in both the agonist and antagonist
conformation of ERα LBD. All the hetero atoms were
deleted and non-polar hydrogens were merged for each
receptor as required by AutoDock. The Kollman unitedatom charge model was applied to the protein. Atomic
solvation parameters and fragmental volumes were added
to the protein. Resveratrol structure was obtained from
the PUBCHEM chemical library (CID 445154). Rotatable
bonds were assigned and non-polar hydrogens were
merged for the ligand. For docking, the Partial atomic
charges for the ligand were calculated using the GasteigerMarsili method.
Grid maps were generated by using the empirical freeenergy scoring functions. A grid box of 120 × 120 × 120
grid points with a grid-point spacing of 0.375 Å was
considered for docking. The box was centered such that
it covered the entire LBD. 250 docking runs were performed and for each run, a maximum of 2,500,000 GA
operations were carried out on a single population of
150 individuals. The default parameters of 0.8, 0.02 and
1 are used for crossover, mutation, and elitism weights,
respectively. The lowest energy docked complexes of
each ERα LBD monomer with RES was selected to build
the dimer based on the ERα LBD dimer crystal structure
(PDB ID: 3ERD) as a template. The modeled ERα LBD
dimer complexed with ligand was then solvated, energy
minimized, and appropriately relaxed with position restrained equilibration at 300 K to prepare for molecular
dynamic simulations.
To prepare ERα LBD bound with pure antagonist ICI
182,780, (referred as ICI throughout the text), antagonist
crystal structure 3ERT.pdb for the receptor has been
used for molecular docking of ICI employing AutoDock
4.2 and a similar docking protocol as mentioned above.
Molecular dynamics simulation

The parameters for the molecular dynamics simulation
of RES, DES, 4-OHT and ICI were developed according
to the OPLS force-field [52]. Each atom of RES molecule
was assigned the proper atom type definition as per the
OPLS-AA parameter set. The van der Waals and torsional parameters and the atomic partial charges for the
ligand were obtained by group analogy in the OPLS-AA
set. The atomic partial charges are readjusted to maintain the charge neutrality of the whole molecule. The parameters are tested by comparing the GROMACS

Chakraborty et al. BMC Structural Biology 2013, 13:27
http://www.biomedcentral.com/1472-6807/13/27

[53,54] energy minimized structures with the energy
minimized structures obtained from plane wave based
DFT calculations using CPMD [55].
Each ERα LBD monomer and the dimer complex were
subjected to a preliminary short energy minimization in
vacuo using the steepest descent algorithm. Then the system was solvated with SPC explicit water model in a cubic
box with periodic boundary condition. The box dimension
was chosen such that all the protein atoms were at a distance equal to or greater than 1 nm from the box edges.
The ionization state of the residues were set to be consistent with neutral pH and Na+ ions were added to make the
system charge-neutral. The solvated system was then subjected to a second energy minimization with 500 steps of
steepest descent algorithm to eliminate any bad contacts
with water. After that, a 500 ps position restrained dynamics was carried out where the complex was restrained by
restraining forces while the water molecules were allowed
to move freely. It was then followed by 200 ps of NVT
simulation at 300 K and 200 ps of NPT simulation to
achieve proper equilibration of the system to be simulated.
Final production simulations were performed in the
isothermal-isobaric (NPT) ensemble at 300 K, using an external bath with a coupling constant of 0.1 ps. The pressure was kept constant (1 bar) by using pressure coupling
with the time-constant set to 1 ps. The LINCS [56] algorithm was used to constrain the bond lengths involving
hydrogen atoms, allowing the use of 2.0 fs time step. The
Van der Waals and Coulomb interactions were truncated
at 1.4 nm and the SHIFT algorithm as implemented in
GROMACS has been used to minimize the error from
truncation. The trajectories were stored at every 5 ps.
Structural analysis were carried out by using the inbuilt tools of GROMACS and the secondary structure
assignments were carried out with DSSP [57] module integrated with GROMACS. The RMSD matrices were
computed on each of the trajectories by the least square
fitting of main-chain atoms and the matrices were then
processed to extract clusters of similar conformations.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
SC participated in the planning of the study, carried out all the simulations,
organized the data, analyzed and interpreted the results, prepared the
figures and tables, and helped in drafting the manuscript. ASL brought the
problem of Resveratrol action on Estrogen Receptors into attention, analyzed
and interpreted the results and helped drafting the manuscript. PKB planned
the study with ASL and SC, analyzed and interpreted the results, and drafted
and finalized the manuscript. All the authors have read and approved the
final manuscript.
Authors’ information
Pradip K Biswas: Website: https://www.tougaloo.edu/pbiswas.
Acknowledgements
The authors SC and PKB acknowledge financial support from MS-INBRE
(USM-GR04015-05-9; NIH/NCRR P20RR016476) and EPSCoR (EPS-0903787;

Page 10 of 11

Sub-contract: 190200-362492-10) and ASL acknowledges financial support
from UMMC Cancer Institute and the Intramural Research Support Program
(IRSP) grant from UMMC.
Author details
1
Laboratory of Computational Biophysics & Bioengineering, Department of
Physics, Tougaloo College, 500 West County Line Road, Toogaloo, MS 39174,
USA. 2Saroj Mohan Institute of Technology, Hooghly, West Bengal 712512,
India. 3Cancer Institute and Department of Pathology, University of
Mississippi Medical Center, Jackson, MS 39202, USA.
Received: 2 May 2013 Accepted: 18 September 2013
Published: 25 October 2013
References
1. Siemann EH, Creasy LL: Concentration of the phytoalexin resveratrol in
wine. Am J Enol Vitic 1992, 43:49–52.
2. Frankel EN, Waterhouse AL, Kinsella JE: Inhibition of human LDL oxidation
by resveratrol. Lancet 1993, 341:1103–1104.
3. Pace-Asciak CR, Hahn S, Diamandis EP, Soleas G, Goldberg DM: The red
wine phenolics trans-resveratrol and quercetin block human platelet
aggregation and eicosanoid synthesis: implications for protection
against coronary heart disease. Clin Chim Acta 1995, 235:207–219.
4. Anekonda TS: Resveratrol-a boon for treating Alzheimer’s disease?
Brain Res Rev 2006, 52:316–326.
5. Jang M, Cai L, Udeani GO, Slowing KV, Thomas CF, Beecher CW, Fong HH,
Farnsworth NR, Kinghorn AD, Mehta RG, Moon RC, Pezzuto JM: Cancer
chemopreventive activity of resveratrol, a natural product derived from
grapes. Science 1997, 275:218–220.
6. Adhami VM, Afaq F, Ahmad N: Suppression of ultraviolet B exposuremediated activation of NF-kappaB in normal human keratinocytes by
resveratrol. Neoplasia 2003, 5:74–82.
7. Aggarwal BB, Shishodia S: Resveratrol in health and disease. Boca Raton, FL:
CRC Press Taylor & Francis Group; 2005.
8. Gehm BD, McAndrews JM, Chien PY, Jameson JL: Resveratrol, a
polyphenolic compound found in grapes and wine, is an agonist for the
estrogen receptor. Proc Natl Acad Sci U S A 1997, 94:14138–14143.
9. Basly JP, Marre-Fournier F, Le Bail JC, Habrioux G, Chulia AJ: Estrogenic/
antiestrogenic and sevenging properties of €- and (Z)-resveratrol.
Life Sci 2000, 66:769–777.
10. Sun Z, Lu QJ, Wen LQ, Guo SM, Chen YY, Liu WJ: Establishment and its
application of a reporter-based screening model for discovering new
ligands of estrogen reporter alpha subtypes (in Chinese). Yao Xue Xue
Bao 2000, 35:747–751.
11. Wietzke JA, Welsh J: Phytoestrogen regulation of a vitamin D3 receptor
promoter and 1,25-dihydroxyvitamin D3 actions in human breast cancer
cells. J Steroid Biochem Mol Biol 2003, 84:149–157.
12. Levenson AS, Gehm BD, Pearce ST, Horiguchi J, Simons LA, Ward JE,
Jameson JL, Jordan VC: Resveratrol acts as an estrogen receptor (ER)
agonist in breast cancer cells stably transfected with ER α. Int J Cancer
2003, 104:587–596.
13. Gehm BD, Levenson AS, Liu H, Lee EJ, Amundsen BM, Cushman M, Jordan
VC, Jameson JL: Estrogenic effects of resveratrol in breast cancer cells
expressing mutant and wild-type estrogen receptors: role of AF-1 and
AF-2. J Ster Biochem & Mol Biol 2004, 88:223–234.
14. Ashby J, Tinwell H, Pennie W, Brooks AN, Lefevre PA, Beresford N, Sumpter JP:
Partial and weak oestrogenicity of the red wine constituent resveratrol:
consideration of its superagonist activity in MCF-7 cells and its suggested
cardiovascular protective effects. J Appl Toxicol 1999, 19:39–45.
15. Bowers JL, Tyulmenkov VV, Jernigan SC, Klinge CM: Resveratrol acts as a
mixed agonist/antagonist for estrogen receptors α and β. Endocrinology
2000, 141:3657–3667.
16. Mizutani K, Ikeda K, Kawai Y, Yamori Y: Resveratrol stimulates the
proliferation and differentiation of osteoblastic MC3T3-E1 cells.
Biochem Biophys Res Comm 1998, 253:859–863.
17. Stahl S, Shun TY, Greay WG: Phytoestrogens act as estrogen agonists in
an estrogen-responsive pituitary cell line. Toxicol Appl Pharmacol 1998,
152:41–48.
18. Lu R, Serrero G: Resveratrol, a natural product derived from grape,
exhibits antiestrogenic activity and inhibits the growth of human breast
cancer cells. J Cell Physiol 1999, 179:297–304.

Chakraborty et al. BMC Structural Biology 2013, 13:27
http://www.biomedcentral.com/1472-6807/13/27

19. Bhat KP, Lantvit D, Christov K, Mehta RG, Moon RC, Pezzuto JM: Estrogenic
and antiestrogenic properties of resveratrol in mammary tumor models.
Cancer Res 2001, 61:7456–7463.
20. Turner RT, Evans GL, Zhang M, Maran A, Sibonga JD: Is resveratrol an
estrogen agonist in growing rats? Endocrinology 1999, 140:50–54.
21. Sehmisch S, Hammer F, Christoffel J, Deidlova-Wuttke D, Tezval M, Wuttke
W, Stuermer KM, Stuermer EK: Comparison of the phytohormones
genistein, resveratrol and 8-prenylnaringenin as agents for preventing
osteoporosis. Planta Med 2008, 74:798–801.
22. Freyberger A, Hartmann E, Hildebrand H, Krotlinger F: Differential response
of immature rat uterine tissue to ethinylestradiol and the red wine
constituent resveratrol. Arch Toxicol 2001, 74:709–715.
23. Levenson AS, Jordan VC: Selective oestrogen receptor modulation:
molecular pharmacology for the millennium: millennium review 2000.
Eur J Cancer 1999, 35:1628–1639.
24. Levenson AS, Kliakhandler IL, Svoboda KM, Pease KM, Kaiser SA, Ward JE III,
Jordan VC: Molecular classification of selective oestrogen receptor
modulators on the basis of gene expression profiles of breast cancer
cells expressing oestrogen receptor. British J Cancer 2002, 87:449–456.
25. Levenson AS, Svoboda KM, Pease KM, Kaiser SA, Chen B, Simons LA,
Jovanovic BD, Dyck PA, Jordan VC: Gene expression profiles with
activation of the estrogen receptor α-selective estrogen receptor
modulator complex in breast cancer cells expressing wild-type estrogen
receptor. Cancer Res 2002, 62:4419–4426.
26. Tsai MJ, O’Malley BW: Molecular mechanisms of action of steroid/thyroid
receptor superfamily members. Annu Rev Biochem 1994, 63:451–486.
27. Torchia J, Glass CK, Rosenfeld MG: Co-activators and co-repressors in the
integration of transcriptional responses. Curr Opin Cell Biol 1998,
10:373–383.
28. Darimont BD, Wagner RL, Apriletti JW, Stallcup MR, Kushner PJ, Baxter JD,
Fletterick RJ, Yamamoto KR: Structure and specificity of nuclear receptorcoactivator interactions. Genes Dev 1998, 12:3343–3356.
29. Brzozowski AM, Pike ACW, Dauter Z, Hubbard RE, Bonn T, Rngstrom O,
Ohman L, Green GL, Gustafsson JA, Carlquist M: Molecular basis of
agonism and antagonism in the oestrogen receptor. Nature 1997,
389:753–758.
30. Shiau AK, Barstad D, Loria PM, Cheng L, Kushner PJ, Agard DA, Greene GL:
The structural basis of estrogen receptor/coactivator recognition and the
antagonism of this interaction by tamoxifen. Cell 1998, 95:927–937.
31. Ruff M, Gangloff M, Wurtz JM, Moras D: Estrogen receptor transcription
and transactivation structure–function relationship in DNA-and ligandbinding domains of estrogen receptors. Breast Cancer Res 2000, 2:353–359.
32. El-Mowafy AM, Abou-Zeid LA, Edafioghob I: Recognition of resveratrol by
the human estrogen receptor-alpha: a molecular modeling approach to
understand its biological actions. Med Princ Pract 2002, 11:86–92.
33. Abou-Zeid LA, El-Mowafy AM: Differential recognition of resveratrol
isomers by the human estrogen receptor-α: molecular dynamics
evidence for stereoselective ligand binding. Chirality 2004, 16:190–195.
34. Chakraborty S, Cole S, Rader N, King C, Rajnarayanan RV, Biswas PK: In silico
design of peptidic inhibitors targeting estrogen receptor alpha dimer
interface. Mol Divers 2012, 16:441–451.
35. Chakraborty S, Willett H, Biswas PK: Insight into estrogen receptor betabeta and alpha-beta homo and hetero-dimerization: a combined
molecular dynamics and sequence analysis study. Biophys Chem 2012,
170:42–52.
36. Carlsson J, Boukharta L, Aqvist J: Combining docking, molecular dynamics
and the linear interaction energy method to predict binding modes and
affinities for non-nucleoside inhibitors to HIV-1 reverse transcriptase.
J Med Chem 2008, 51:2648–2656.
37. Hansson T, Marelius J, Aqvist J: Ligand binding affinity prediction by linear
interaction energy methods. J Comput Aided Mol Des 1998, 12:27–35.
38. Nervall M, Hanspers P, Carlsson J, Boukharta L, Aqvist J: Predicting binding
modes from free energy calculations. J Med Chem 2008, 51:2657–2667.
39. Lipzig MMV, Laak AMT, Jongejan A, Vermeulen NP, Wamelink M, Geerke D,
Meerman JH: Prediction of ligand binding affinity and orientation of
xenoestrogens to the estrogen receptor by molecular dynamics
simulations and the linear interaction energy method. J Med Chem 2004,
47:1018–1030.
40. Sugiyama H, Kumamoto T, Suganami A, Nakanishi W, Sowa Y, Takiguchi M,
Ishikawa T, Tamura Y: Insight into estrogenicity of phytoestrogens using
in silico simulation. Biochem Biophys Res Comm 2009, 379:139–144.

Page 11 of 11

41. Ekena K, Weis KE, Katzenellenbogen JA, Katzenellenbogen BS: Different
residues of the human estrogen receptor are involved in the recognition
of structurally diverse estrogen and antiestrogens. J Biol Chem 1997,
272:5069–5075.
42. Mueller SO, Simon S, Chae K, Metzker M, Korach KS: Phytoestrogens and
their human metabolites show distinct agonistic and anatagonistic
properties on oestrogen receptor alpha (ERα) and ERβ in human cells.
Toxicol Sci 2004, 80:14–25.
43. An J, Tzagarakis-Foster C, Scharschmidt TC, Lomri N, Leitman DC: Estrogen
receptor beta-selective transcriptional activity and recruitment of
coregulators by phytoestrogens. J Biol Chem 2001, 276:17808–17814.
44. Kuiper GGJM, Carlsson B, Grandien K, Enmark E, Haggblad J, Nilsson S,
Gustafsson JA: Comparison of the ligand binding specificity and
transcript tissue distribution of estrogen receptor alpha and beta.
Endocrinology 1997, 138:863–870.
45. Manas ES, Xu ZB, Unwalla RJ, Somers WS: Understanding the selectivity of
genistein for human estrogen receptor-β using x-ray crystallography and
computational methods. Structure 2004, 12:2197–2207.
46. Gehm BD, Levenson AS: Resveratrol as a phytoestrogen. In Resveratrol in
health and disease. Edited by Aggarwal BB, Shishodia S. Boca Raton, FL: CRC
Press Taylor & Francis Group; 2005:439–464.
47. Grese TA, Sluka JP, Bryant HU, Cullinan GJ, Glasebrook AL, Jones CD,
Matsumoto K, Palkowitz AD, Sato M, Termine JD, et al: Molecular
determinants of tissue selectivity in estrogen receptor modulators.
Proc Natl Acad Sci U S A 1997, 94:14105–14110.
48. Jordan VC: Antiestrogenic action of raloxifene and tamoxifen: today and
tomorrow. J Natl Cancer Inst 1998, 90:967–971.
49. Grainger DJ, Metcalfe JC: Tamoxifen: teaching an old drug new tricks?
Natl Med 1996, 2:381–385.
50. Davis SK, Dalais FS, Simpson ER, Murkies AL: Phytoestrogens in health and
disease. Recent Prog Horm Res 1999, 54:185–210.
51. Morris GM, Goodsell DS, Halliday RS, Huey R, Hart WE, Belew RK, Olson AJ:
Automated docking using a Lamarkian genetic algorithm and an
empirical binding free energy function. J Comput Chem 1998,
19:1639–1662.
52. Jorgensen WL, Rives T: Development and testing of the OPLS all-atom
force field on conformational energetic and properties of organic
liquids. J Am Chem Soc 1988, 110:1657–1666.
53. Berendsen HJC, Spoel DVD, Drunen RV: GROMACS: a message-passing
parallel molecular dynamics implementation. Comp Phys Comm 1995,
91:45–56.
54. Lindahl E, Hess B, Spoel DVD: GROMACS 3.0 a package for molecular
simulation and trajectory analysis. J Mol Model 2001, 7:306–317.
55. Car R, Parrinello M: Unified approach for molecular dynamics and density
functional theory. Phys Rev Lett 1985, 55:2471–2474.
56. Hess B, Bekker H, Berendsen HJC, Fraaije JGEM: LINCS: a linear constraint
solver for molecular simulations. J Comp Chem 1997, 18:1463–1472.
57. Kabsch W, Sander C: Dictionary of protein secondary structure: pattern
recognition of hydrogen-bonded and geometrical features. Biopolymers
1983, 22:2577–2637.
doi:10.1186/1472-6807-13-27
Cite this article as: Chakraborty et al.: Structural insights into
Resveratrol’s antagonist and partial agonist actions on estrogen
receptor alpha. BMC Structural Biology 2013 13:27.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

