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ABSTRACT
Many synthetic selective estrogen receptor modulators (SERMs) have been cocrystallized with
the human estrogen receptor α ligand binding
domain (ERα LBD). Despite stabilizing the same
canonical inactive conformation of the LBD,
most SERMs display different ligand-dependent
pharmacological profiles. We show here that increased partial agonism of SERMs is associated
with increased conformational stability of the
SERM-LBD complexes, by investigation of dihydrobenzoxathiin-based SERMs using molecular
modelling techniques. Analyses of tamoxifen
(TAM) and 4-hydroxytamoxifen (OHT) in complex
with the LBD furthermore indicates that the
conversion of TAM to OHT increases both the
affinity to ERα and the partial agonism of the
anti-cancer drug, which provides a plausible explanation of the counterintuitive results of TAM
therapy.

of endometrial cancer [5]. A generally accepted mechanism is that TAM, and most SERMs, stabilize the estrogen receptor α ligand binding domain (ERα LBD) in the
canonical inactive conformation, which differs from the
estradiol induced active conformation. TAM and its metabolites competitively bind to the tumor ER, thereby
blocking the binding of estrogen and inhibiting estrogen-induced tumor cell growth.
TAM is extensively metabolized by cytochrome P450
(CYP) enzymes (Scheme 1) and the biotransformation
differs dramatically between individuals depending on
the persons specific gene variants. The polymorphic variants of CYP enzymes can either increase or decrease
the rate and amount of TAM that is metabolized. The
4-hydroxyl metabolites, OHT and endoxifen, are potent
antiestrogens with much higher affinity to ER than TAM
itself, as shown by the cocrystallized OHT-LBD complex (PDB code 3ERT [10]) visualized in Figure 1. OHT
and endoxifen bind to ERα forming hydrogen bonds
between the additional 4-hydroxy group and the two
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1. INTRODUCTION
It has been widely asserted that the incidence of breast
cancer is 1 in 8 women over the course of lifetime in the
United States. Approximately 70% of all breast cancers
are hormone receptor positive and the patients will likely
be treated by tamoxifen (TAM), the most commonly
used selective estrogen receptor modulator (SERM),
which exerts tissue-selective effects [1]. TAM works as
an estrogen antagonist in breast cells, significantly reducing the risk of breast cancer recurrence [2,3]. At the
same time, it works as an estrogen agonist in bone, in the
cardiovascular system and in uterine tissue [4], with the
undesirable utertropic side-effect of increased incidence
Copyright © 2011 SciRes.

Scheme 1. Important metabolites of TAM and the major CYP
isoforms responsible for the biotransformation [6,7] and clearance of active 4-hydroxyl metabolites [8,9].
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Figure 1. Hydrogen bonds between OHT and ERα LBD
(3ERT).

residues Glu353 and Arg394 in ERα, resulting in 30- to
100-fold higher potency than the TAM parent drug
[11-13]. The conversion of TAM to 4-hydroxy metabolites is rationalized as an advantage for antiestrogenic
activity and predominantly catalyzed by CYP2D6 [6,7].
The active 4-hydroxy metabolites are subsequently sulphated by sulphotransferase (SULT1A1) and rapidly
excreted [8,9]. An intuitive clinical implication is thus
that patients carrying functional CYP2D6 alleles and
less active SULT1A1 genotype may stand better chances
for therapeutic success with TAM.
The association between genetic variants and clinical
response to TAM therapy has been extensively investigated by retrospective studies, but results are nonetheless
controversial. It was reported that TAM-treated patients
lacking CYP2D6 enzymatic activity necessary for the
final conversion to 4-hydroxy metabolites had significantly more recurrences of breast cancer compared to
carriers of functional alleles [14-19]. However this suggestion was questioned in other studies, which reported
that CYP2D6 activity had no significant association with
recurrence [20,21]. Even more counterintuitive research
results were obtained in that patients expressing inactive
CYP2D6 and active SULT1A1, which results in less
OHT and endoxifen, had better clinical outcomes [2224]. The connection between CYP2D6 and SULT1A1
enzymatic activities and the efficacy of TAM-treatment
in individuals remain unresolved until more conclusive
studies have been reported. A considerable number of
patients suffer from recurrence despite the endocrine
therapy, due to a developed resistance towards TAM.
The acquired TAM-resistance in tumors is associated
with isomerization of the potent trans-OHT to the less
potent cis form, and a less understood mechanism with
regards to markedly reduced cellular concentrations of
TAM [25,26]. The findings therefore need to be investigated and explained in terms other than that TAM itself
Copyright © 2011 SciRes.

is a parent drug with fairly week affinity to ER.
There has been considerable interest in the development of new SERMs, which could provide more potent
anti breast cancer drugs with less complex and unfavourable profiles. Many SERMs have failed during clinical trials because of low efficacy or side effects, due to
their metabolism in vivo, or mechanisms that are as yet
poorly understood [27]. Raloxifene is a recently approved SERM for the treatment of osteoporosis, although originally being developed for breast cancer
therapy. It is well documented to be less estrogenic than
TAM [28,29], resulting in lower risk of developing endometrial cancer in raloxifene treated patients compared
to those treated with TAM [30]. The ligand-dependent
bioactivity has been rationalized by the capacity of
charge-neutralization. For most SERMs, a tertiary amine
is presented in the side chain. This basic amine is assumed to interact with the negatively charged residue
Asp351 in helix H3 of ERα LBD, thereby neutralizing
the charge of Asp351, and this has been proposed to be
important for SERM anti-estrogenicity [29]. The cocrystallized structures of raloxifene-LBD (1ERR [31])
and OHT-LBD (3ERT [10]) show that the nitrogen of
raloxifene shields the charge of Asp351 through a hydrogen bond that is around 1 Å shorter compared with
OHT (Figure S1). This charge-neutralizing capacity of
the salt bridge was considered as consistent with the
relative anti-estrogenicity of raloxifene vs TAM. However, this hypothesis has been greatly challenged through
other cocrystallized structures of OHT-LBD (2JF9 [32]
and 2BJ4 [33]), in which the interaction of OHT with
Asp351 closely mirrors that seen in the structure of raloxifen-LBD (Table S1 and Figure S2).
The typical SERM TAM works as an antagonist in
breast and conversely an agonist in uterus. What makes
the agonism/antagonism tissue-specific? The mechanisms are hitherto unknown, which may depend on the
various pathways for SERM signalling in different cells.
But, for the same cell type, such as in uterine tissue, raloxifene is confirmed to be less estrogenic than TAM.
The mechanism of mixed agonism/antagonism may differ depending on the chemical structure of the SERM
ligand itself. An understanding of the intrinsic features
that govern the estrogenic or anti-estrogenic properties
of SERM-LBD complexes is important for developing
improved therapeutic agents. Although much effort has
been made, there is no unified theory that has explained
the ligand-dependent biological profiles when the cocrystallized structures are almost identical. In the current
work, force field based computations were used to characterize the structural properties of the ligand-LBD
complexes. The conformational dynamic stability was
found to correlate well with SERM signalling as seen in
Openly accessible at http://www.scirp.org/journal/JBPC/
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the cellular response to treatment with the various compounds.

2. COMUTATIONAL METHODS
In order to gain further insight regarding ligand induced bioactivity of ERα, molecular modelling and molecular dynamics (MD) simulations were performed.
Cocrystallized structures of SERMs with the ERα LBD
were obtained from the RCSB Protein Data Bank (PDB).
The ligand-LBD complexes with PDB code 3ERT [10],
1XP1, 1XP6, 1XP9, 1XPC [34], and 1ERR [31] were
used in the current study. The Molecular Operating Environment (MOE) program, version 2010.10 [35] was
used for visualizations, structural alignments, and the
calculations of root-mean-square deviation (RMSD) of
Cα atoms for the crystal structures.
Independent MD simulations were conducted for each
system as outlined below. The ligand-LBD complex was
solvated in a periodic box with TIP3P [36] water molecules extending 10 Å outside the protein. MD simulations were carried out for each ligand-LBD complex for
20 ns at 298 K using the program YASARA structure
[37], after initial energy minimization procedures. The
AMBER03 [38] force field was used for the protein and
the general amber force field [39] (GAFF) for the ligands throughout this work. Partial atomic charges of
the ligands were calculated using the AM1-BCC model
[40]. The net charge was +1 for SERMs, with the nitrogen atom protonated. The cocrystallized structures of
ligand-LBD complexes were used as starting points.
TAM, being the only ligand lacking a cocrystallized
structure, was introduced by removing the 4-hydroxyl
group of OHT in 3ERT. All systems were neutralized by
adding counter ions [41], and additional water molecules
were randomly replaced by Na+ or Cl– to give a total
NaCl concentration of 0.9% (corresponding to physiological solution). Long-range Coulomb interactions were
included using particle-mesh Ewald (PME) summation
for the electrostatics with a cut-off of 7.86 Å. The simulations were carried out in their entirety with multiple
time steps, 1.25 fs for intramolecular and 2.5 fs for intermolecular forces, using a predefined macro (run_md)
within the YASARA package. The MD trajectories were
sampled every 50 ps, resulting in 400 simulation snapshots per run, which were evaluated to derive statistical
averages and properties of the corresponding geometries.
The RMSD of Cα atoms for the protein was monitored for each simulation trajectory. The RMSD values
were calculated from the cartesian atomic coordinates
with regard to the initial conformation according to the
formula (R is the vector linking the corresponding n
atom pairs in space):
Copyright © 2011 SciRes.
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3. RESULTS AND DISCUSSION
3.1. Dihydrobenzoxathiin SERMs
The biological activity of a series of dihydrobenzoxathiin-based SERMs (Scheme 2) has been rigorously
tested by scientists at Merck, with particular focus on the
estrogenic and antiestrogenic properties in uterine tissue
[34,42-48]. Of special interest is the stereochemistry of
the isomers and how this correlates with uterine agonism/antagonism. Compounds 15, 16, 18 and 19 in Table
1 (numbering from reference [34]), cocrystallized with
ERα LBD, were analysed further in the current work in
order to better understand the relation between structures,
properties and SERM bioactivities.
The X-ray structures of complexes of the enantiomeric pairs 15/16 and 18/19 bound to ERα LBD are compared by structural alignment. The geometrical comparisons are shown in Figure 2 for 15 vs 16, and 18 vs
19, respectively, and are summarized in Table 1 along
with the experimental biodata [34].
The RMSDs, calculated for Cα atoms of the LBD, of
0.16 Å (15 vs 16) and 0.25 Å (18 vs 19) for the superposed crystal structures suggest that there is no difference in 3D geometries for either enantiomeric pair in
complex with the LBD. Visualization of the ligand
binding pocket (Figures 2(b), 2(d)) show identical binding mode and interactions for the enantiomeric pairs
contacting the receptor in the solid state. Experimentally,
the enantiomeric pairs exhibited equivalent affinity to
the receptor and potency to inhibit MCF-7 cell line proliferation in vitro. The geometrical similarities of the
cocrystallized structures presented are in full agreement
with the IC50 trends generated in assays of ERα binding
and MCF-7 breast cancer cell proliferation (Table 1).
However, the stereochemistry has a strong impact on
uterine activity in the in vivo assays. The positioning of
the methyl substituents provide extraordinary uterine
antagonism of 15 and 18, while partial agonism of 16
and 19. The distances from Asp351 to the basic amine of
the ligands, 2.6 - 2.8 Å measured between Oδ351 and Nlig,
OR
O
HO

S
OH

Scheme 2. Dihydrobenzoxathiin.
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Table 1. Biodata [34] of SERMs and geometry comparisons of the cocrystallized structures.
PDB/#

1XP1/15

R

N

Uterine acivityc

hERαa
(IC50, nM)

MCF-7b
(IC50, nM)

%Ant

%Ag

0.5

0.4

103

–10

Oδ351-Nlig
(Å)

RMSD
(Cα, Å)

2.7
0.16

1XP6/16

N

1XP9/18

N

0.4

-

52

39

2.6

1.3

0.3

101

0

2.6
0.25

1XPC/19

N

1ERR/Raloxifene

1.7

0.5

18

71

2.8

1.8

0.8

81

24

2.7

-

a

In human ERα ligand binding assay using tritiated estradiol. bIn in vitro MCF-7 breast cancer cell proliferation assay in the presence of low levels of estradiol.
The %Ant. (%antagonism of estradiol) and %Ag (% of estradiol control) were compared to estradiol (100% agonism) in the uterine weight assay with compounds dosed orally [34].
c

H12

L11-12

(a)

(b)

H12

L11-12
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Figure 2. Superposed structures of the enantiomeric pairs 15 vs 16 (A,B) and 18 vs 19 (C,D) in complex with ERα
LBD. The methyl substituents are shown as space filling models. The backbone and carbon atoms of 15-LBD (1XP1)
and 18-LBD (1XP9) are coloured green, 16-LBD (1XP6) and 19-LBD (1XPC) purple. Nitrogen atoms are coloured blue,
oxygen red, and sulphur yellow.
Copyright © 2011 SciRes.
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show that there is no difference in the salt bridge formed
by each enantiomer. The charge-neutralizing capacity of
the basic side chain is thus a questionable explanation
for the bioactivity profiles of SERMs; at least it is not
applicable for the dihydrobenzoxathiin derivatives. The
only difference between the enantiomers is the orientation of the methyl groups, as seen in Figure 2. The methyl groups of 16 and 19 more closely approach the
L11-12 loop region than what is the case in 15 and 18,
respectively. This slight geometric shift caused by the
stereochemistry is consistent with the activity profiles
that 16 and 19 were assigned as more estrogenic than 15
and 18. However, the methyl groups do not form any
strong interaction with the LBD, and as seen from Figure 2 show no obvious effect on the receptor conformations in the solid state.
Molecular mechanics based computations in solution
were used to gain insight into the effects on the receptor
caused by the stereochemistry of the side chain. Unconstrained simulations were conducted with explicit solvents to mimic the 18-LBD and 19-LBD complexes under physiological conditions. The trajectories were monitored during the entire simulations, as illustrated in
Figure 3. RMSDs of the Cα atoms were calculated with
respect to the starting conformations, which indicates the
stability of the ligand-LBD complexes. Figure 3(a) shows
the RMSDs of the full LBD. For neither system do the
RMSDs exceed 4 Å throughout the 20 ns simulation
time, which indicates that both ligands stabilize the inactive conformation of LBD. Apparent ligand-dependent
dynamic behaviour is noted by comparing the trajectories of the two enantiomers in complex with the LBD, in
which 18 stabilizes the receptor better than 19, based on
the lower RMSD during most part of the simulation time.
Since the only difference between 18 and 19 is the placement of the methyl group, the conformational changes in
the region from L11-12 to the C-termini were monitored
in order to identify the ligand induced effects (Figure
3(b)). Similar trends were found as for the full LBD.
Thus, the conformational drift is largely a result of
changes in the region from L11-12 to the C-termini. The
lower dynamic flexibility of the 19-LBD complex is in
agreement with the characteristics seen in the crystal
structures. It can be argued from the comparisons in
Figures 2(a) and 2(c), that the methyl groups of 16 and
19 project closer to the loop region and thus sterically
support the loop in a better way. Compared with the
biodata, this conformational stability coincides with the
partial agonist properties of the SERMs, following the
principle of more stable, more estrogenic.
The principle of the charge-neutralizing capacity as a
measure of anti-estrogenic capability was also analyzed
during the simulations. As seen in Figure 3(c), the atCopyright © 2011 SciRes.
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Simulation time (ps)
19

Figure 3. RMSD calculated from MD trajectories for (a) Cα
atoms of LBD, Res 307-551, (b) Cα atoms from L11-12 to
C-terminals, Res 527-551. (c) Distances between Asp351 and
the tertiary amine of ligand, monitored through the distance
between Oδ351 and Nlig.

tractive interaction between Asp351 and Nlig is very
week as manifested in that the salt bridge is broken at
the very beginning of the simulations, and has an average interatomic distance of around 6 Å. This is much
larger than the distance required for a salt bridge, and
indicates that the negatively charged side chain of
Asp351 is solvent exposed rather than interacting with
the basic tail of the ligands. Similar dynamic behaviour
of Asp351 was found for TAM-LBD and OHT-LBD
complexes (Figure 4(c)). The findings from the current
MD simulations are supported by the experimental results [49] that TAM does not interact with Asp351 in an
optimal manner. Furthermore, our simulation results
provide a reasonable explanation of the experimental
facts [49-51] that mutating Asp351 into hydrophobic
residues (Ala, Val and Gly) reduces the estrogenic activity of the SERMs. The charged side chain of Asp351 is
solvent exposed in the SERM-LBD complex, and faciliOpenly accessible at http://www.scirp.org/journal/JBPC/
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Figure 5. Superposed crystal structures of 15 (1XP1 in green),
16 (1XP6 in purple), 18 (1XP9 in blue), 19 (1XPC in red) and
OHT (3ERT in gold) in complex with ERα LBD.

(c)

Simulation time (ps)
TAM

OHT

Figure 4. (a) RMSD of Cα atoms of the ER LBD, Res
306-551, calculated from MD trajectories. (b) Distances between Glu353 and Arg394 calculated between Cδ353 and Cζ394.
(c) Distances between Asp351 and the tertiary amine of ligand,
calculated as the minimum distance between Oδ351 and Nlig.

tates interactions between LBD and other domains of
ERα or coactivators which may activate ERα and result
in partial agonism of the SERMs. Oppositely, if Asp351
is mutated into non-charged residues like Ala, Val and
Gly, the interaction with other elements is decreased, and
therefore reduces the estrogenic activity of the SERMs.

3.2. TAM/OHT-LBD
OHT stabilizes the canonical inactive conformation of
the receptor, and is in Figure 5 compared to the dihydrobenzoxathiin derivatives bound ensembles. The
RMSD of 0.75 Å for the five superposed crystal structures is largely a result of deviations in the L11-12 loop
region. The location of TAM within the LBD is apparently associated with the same mechanisms as those of
OHT that gives rise to its anti-breast cancer profile. OHT
binds to ERα with much higher affinity than TAM, while

Copyright © 2011 SciRes.

at the same time getting excreted rapidly through the
sulfoxylation by SULT1A1. It is therefore difficult to
compare the SERM profiles of TAM and OHT in in vivo
assays as TAM also converts to OHT by the actions of
CYP2D6. However, TAM has been assumed to have the
same SERM profile as OHT but with less potency, due
to a lower affinity to the receptor. Therefore, some clinical results reported are considered as counterintuitive,
for instance that patients expressing inactive CYP2D6
and active SULT1A1, which results in reduced affinity
towards OHT and endoxifen, nonetheless displayed better clinical response to TAM therapy [22-24]. Thus, assuming that TAM and OHT only differ in affinity, does
not provide a reasonable explanation to resolve the
CYP2D6 debate or the clinical implications of SULT1A1
activity.
MD simulations of OHT and TAM in complex with
the LBD were performed in order to determine the influence of the 4-hydroxy group on the receptor. The
conformational stability of the ligand-LBD complexes
were again estimated by calculating RMSDs. Special
attention was paid to the dynamics of the charged residues Glu353 and Arg394 located on H3 and H6, respectively, and their interactions with OHT. The results are
shown in Figure 4.
The conformational drift in the TAM-LBD complex is
statistically higher than that of the OHT-LBD one. The
4-hydroxy group of OHT forms hydrogen bonds with the
side chains of both Glu353 and Arg394, as seen in Figure 1, whereas these interactions are lacking for the
TAM-LBD system. To identify the effects of the interactions mediated by the 4-hydroxy group, the distances
between Cδ353 and Cζ394 are displayed as a function of

Openly accessible at http://www.scirp.org/journal/JBPC/
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time in Figure 4(b), which reveal significant differences.
The Cδ353-Cζ394 distances stabilize at around 4 Å through
the entire simulation time of the OHT-LBD complex, but
fluctuate dramatically in the TAM-LBD system. This
indicates that the charged residues Glu353 and Arg394
can not form a stable salt bridge, as supported by the
minimum distance of 4 Å seen in the crystal structures.
Instead, the interaction between Glu353 and Arg394 is
mediated by the hydroxyl group of the ligand, resulting
in increased inter-helix interaction between H3 and H6,
which stabilizes the tertiary structure of the OHT-LBD
complex. Hence, lack of this inter-helix interaction leads
to larger conformational flexibility and thus increased
RMSDs in the TAM-LBD complex.
To enable more statistically meaningful comparisons,
repeating simulations were conducted for each system.
Statistical averages are summarized from three parallel
simulations in Table 2. Similar interactions between Asp
353 and Arg394, mediated by the hydroxyl groups, were
found for 18, 19 and OHT bound to LBD. Larger conformational changes were found for 18 and TAM in
complex with the LBD due to different effects of the
ligands, i.e., steric effects from the basic side chain and
reduced inter-helix interaction, respectively. Lower conformational drift was found for the 19-LBD and OHTLBD complexes. The extreme antagonism of 18 and
partial agonism of 19 has been proven directly by in vivo
experiments. The simulation behaviour indicates that
OHT gives a more stable complex and is thus more estrogenic than TAM, i.e., that 4-hydroxylation increases
the ligand affinity to ERα, but at the same time increases
the estrogenic activity. Therefore, reduced concentration
of TAM is a disadvantage in TAM therapy. The actions
of CYP2D6 and SULT1A1 have paradoxical effects due
to the partial agonism of OHT. To this end, the MD
simulations provide a reasonable explanation for the
observed clinical results.

4. CONCLUSIONS
The crystal structures demonstrate that SERMs stabilize a canonical inactive conformation of the ERα LBD.

At the same time, the “inactive” SERM-LBD complexes
exert biological activity depending on cell type, which
results in tissue-specific effects. Despite the essentially
identical conformation of the LBDs, the SERM profiles
differ considerably from each other. All-atom, explicit
solvent, MD simulations of the SERM-LBD complexes
were performed which disclose the contradictive ER
ligand-dependent estrogenic or antiestrogenic properties,
which have puzzled scientists for decades. This may
provide useful information for the development of improved therapeutic agents.
In earlier studies, the charge-neutralizing capacity of
the basic side chain of the SERMs has been considered
essential for their antiestrogenic activity. The positively
charged nitrogen atom on the SERM tail forms a salt
bridge with the negatively charged residue Asp351 of
ERα in most cocrystallized SERM-LBD structures.
However, as this interaction is almost identical for most
SERM bound LBD crystal structures, it cannot be associated with the differential bioactivity of SERMs. In
addition, contrary to the solid state crystal structures, in
all the simulation trajectories in condensed phase, the
side chain of Asp351 was shown to be exposed to the
solvent other than interacting with the tertiary amine of
the SERMs, with an average distance of around 6 Å between Oδ351 and Nlig.
Comparisons were made between dihydrobenzoxathiin-based SERMs with regard to their bioactivities,
cocrystallized structures and dynamical behaviour in
solvent. We conclude that the SERM profiles of the synthetic ligands is correlated to the conformational stability
of the ligand-LBD complexes rather than the chargeneutralizing capacity, following the principle of more
stable, more estrogenic. As seen in the crystal structures,
the position of the methyl substituents for compounds 16
and 19 provide better stabilization of the L11-12 region
than is the case for 15 and 18, respectively. This is consistent with the uterine agonist/antagonist effects. As a
result of the steric effects exerted, the 19-LBD complex
displays less conformational drift during the 20 ns simulations than the 18-LBD complex, and is confirmed as a

Table 2. Statistical averages of selected distances and RMSDs obtained from three parallel simulations (in Å). The distances in the
crystal structures are displayed in parentheses, and averages are calculated from the distances between selected atoms. Olig is the
oxygen atom of the ligand interacting with Asp353 and Arg394.
system

Cδ353-Cζ394

Oε394-Olig.

Nη353-Olig.

Oδ351-Nlig

RMSD, Cα

18-LBD

4.0(4.8)

2.6(2.7)

3.7(3.2)

6.3(2.6)

2.6

19-LBD

4.1(4.8)

2.6(2.7)

3.7(3.2)

6.3(2.8)

2.1

OHT-LBD

4.1(5.2)

2.8(2.4)

3.5(3.0)

6.4(3.8)

2.1

TAM-LBD

5.2

-

-

7.2

2.7
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more stable structure, resulting in higher estrogenic activity in good agreement with experimental results.
The stability of the tertiary structures of TAM and
OHT in complex with the ERα LBD were also investigated, and the results provide a reasonable explanation
to the CYP2D6 debate and various related clinical observations. The 4-hydroxy group of OHT forms salt
bridges with both Glu353 on H3 and Arg394 on H6, and
hence mediate inter-helix interactions between these,
which in turn stabilizes the OHT-LBD complex. Lacking
these two hydrogen bonds, TAM binds to ERα with less
affinity than OHT, and provides less potent antagonism;
at the same time, the resulting less stable ligand-LBD
complex also makes for less potent agonism. The simulation results thus indicate that TAM is less estrogenic
than OHT, and that therefore the conversion of TAM to
4-hydroxy metabolites has contradictory effects on TAM
therapy, as seen through the CYP2D6 debate. The results
are also in good agreement with the clinical observations
that decreased SULT1A1 activity and decreased cellular
concentrations of TAM are associated with increased
risk of recurrence.
The synthetic SERMs function as partial agonists to
different extent, and their potency depends not only on
the affinity to ERα, but also on how potent the ligand is
in inducing the allostery and stabilizing the required
conformation. Therefore, the stability and flexibility of
SERM-LBD complex play essential roles for the SERM
profiles.
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SUPPORTING INFORMATION

(a)

(b)

Figure S1. (a) Hydrogen-bonds between OHT and ERα LBD (3ERT); (b) Hydrogen-bonds between Raloxifene and ERα
LBD (1ERR).
Table S1. Distances (Å) between Asp351 and the tertiary amine
of OHT and Raloxifene in a variety of crystallographic structures.
3ERT

3.82

2Jf9.A

2.74

2Jf9.B

2.59

2Jf9.C

2.69

2BJ4.A

2.68

2BJ4.B

2.58

2JFA.A

2.83

2JFA.B

2.79

1ERR.A

2.66

1ERR.B

2.77

4OH-TAM

Raloxifene
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Figure S2. Superposed crystallographic structures of OHT and
raloxifene in complex with ERα LBD, 3ERT (red), 2JF9.A
(gray), 2BJ4.A (yellow), 1ERR.A (blue), and 2JFA.A (green).
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