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CH-8092 Zürich, Switzerland

Received July 31, 2000

We have carried out molecular dynamics (MD) simulations and free energy calculations on
the R-subtype of the human estrogen receptor ligand-binding domain (ERR LBD) complexed
with a number of known agonists and putative xenoestrogens. Our dynamical simulations of
ligand-receptor complexes underscore the highly structured nature of the complex and offer
some interesting insights into the structure-activity relationship (SAR) for these ligands. With
traditional thermodynamic integration (TI) calculations, we calculate relative binding free
energies for three known agonists, in good agreement with experimental values. The sheer
number of possible xenoestrogenic compounds makes an approach using traditional free energy
calculations unfeasible. Instead, we have made use of a single-step perturbation methodology
that allows the calculation of relative free energies for a large number of related polyaromatic
hydrocarbons (PAHs) from a single simulation. Our results show good (maximum deviation
3.3 kJ mol-1) agreement with experimental data, suggesting the possibility of large-scale
xenoestrogen screening in silico to obtain strongly estrogenic compounds for subsequent
experimental testing.

Introduction

Estrogens are a family of naturally occurring steroid
hormones that exert a physiological effect in the growth,
development, and maintenance of a diverse range of
tissues. These effects are the result of the activity of
the estrogen receptor, of which two subtypes (ERR and
ERâ) are currently known.1,2 The ER is also involved
in a range of diseases such as breast cancer, osteoporo-
sis, endometrial cancer, and prostate hypertrophy.3

Like other small-molecule hormone receptors, the ER
is a member of the nuclear hormone receptor (NR)
superfamily. Other members include such species as the
thyroid hormone receptor (TR) and retinoic acid receptor
(RAR).4 The NR family shares a common multidomain
architecture, consisting minimally of an N-terminal
DNA-binding domain (DBD), a ligand-binding domain
(LBD), and a C-terminal activation domain. Unlike
membrane-bound hormone receptors such as the human
growth hormone receptor,5,6 the nuclear receptors are
usually found unbound or associated with heat shock
proteins in the cytosol in the absence of ligand. Ligand
binding triggers a translocation of the receptor protein
to the nucleus, where the DBD of the receptor protein
interacts directly with response elements on the DNA,
acting to activate or repress transcription.7

Following the solution of the TR and RAR LBDs,8,9

there has been an explosion of high-resolution structural
data on nuclear receptor LBDs. Specifically, since 1997,
several crystal structures of the LBD of the ER com-

plexed to various agonists and antagonists have become
available.10-12

Two particularly interesting structural features are
present in the known structures of ligand/LBD com-
plexes. First, the ligand occupies a deeply buried, largely
hydrophobic cavity within the LBD. In most structures
there is no clear path or channel connecting this cavity
with the exterior of the protein, in contrast to typical
protein-ligand complexes. Second, the structure of an
antagonist, raloxifene, bound to the ER LBD shows that
a bulky side chain moiety of the antagonist serves to
prevent the formation of the active tertiary structure
of several helices (particularly helices 11 and 12) known
to be crucial for activity.13,14 Figure 1 shows the overall
architecture of the ER LBD and the relationship be-
tween the buried ligand and helices 11 and 12.

In addition to the biochemical and physiological
importance of the natural ER ligands, in recent years
considerable concern over the effects of xenoestrogens,
exogenous ER agonists, has emerged. It appears that
the ER shows affinity for a remarkably wide range of
structurally diverse compounds, such as polyaromatic
hydrocarbons (PAHs), phytoestrogens, phthalates, and
pesticides.15-19

PAHs are products of incomplete combustion of fossil
fuels, wood, and other organic matter and as such are
ubiquitous in the environment. Oxidative biotransfor-
mation by cytochrome P450 introduces hydroxyl groups,
which results in structures that can mimic estradiol,
the steroidal endogenous ligand of the ER.20,21 Everyday
foodstuffs are another source of estrogen-like com-
pounds. Some foods are known to contain a wide range
of phytoestrogens, such as the isoflavonoids genistein
and daidzein that show estrogenic activity in vitro and
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in vivo. The most important human source of these
isoflavonoids are soybeans and soybean products.22

Given the diverse range of compounds that may bind
to the ER LBD and exert an effect on human and animal
health, there is considerable medical interest in under-
standing the details of ligand LBD affinity and develop-
ing techniques to predict the affinity of compounds for
the ER LBD. Previous computational efforts in this area
have concentrated mainly on empirical regression-based
(QSAR, CoMFA) approaches.23-25 In contrast, we de-
cided to explore the ligand/LBD interaction using a
combination of molecular dynamics (MD) simulation
and detailed free energy calculations. MD simulates the
classical dynamics of a microscopic, atomic model of a
biomolecular system, including ions and solvent, via the
numerical integration of Newton’s equations of motion.
It provides detailed information on the fluctuations,
dynamics, and solvation of the simulated system. In
addition, the conformations generated from MD simula-
tions in the appropriate ensemble are used in traditional
free energy calculations (free energy perturbation (FEP)
or thermodynamic integration (TI)) to determine or
predict the relative free energies of two species: for
example, two ligands, two mutants, or two solutes.26

To carry out these calculations, a coupling parameter
λ is used to smoothly interpolate a simulated system
between a potential energy function that corresponds
to one chemical species (“A”, with potential energy VA)
and one that corresponds to the alternate species of
interest (“B”, with potential energy VB). Equation 1
shows this clearly:

In this way, a nonphysical path is constructed between
the two chemical species (or “end points”) A and B. Free
energy calculations then calculate the work to convert
a system from species A to species B along this path
defined by λ. Since free energy is a state function, it is
path-independent, and the relative free energies of A
and B can be determined in this manner. The relative
binding free energies discussed in this paper are actu-
ally the difference of two relative free energies: the

relative free energies of two ligands in solution versus
the relative free energies of those two ligands bound to
the ER LBD. This is shown more clearly by the
thermodynamic cycles used in our calculations (Figure
2).

A drawback of traditional free energy calculations is
their ability to compare only two species in a series of

Figure 1. Ribbon model of the ER LBD complexed to 2, with some secondary structure elements labeled. Helices are shown in
green, sheets in yellow, and loops in white. The diethylstilbestrol (2) ligand is displayed in blue. Helices mentioned in the text
have been labeled with the appropriate number, according to standard nomenclature.

V(r,λ) ) λVA(r) + (1 - λ)VB(r) (1)
Figure 2. Thermodynamic cycles used in the TI (a) and
single-step perturbation (b) free energy calculations. The
symbol R denotes a nonphysical reference state chosen to
enhance the sampling of configurations relevant for both
physical end states A and B.
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simulations: the two end states of the path, above.27

Given that these calculations typically take days to
weeks of computer time on modern workstations, alter-
native approaches are needed to enhance the practical
utility of these calculations. In our case, there are
hundreds if not thousands of possible xenoestrogen
ligands that are of interest. To begin to address this
problem, we have explored the use of both traditional
free energy calculations (TI28) and single-step perturba-
tion techniques29,30 to determine or predict the affinity
of a number of ER ligands.

Rigorous TI calculations were used to calculate rela-
tive free energies of binding for the three compounds
shown in Figure 3: 17â-estradiol (E2, 1), the synthetic
estrogen diethylstilbestrol (DES, 2), and genistein (GEN,
3). These three compounds are structurally very dis-
tinct, providing a significant challenge for accurate free
energy calculations. In addition, a single-step perturba-
tion approach was used to obtain relative free energies
of binding for a range of structurally similar PAHs and
phytoestrogens (Figure 4) from a single simulation. To
complement our free energy calculations, we have also
carried out extensive (500 ps-1 ns) simulations of
ligands 1-3 bound to the ER LBD.

System Setup

Ligands. For the different ligands that were studied,
the parameters were chosen based on similar building
blocks in the GROMOS force field, version 43A1.31

Ligand parameters and topologies are described fully
in the Supporting Information for this paper. For the
TI calculations between 1-3 a so-called dual-topology32

approach was chosen, after initial studies proved single-
topology methods to be inappropriate for these complex
changes.33 In general, part of the diethylstilbestrol (2)
was gradually changed into dummy (noninteracting)
atoms while at the same time nonbonded interactions
of dummy estradiol (1) or genistein (3) atoms were
increased from zero to the appropriate values. In each
calculation the two ligand species always have a single
phenolic aromatic ring in common. The dual topologies
used are shown in Figure 5. During the TI calculations,

soft-core nonbonded interactions34 were used for all
perturbed atoms with an R-parameter of 0.5.

The single-step perturbations were carried out from
the reference state (R; see Figure 6) by perturbing the
nonbonded interactions of atoms and soft-cores to the
appropriate values for the dihydroxylated PAHs 5-12
as well as genistein (3), all shown in Figure 4. For

Figure 3. Ligands studied by MD and TI calculations: 17â-
estradiol (1, E2), diethylstilbestrol (2, DES), and genistein (3,
GEN).

Figure 4. Compounds studied in the single-step perturbation
calculations: chrysene-2,8-diol (5, CHN), 6-methylchrysene-
2,8-diol (6, MCHN), benzo[a]pyrene-2,8-diol (7, BAP), 6-meth-
ylbenzo[a]pyrene-2,8-diol (8, MBAP), benz[a]anthracene-3,9-
diol (9, BAA), 7-methylbenz[a]anthracene-3,9-diol (10, 7MBA),
12-methylbenz[a]anthracene-3,9-diol (11, 12MBA), 7,12-di-
methylbenz[a]anthracene-3,9-diol (12, DMBA), and genistein
(3, GEN).

Figure 5. Representations of the dual-topology ligand used
for TI calculations between DES (2) and E2 (1) (a) and between
DES (2) and GEN (3) (b). During the calculation, the DES-
specific atoms (light gray) are turned into dummy atoms while
the E2 or GEN atoms (black) come into existence. The phenolic
ring (black) is common to both end states and does not change.

Figure 6. Soft-core reference state (R) used for the single-
step perturbation calculations. Soft van der Waals interaction
sites are drawn as spheres.
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compounds 3, 11, and 12 bond and angle parameters
were also changed as necessary. In 3, the bond between
atoms 12 and 13, bond types 15 (1) and 26 (2), have both
been tested (see Supporting Information). The soft-core
atoms in the reference state were simulated with an
R-parameter of 1.51.35

Simulations. Simulations of the ligands free in
solution were carried out in periodic rectangular boxes
containing 1239 simple point charge (SPC)36 water
molecules for the TIs and 1247 SPC water molecules
for the single-step perturbations. System sizes are
summarized in Table 1. All protein simulations were
carried out using as initial structure the crystallo-
graphic structure of the LBD of the R-subtype receptor
with DES as the ligand, entry 3ERD11 from the RCSB
Protein Data Bank,37 residues Ser 305 to Leu 549. In
this structure, the side chains of 18 residues were not
resolved, whereas for Asp 321 and Arg 363 two different
conformations were proposed. The missing side chains,
mainly members of surface loops, were introduced in
the structure using the program PROSSC and standard
side chain configurations from the GROMOS96 pack-
age.31 For Asp 321 and Arg 363 the B configurations in
the structure file were selected, based on local geom-
etries. The terminal amino acids, Ser 305 and Leu 549,
were treated as charged.

In the GROMOS force field (version 43A1) aliphatic
hydrogen atoms are treated as united atoms together
with the carbon atom to which they are attached. The
coordinates of polar hydrogen atoms (bound to nitrogen
or oxygen) and aromatic hydrogen atoms were generated
using the program PROGCH. The charges of the ioniz-
able groups were chosen to correspond to a pH of 7,
resulting in a net charge of -6e. The histidine residues
were assigned tautomeric configurations as specified in
Table 2, based on the local environment of these
residues.

The protein was placed at the center of a periodic
rectangular box (7.52 × 7.55 × 8.96 nm3) which was
filled with 15 824 SPC water molecules and 6 Na+ ions
to obtain a net charge of zero. In this procedure, the
distance between water oxygen atoms and non-hydrogen
protein atoms was a minimum of 0.23 nm. To relax the
configuration of the solvent, a steepest descent mini-
mization was carried out in which the protein and ligand

atoms were positionally restrained to their initial posi-
tions using a harmonic interaction with a force constant
of 25 104 kJ mol-1 nm-2.

Protocol and Methods
All simulations were carried out using the GROMOS96

biomolecular simulation package.31,38 Individual MD simula-
tions were equilibrated according to the scheme in Table 3. In
a total of 37 ps the temperature was increased stepwise from
50 K (velocities randomly initialized from a Maxwell-Boltz-
mann distribution) to 300 K, using first-order coupling to a
temperature bath39 with temperature relaxation time τT. The
solute and water molecules were separately coupled to the
temperature bath. Protein and ligand atoms were positionally
restrained to the crystal structure coordinates using a har-
monic interaction with force constant Kr0. After 27 ps the
simulation was carried out at a constant pressure of 1 atm,
again using a first-order coupling to a pressure bath39 and
pressure relaxation time of τp ) 0.5 ps. An estimated value of
45.75 × 10-5 (kJ mol-1 nm-3)-1 was used for the isothermal
compressibility.31

Bond lengths were constrained to ideal values, using the
SHAKE algorithm,40 allowing for a time step of 2 fs. Non-
bonded interactions were calculated using a twin-range cutoff.
Short-range interactions (within 0.8 nm) were evaluated every
time step from a charge-group pair list that was updated every
5 time steps. Longer-range interactions (within 1.4 nm) were
evaluated every 5 time steps as well and kept constant
between updates. A reaction field correction,41 using an
effective dielectric (ε) of 54.0,42 was used to approximate
electrostatic interactions outside the outer 1.4-nm cutoff.

The relative free energies of 1-3 were determined in three
different environments: in vacuum, in solution, and in the
protein. Conversion of the ligands was performed using 11
equally spaced λ-values. At each λ-value one simulation of 20
ps was carried out, consisting of 10 ps of equilibration followed
by 10 ps of data collection over which the average 〈∂H/∂λ〉λ was
calculated. For the conversion of 2 into 3 in the solvent three
additional simulations at λ ) 0.05, 0.85, and 0.95 were
introduced to smooth the integrand. Integrations over λ were
carried out using trapezoidal integration. For each environ-
ment, λ-values were changed in both the forward (λ ) 0 f λ
) 1) and backward (λ ) 1 f λ ) 0) directions. For the protein
simulations a Maxwell-Boltzmann distribution of the veloci-
ties corresponding to a temperature of 300 K was used to
initiate an equilibration starting from step 7 of Table 3.

Extensive simulations of the end states (λ ) 0 and λ ) 1)
were carried out under the conditions of equilibration step 7
for the DES (2; 1 ns), E2 (1; 500 ps) and GEN (3; 500 ps) LBD
complexes. Typically, 10 ps of simulation for a protein-ligand
complex required roughly 20 h of calculation on a dual-
processor 450-MHz Pentium II PC.

The single-step perturbation methodology makes use of the
fact that the FEP formula for calculating the free energy
difference between two states defined by λ ) 1 and λ ) 0 is:

where the brackets represent an ensemble average over the
configurations corresponding to state λ ) 0. No simulation of
state λ ) 1 is actually required to calculate the free energy

Table 1. System Composition for Solvent and Protein
Simulationsa

solvent simulations protein simulations

number of: molecules atoms molecules atoms

protein 1 2439
ligand 1 30/30b 1 30
ions 6 6
water 1239/1247b 3717/3741b 15824 47472
a A single molecule of the simulated ER LBD consists of 245

amino acids. b TI and single-step perturbation simulations, re-
spectively.

Table 2. Tautomeric Configurations of Histidine Residues in
the Simulated ER LBDa

histidine

356 373 377 398 474 476 488 501 513 516 524 547

tautomer T P P P T P T P P T T T
a T indicates protonation of the imidazole ring at Nε2, and P

indicates protonation at Nδ1.

Table 3. Equilibration Protocol for MD Simulations

step
length

(ps)
temp
(K)

τT
(ps)

Kr0
(kJ mol-1 nm-1) ensemble

τp
(ps)

1 2 50 0.01 2.5 × 104 NVT
2 5 100 0.01 1.0 × 104 NVT
3 5 150 0.01 5.0 × 103 NVT
4 5 200 0.01 1.0 × 103 NVT
5 5 250 0.01 1.0 × 102 NVT
6 5 300 0.01 1.0 × 10 NVT
7 10 300 0.1 0.0 NPT 0.5

∆G ) G(1) - G(0) ) -kT ln 〈e-(H(1)-H(0))/kT〉0 (2)
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difference. In principle, this means that a single simulation,
for example of a protein-ligand complex, can be used to predict
the relative free energies of any other ligand bound to that
protein. In practice, statistical considerations and limited
sampling times require that the two states λ ) 0 and λ ) 1 be
reasonably similar to achieve accurate results. Traditional
FEPs work around this limitation by actually performing a
number of perturbations between states smoothly interpolated
between those λ ) 0 and λ ) 1 end points. In the single-step
methodology, however, care is taken to create a nonphysical
reference state (R) that samples configurations relevant to a
large number of interesting ligand end states.29,43 Typically
the ligand is “soft” - that is, the normal van der Waals
interaction is adjusted to allow occasional overlaps of the
ligand with the atoms of its surroundings. This permits the
nonphysical ligand-receptor complex to sample configurations
that are favorable for real ligands of widely varying shapes
and sizes. A single extensive simulation of this soft, nonphysi-
cal ligand is carried out, and the perturbation formula above
is used to calculate the free energy difference between the
nonphysical ligand and two or more real ligands. Since the
free energy is a state function, it is then possible to determine
the relative free energies of two real ligands (1, 0) from their
free energies relative to the nonphysical reference state (R):

This is shown schematically in Figure 2, which details the
thermodynamic cycles used in our calculations.

For the single-step perturbations a 1-ns trajectory of the
soft-core reference state in vacuum and 2 ns in the solvent
were obtained under the conditions of equilibration step 7
(Table 3). Coordinates were saved every 100 time steps (0.2
ps) for the subsequent perturbation calculations. The complex
of the soft-core reference state and the ER LBD was built from
the coordinates of the DES end state simulation at 470 ps, to
minimize the required equilibration time. The DES was
replaced by the soft-core reference state in the binding cavity,
and velocities were randomly reassigned according to a
Maxwell-Boltzmann distribution at 300 K. After 30 ps of

equilibration a 1-ns trajectory of configurations was generated
under the conditions of equilibration step 7 (Table 3), but
under constant volume rather than constant pressure. The
coordinates of the R-ER LBD complex were saved every 50
time steps for later analysis.

Using the single-step perturbation formalism, free energy
differences between the compounds in Figure 4 and the soft-
core reference state were calculated from these trajectories.
To test the convergence of these calculations, the simulations
of the soft-core reference state in water and the protein were
divided into 2 (water; 1 ns each) or 5 (protein; 200 ps each)
separate subtrajectories and the results were compared across
the subsimulations.

Results

Molecular Dynamics. All three protein-ligand com-
plex simulations (DES, E2, GEN) were largely similar
in behavior. Visual inspection showed no large-scale
changes in the protein’s secondary or tertiary structure
over the course of each simulation. On the basis of this
observation, the longest trajectory (DES, 1 ns) was
selected and examined in detail. Various analysis
programs, again from the GROMOS software package,
were used to characterize the structure and dynamics
of the DES/ER LBD complex over the course of the
simulation.

Atom-positional root-mean-square deviations (rmsds)
are one way to compare different conformations of a
protein. The rmsds for both the backbone atoms (CA,
N, C, O) and all atoms (excluding the ligand and ions)
of the trajectory coordinates versus the initial structure
are shown in Figure 7. The overall values are reasonable
(all atoms up to 0.275 nm, backbone up to 0.2 nm),
though their general upward trend over a nanosecond
suggests that the protein is diverging somewhat from
its starting structure. To eliminate the contributions of

Figure 7. All-atom (solid line) and backbone (CA, N, C, O) atom (dashed line) root-mean-square positional deviations from the
initial crystal structure for the 1-ns DES/ER LBD simulation.

∆∆G1f0 ) ∆G1fR - ∆G0fR (3)
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flexible loop regions, backbone rmsds were calculated
for all of the helices of the protein and for helix 12 only.
These results are displayed in Figure 8. The value for
all of the helices shows that the protein architecture is
well-preserved, though there is a slight deformation
toward the end of the calculation. In contrast, the
structure of helix 12 is very stable, showing little or no
disruption of the secondary structure in this functionally
critical region.

The fluctuations of atoms about their mean position
- somewhat analogous to crystallographic B-factors -
give an indication of regions of the protein that are more
or less flexible. Figure 9 compares the backbone atom-
positional mean-square fluctuations for residues of the
protein from the simulation with the experimental
B-factors reported with the X-ray structure. Unsurpris-
ingly, there is good qualitative agreement with the
experimental data, which show that flexibility is con-
centrated in the surface loops of the protein, while the
helices remain relatively well-ordered. The stretch of
residues from 455 to 475 is a clear feature in both sets
of B-factors and corresponds to the surface loop between
helices 9 and 10 as well as the N-terminus of helix 10
itself (Figure 1). Interestingly, this region contains a
highly charged stretch (470-473) of two glutamic acids,
a lysine, and an aspartic acid.12 The side chains of the
first three of these residues were not resolved in the
original structure, while the aspartic acid was solved
in two possible conformations. The strong charge-
charge interactions between these side chains, as well
as their solvent-exposed position, may account for the
observed dynamic behavior.

In the initial setup of the simulation, two additional
(noncrystallographic) waters were placed in voids inside
the ligand-binding cavity. The ligand-binding cavity is

shown in schematic form in Figure 10. Since the waters
were placed on purely geometric rather than energetic
criteria, they shared a hydrophobic pocket with one of
the ethyl groups (C8′-C9′ in the X-ray structure) of
DES. This pocket is next to the histidine (His 524) that
anchors one end of the ligand and is formed by Gly 420,
Ile 424, the aliphatic parts of Lys 520, and Gly 521.
Clearly, the hydrophobic character of this pocket makes
it an unfavorable location for water to be found. The
first water escapes the pocket after roughly 50 ps of
postequilibration dynamics, while the second has left
by 300 ps. Both waters follow the same pathway, past
His 524 toward the charged moiety of Lys 520 and out
into the bulk solvent. No other waters enter the cavity
over the entire course of the simulation, and the
crystallographic waters found in the hydrogen-bonded
cluster at the other end of the ligand (near Glu 353 and
Arg 394) remain trapped next to the ligand over the
entire simulation.

The void volume near the ethyl group of DES allows
it to fluctuate once the water escapes. Analysis of the
vinyl-ethyl torsion (CY2-CY1-CA1-CB1 or CY1-
CY2-CA2-CB2; see Supporting Information) shows
that this ethyl group has much more flexibility in the
binding site compared to the other, more restricted ethyl
group. It samples a full range of torsional positions and
shows an average torsion of 228 ( 180° versus 108 (
39° for its more restricted counterpart.

Perhaps the most significant dynamics in the protein-
ligand interface occur in the hydrogen bonds between
the two DES phenolic hydroxyls and protein side chains.
Monitoring the hydrogen bonds at both ends of the
ligand over the course of the simulation shows that the
interactions of the phenolic hydroxyls at both ends of
the ligand differ substantially in character. The distal

Figure 8. Backbone (CA, N, C, O) atom root-mean-square positional deviations from the initial crystal structure for all helices
(solid line) and helix 12 (dashed line) of the ER LBD in the DES/ER LBD simulation.
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hydroxyl donates a single hydrogen bond to His 524
which is present during 97% of the simulation. In
contrast, the proximal hydroxyl is part of a fluctuating
hydrogen bond network that includes Glu 353, Arg 394,
and two crystallographic water molecules. While no
single hydrogen bond formed by the proximal hydroxyl
is present for more than 60% of the trajectory, it is
always participating in at least one hydrogen-bonding
interaction and an average of 1.5 hydrogen-bonding
interactions.

Thermodynamic Integration. Figures 11 and 12
display the value of 〈∂H/∂λ〉λ for the TI calculations as a
function of λ. The integrated results can be found in
Table 4. The first three columns contain the results for
the DES (2) to E2 (1) conversion, while the second three
columns show the DES (2) to GEN (3) conversion. The
hysteresis reported is simply the difference of the
forward and backward changes in λ and should only be

used as a lower-bound estimate on the uncertainty of
the calculated values. The relative free energies are
calculated as the appropriate difference from the ther-
modynamic cycle in Figure 2.

During the conversion of 2 into 1, His 524 rotates
away from the ligand, resulting in the loss of a hydrogen
bond. After roughly 35 ps of the E2 (1) end state
simulation, this residue returns, forming a hydrogen
bond with the 17â-hydroxyl of the ligand. For the 2 to
3 conversion the loss and re-formation of this hydrogen
bond occurs within the duration of the TI simulations.
Interestingly, the X-ray structure of the ER LBD/
raloxifene complex shows a similar rotation of His 524
away from the ligand, suggesting that our simulation
is sampling a realistic fluctuation of the protein binding
pocket.10

Single-Step Perturbations. The results for the
single-step perturbation to different compounds can be
found in Table 5. The first column contains the free
energy differences between the reference state and the
different compounds in a vacuum, the second in the
solvent, and third in the protein. The protein values
were obtained as averages over five separate 200-ps
blocks of the 1-ns simulation. In the fourth and fifth
columns we present the calculated free energies of
solvation and of binding, relative to the nonphysical
reference (R) state. Finally, the available experimental
binding free energies are given in the sixth column.

Figure 13 shows a graphical comparison of calculated
and experimental free energies of binding, where it
should be noted that only the differences between the
compounds can be compared. In this figure, the dashed
line indicates the experimental relative free energies

Figure 9. Experimental B-factors and corresponding root-mean-square atom-positional fluctuations for the DES/ER LBD X-ray
crystal structure (solid line) and DES/ER LBD simulation (dashed line). The values have been averaged over the backbone (CA,
N, C, O) heavy atoms of each residue. Positions of secondary structural elements are indicated along the x-axis as solid bars
(helices) or open bars (sheets). Note that the first helix resolved in the structure is helix H2 in standard nomenclature.

Figure 10. Schematic map of the ligand-binding pocket,
drawn for the 2 (DES)/ER LBD complex. Residues and
structural features mentioned in the text are indicated.
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relative to an estimated free energy of binding of -57
kJ mol-1 for the (nonphysical) reference state.

Discussion

Molecular Dynamics. The MD simulations of the
DES/ER LBD, E2/ER LBD, and GEN/ER LBD com-
plexes were all roughly similar. The protein structure
was stable over the course of each trajectory, and visual
inspection showed that the protein-ligand contacts
remained largely unchanged. Detailed analysis was only
performed on the DES/ER LBD simulation, as it was
the most extensive (1 ns vs 500 ps).

The atom-positional rmsds from the starting structure
show reasonable values (all atoms up to 0.275 nm,
backbone up to 0.2 nm), particularly in light of the
number of residues with side chains missing from the
initial structure. The B-factors also show good agree-
ment with experiment, particularly in the differentia-
tion of the stable, well-packed helical regions from the
more flexible loops between them.

Some dynamics are also seen in the DES itself. In
particular, one of the two ethyl groups occupies a
slightly larger hydrophobic pocket and shows significant
torsional fluctuations. DES derivatives with a slightly
larger substituent at this position might make a closer
fit with the receptor and show increased affinity.
Interestingly, the flexible ethyl group is facing away
from helix 12. Raloxifene and other ER antagonists
typically have a bulky substituent near the middle of
the ligand but on the face that points toward helix 12.10

It is thought that interactions between this substituent
and helix 12 prevent the structural rearrangement seen
in the E2/ER LBD complex, thereby blocking estrogenic
activity.

Another interesting feature of the protein-ligand
interaction observed in the simulation is the character
of the hydrogen bond between one of the ligand hy-
droxyls and the imidazole of His 524. It is formed 97%
of the time in our DES complex simulation, versus 40-
60% for the other (proximal) hydroxyl interacting with
Glu 353, Arg 394, or water molecules in the cavity.
Interestingly, it is known from QSAR studies on estrogen-
like steroids that the proximal hydroxyl is an absolute
requirement for binding, while the distal 17â-hydroxyl
(which interacts with His 524) only weakly contributes
to binding and might serve merely to improve the
solubility of the native hormone.44 One feature of note
is that the proximal hydroxyl acts intermittently both
as a donor and as an acceptor, participating in 1.5
hydrogen bonds on average. In comparison, the distal
hydroxyl acts only as a hydrogen bond donor. As His
524 could have an alternate protonation state or be
doubly protonated, the possibility of it being a hydrogen
bond donor cannot be completely excluded from our
calculations. Still, it is clear that the distal hydroxyl
probably only participates in a single hydrogen-bonding
interaction. Thermodynamically, then, the single hy-
drogen bond formed by the distal hydroxyl might not
be sufficient to compensate for the penalty of desolvating
this polar substituent.

Figure 11. Free energy profiles of the DES (2) T E2 (1) TI calculation. Each graph shows the value of the integrand 〈∂H/∂λ〉λ

at each simulated λ-value. The error bars shown correspond to the standard deviation of ∂H/∂λ at each λ-value. The dashed line
indicates the integrated value of the free energy as a function of λ. Separate graphs are shown for the forward and reverse
changes of λ in water (a, b) and in the protein (c, d). All values are in kJ mol-1.
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Thermodynamic Integration. On the basis of the
course of 〈∂H/∂λ〉λ in Figure 12, three additional λ-values
were introduced in the conversion of DES (2) into GEN
(3) in the solvent at λ ) 0.05, 0.85, and 0.95, respec-
tively. From the smooth course of the free energy as a
function of λ, it may be concluded that there is no
apparent need for additional λ-values in the other
calculations. As a test for convergence, an additional 10
ps was simulated for all λ-values in the solvent conver-
sion of DES (2) into E2 (1), but no significant changes
were observed. The hysteresis for individual runs is less
than 5% of the calculated value but accumulates in the
calculation of relative free energies.

If we average over forward and backward changes of
λ in the TI calculations, we find a binding free energy
difference between 1 and 2 of -1.0 kJ mol-1, whereas
we expect a small positive value based on experimental

Figure 12. Free energy profiles of the DES (2) T GEN (3) TI calculation. Each graph shows the value of the integrand 〈∂H/∂λ〉λ

at each simulated λ-value. The error bars shown correspond to the standard deviation of ∂H/∂λ at each λ-value. The dashed line
indicates the integrated value of the free energy as a function of λ. Separate graphs are shown for the forward and reverse
changes of λ in water (a, b) and in the protein (c, d). All values are in kJ mol-1.

Table 4. TI Results (kJ mol-1)a

DES T E2 DES T GEN

TI
for-

ward
back-
ward hysteresis

for-
ward

back-
ward hysteresis

vacuum 76.3 76.1 0.2 187.1 186.9 0.2
solvent 79.0 81.6 -2.6 151.5 157.3 -5.8
protein 80.4 78.2 2.2 173.1 165.3 7.8
∆∆Gsolv 2.8 5.5 -2.7 -35.6 -29.5 -6.0
∆∆Gbind 1.4 -3.4 4.8 21.6 8.0 13.6
∆∆Gbind 3.8b 11.3b

(expt) 0.79c 21.69c

a The first three columns show the forward and reverse results
with hysteresis for DES (2) T E2 (1). The next three show the
data for the DES (2) T GEN (3) conversion. The reported
hysteresis is simply the difference of the corresponding forward
and reverse changes in λ. Experimental data are from bref 25 and
cvan Lipzig, M. Unpublished results.

Table 5. Single-Step Perturbation Results (kJ mol-1)a

compd

∆G-
(vac)
(1 ns)

∆G-
(solv)
(1 ns)

∆G-
(prot)
(1 ns) ∆∆Gsol ∆∆Gbind

∆Gbind
(expt)

5, CHN 6.1 22.6 32.2 16.5 9.6
6, MCHN 4.7 16.4 22.1 11.7 5.7
7, BAP 2.1 7.7 12.8 5.6 5.1
8, MBAP 11.0 25.9 44.7 14.9 18.9
9, BAA 7.1 23.4 35.0 16.3 11.6 -42.9b

10, 7MBA 5.2 16.8 23.7 11.6 6.9 -53.2b

11, 12MBA 11.7 26.0 41.3 14.3 15.4 -43.8b

12, DMBA 10.0 20.6 30.2 10.6 9.6 -47.3b

3, GEN (1)d 130.0 162.7 183.0 32.7 20.3 -36.0c

3, GEN (2)d 145.6 174.8 194.1 29.2 19.3
a Columns 1-3 show the free energy of each ligand relative to

the reference state R in vacuum, solution, and the protein,
respectively. The relative solvation free energy (∆∆Gsol; column
4) is the difference of columns 2 (solution) and 1 (vacuum). The
relative binding free energy (∆∆Gbind; column 5) is the difference
of columns 3 (protein) and 2 (solution). As all values are free
energies relative to the nonphysical reference state R, they should
not be compared to the experimental data directly. Instead, the
relative values between different ligands should be compared.
Experimental binding free energies (column 6) are from bMorreal,
C. E.; Sinha, D. K.; Schneider, S. L.; Bronstein, R. E.; Dwidzik, J.
Anitestrogenic Properties of Substituted Benz[a]anthracene-3,9-
diols. J. Med. Chem. 1982, 25, 323-326 and cvan Lipzig, M.
Unpublished results. d GROMOS96 bond type between aromatic
ring systems 15 (0.139 nm; 1) and 26 (0.153 nm; 2), respectively.
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assays. It can be argued, though, that due to the higher
symmetry of 2, a correction is necessary. This symmetry
allows the molecule to bind in a number of degenerate
binding modes, of which our calculation takes into
account only one. This number of different binding
modes, nbind, introduces a correction to the free energy
of -kBT ln nbind. Whether two binding modes are
degenerate depends on the flexibility of the compound
complexed to the protein, a value of nbind of 2 or 4
introduces a correction of 1.7 or 3.5 kJ mol-1 in favor of
2, respectively. For the conversion of 2 into 3 this
correction would be required as well, increasing the
average value of 14.8 kJ mol-1 toward the experimental
value of 21.3 kJ mol-1.

As noted, the hydrogen bond between the distal
hydroxyl of 2 and His 524 disappears in the conversion
to 1 but returns after some simulation time in the E2
(1)/ER LBD complex. This may be due to the fact that
the distance between hydroxyl groups in 1 is shorter
(1.1 nm) than in 2 (1.2 nm), which is comparable to the
corresponding distance in 3 (1.2 nm). The fluctuations
of His 524 are probably not on the same time scale as
the 220 ps in which the conversion has taken place.
Another explanation for the loss of this hydrogen bond
at intermediate λ-values in both simulations may be the
use of the soft-core nonbonded interaction. While the
soft-core scaling removes singularities from the non-
bonded potential energy terms that have the possibility
to cause instabilities in the simulation, it also causes a
loss of some short-range structure in these potential
energy terms - precisely the region crucial for descrip-
tions of hydrogen bonds.

Single-Step Perturbation. The first and second
nanoseconds of the reference state simulation in water
showed no significantly different values for the single-

step perturbations. As noted, the 1-ns simulation in the
protein was divided into five blocks of 200 ps each, and
the intrablock results were compared to assess the
convergence of the data. The variations between the five
different protein runs were larger than the values
between the two blocks of the solvent calculation,
signifying that in a time span of 200 ps the simulation
has not sampled conformational space completely.

The calculated relative free energies of solvation do
not correspond with the expectation that GEN should
yield a more favorable solvation free energy due to the
additional polar groups. Since the soft-core reference
state for which the simulations have been carried out
is a neutral compound, however, the resulting solvent
configurations are probably not particularly favorable
for the polar genistein. This issue has been previously
noted in other single-step perturbation calculations of
solvation free energies that include both neutral and
polar species.35

It can be argued that, due to the forced coplanar
conformation of the genistein in these calculations, an
aromatic bond type between the two ring systems (e.g.
GROMOS96 type 15) would be more appropriate than
an aliphatic bond type (GROMOS96 type 26) as was
used in the TI calculations, where the two ring systems
were free to rotate. In testing both possibilities, we
found that they differ in binding free energy by only 1
kJ mol-1. We based our analysis on the aromatic bond
type in view of the coplanar geometry of the reference
state.

The comparison of the calculated free energies of
binding relative to the reference state to the experi-
mental absolute free energies in Figure 13 shows that
the differences between compounds are generally re-
produced quite well. On the basis of these figures, one

Figure 13. Graphical comparison of experimental and single-step perturbation results for the relative binding free energy of
ligands 3 (GEN), 9 (BAA), 10 (7MBA), 11 (12MBA), and 12 (DMBA) to the ER LBD. As the calculated binding free energies
(y-axis) are relative to the nonphysical reference state R (∆∆Gbind) while the experimental values (x-axis) are absolute binding
free energies (∆Gbind), their values should not be compared directly. Instead, the relative values between different ligands should
be compared. The dashed line is the best-fit line of slope 1.0 and provides a guide to the deviation between the experimental and
calculated values. All values are in kJ mol-1.
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can estimate the free energy of binding for the reference
state to be about -57 kJ mol-1, which would result in
a maximum deviation from experimental values of 3.3
kJ mol-1 (<1 kcal mol-1) for compound 10 and a mean
difference over all five known compounds of 1.7 kJ
mol-1.

It is interesting to note that the addition of a methyl
to structures 5, 9, and 11 to obtain structures 6, 10, and
12 is calculated to improve binding free energy by about
4 kJ mol-1, while introducing a methyl group at the
same location in structure 7, yielding 8, reduces affinity
by 13 kJ mol-1. Obviously, the binding cavity offers
enough space for the former structures to sample an
orientation that allows the methyl to occupy a more
favorable position, whereas 8, the largest compound
considered, does not seem to have this freedom of
movement.

It is important to emphasize the relative computing
time required for the single-step perturbations versus
the TI calculations. In a total of 880 ps of simulation,
the TI calculations yielded relative free energies for
three compounds. In contrast, our 1 ns of reference state
simulation allowed us to calculate relative free energies
for 10 different compounds. In fact, this set can be
extended to a total of 20-30 different species.45 The
single-step perturbation is therefore somewhere be-
tween 4 and 6 times less expensive than the TI calcula-
tions.

Conclusions

Overall, our foray into the calculation and prediction
of the affinities of various ligands for the ER has yielded
some exceptionally promising results. We have shown
good agreement between experimental results and
traditional TI free energy calculations for comparisons
between structurally diverse known ER agonists (17â-
estradiol (E2), 1; diethylstilbestrol (DES), 2; and genistein
(GEN), 3). In addition, we have applied a single-step
perturbation methodology to this system which allows
us to accurately predict the relative free energies of a
large number of xenoestrogen-like compounds from a
single simulation. This is particularly important since
the large size of the ER LBD/ligand complexes make
any sort of MD simulation exceedingly expensive. Given
the amazing variety of compounds proposed to bind to
the ER, methods such as we have applied may provide
a powerful tool for assessing the affinity of putative
xenoestrogens in silico prior to subsequent in vivo
studies.
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van Gunsteren, W. F. The GROMOS Biomolecular Simulation
Program Package. J. Phys. Chem. A 1999, 103, 3596-3607.

(39) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.;
DiNola, A.; Haak, J. R. Molecular dynamics with coupling to an
external bath. J. Chem. Phys. 1984, 81, 3684-3690.

(40) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. J. C. Numerical
Integration of the Cartesian Equations of Motion of a System
with Constraints: Molecular Dynamics of n-Alkanes. J. Comput.
Phys. 1977, 23, 327-341.

(41) Tironi, I. G.; Sperb, R.; Smith, P. E.; van Gunsteren, W. F. A
generalized reaction field method for molecular dynamics simu-
lations. J. Chem. Phys. 1995, 102, 5451-5459.

(42) Smith, P. E.; van Gunsteren, W. F. Consistent dielectric proper-
ties of the simple point charge and extended simple point charge
water models at 277 and 300 K. J. Chem. Phys. 1994, 199, 3169-
3174.

(43) Mark, A. E.; Xu, Y.; Liu, H.; van Gunsteren, W. F. Rapid
nonempirical approaches for estimating relative binding free
energies. Acta Biochim. Pol. 1995, 42, 525-536.

(44) Anstead, G. M.; Carlson, K. E., Katzenellenbogen, J. A. The
estradiol pharmacophore: Ligand structure-estrogen receptor
binding affinity relationships and a model for the receptor
binding site. Steroids 1997, 62, 268-303.

(45) Oostenbrink, C. Unpublished results.

JM001045D

Simulations of the ERR LBD Journal of Medicinal Chemistry, 2000, Vol. 43, No. 24 4605


