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On the basis of the recently determined crystal structures of the ligand binding domains (LBDs)
of the retinoic acid nuclear receptors (NRs), we present a three-dimensional (3D) molecular
model of the human estrogen receptor alpha (hERa) LBD. A literature search for mutants
affecting the binding properties has been performed; 45 out of 48 published mutants can be
explained satisfactorily on the basis of the model. Estradiol has been docked into the binding
pocket to probe its interactions with the protein. Energy minimizations and molecular dynamics
calculations were performed for various ligand orientations. To evaluate their quality, the
different models were scored using known structure—activity relationship (SAR) data for
selected close estradiol homologues. The two best models explain largely the binding affinities

of more distantly related ligands.

Introduction

The estrogen receptor (ER) plays a crucial role in
many processes such as the control of reproduction and
the development of secondary sexual characteristics.1™*
The ER belongs to the superfamily of nuclear receptors
(NRs), including the steroid, thyroid (TR), and retinoic
(X, RXR; acid, RAR) receptors. These ligand-activated
transcription factors modulate the expression of specific
genes.>~8 All NRs consist of five to six domains, the
most conserved among them are the DNA binding
domain (DBD) and the ligand binding domain (LBD).”

Up to now, three-dimensional (3D) structures have
only been determined for isolated domains, for DBDs,%16
and, more recently, for LBDs. The published X-ray
structures (see Addendum) are that of the apoform of
the human RXR alpha (hRXRa),!” the human RAR
gamma (hRARy) in a complex with all-trans-retinoic
acid (TRA),® and the rat TR alpha (rTRal) liganded
with a thyroid hormone agonist.’® A sequence/structure
comparison provided evidence that NR LBDs share a
conserved architecture revealing a novel fold.2° The
crystal structures provide a good starting point for
modeling that had not been available for earlier stud-
ies.2122 Homology-derived models have been proposed
for the RAR and RXR LBDs bound to different ligands
as well as for the glucocorticoid receptor (GR) LBD
bound to dexamethasone, a synthetic agonist.2°

T Abbreviations: 3D, three-dimensional; GR, glucocorticoid receptor;
DBD, DNA binding domain; E2, estradiol; ER, estrogen receptor
(hERa, human ERa); RAR, retinoic acid receptor (hRARy, human
RARY); RXR, retinoic X receptor (hRXRa, human RXRa); LBD, ligand
binding domain; LBP, ligand binding pocket; NR, nuclear receptor;
RBA, relative binding affinities (%) to ER (rat uterus, incubation time
2 h, 4 °C), if not otherwise stated, E2 = 100%; rmsd, root-mean-square
deviation; SAR, structure—activity relationship; rTRa, rat thyroid
hormone receptor o; TRA, all-trans-retinoic acid.
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We present a 3D model of the human ERa (hER0)
LBD bound to estradiol (E2) based on the crystal
structure of the hRARy/TRA. To put the model on a
more solid basis, we have analyzed the impact of
numerous published natural and engineered mutations.
The binding affinities of several E2 derivatives were
examined to probe the ligand position in the ligand
binding pocket (LBP).

Results and Discussion

Sequence Alignment. In the sequence alignment
of NR LBDs, the N- and C-termini of the helices, derived
from the hRXRa and hRARy LBD crystal structures,
were used as anchoring points2® (Figures 1 and 2). Only
the liganded hRARy, which has a sequence identity of
21% with hERo LBD, is used in the modeling work
described below; the hRXRa has only been included for
comparison purposes (Figure 1). Besides the insertions
and deletion discussed in Model Building, the most
variable regions are the loops connecting the helices,
in particular loop 1—3, loop 6—7, and loop 8—9. Most
of the conserved residues belong to the NR signature
(region H3—H5)20 or to helices HI0—H12. The hERa
numbering is used throughout the text if not otherwise
mentioned, even when mouse ER (mER) mutants are
discussed.

Model Building. On the basis of the assumption
that NR LBDs share a conserved 3D architecture,?° the
11 helices in hRAR have been taken as a template for
the hERa LBD model. According to the sequence
alignment (Figure 1), which is the basis of our models,
three insertions (1 amino acid in loop 6—7, 8 amino acids
in loop 8—9, 3 amino acids in loop 9—10) and one
deletion (10 amino acids in loop 1—3) have been identi-
fied in hERa LBD (Figures 1 and 2, top). Loop 1-3 is
in the vicinity of the LBP; therefore an indirect influence
on the size and shape of the cavity seems likely. A loop
conformation proposed by MODELER?3(see Methods)
for this area was modified to resemble that of hRAR.
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Figure 1. Sequence alignment of estrogen nuclear receptor ligand binding domains (LBDs). The alignment includes estrogen
receptors from numerous organisms and also the human and rat a- and g-isoforms. The sequences of the hRXRa and hRARYy for
which crystal structures have been determined are also included. The organism abbreviation and accession numbers are: h,
Homo sapiens (M12674 and X99101 for o- and S-isoforms); r, Rattus norvegicus (X61098 and U57439 for a- and S-isoforms); s,
Sus scrofa (Z37167); m, Mus musculus (M38651); g, Gallus gallus (X03805); p, Poephila guttata (L79911). The alignment has
been derived as described in the Methods section. The sequence numbering above and below the alignment is for the hERa and
the hRARy, respectively. Identical residues in the whole alignment are highlighted in yellow. Blue-shaded boxes indicate the
identical residues in the ER family; triangles above the sequences indicate residues conserved throughout the steroid receptor
family. The secondary structure information shown below the alignment corresponds to the hRARy crystal structure.*® The residues
closer than 4.5 A to the ligands are indicated by green or blue dots for the hERa/E2 model and the hRARy/TRA complexes,
respectively. Red and open dots mark residues differing between hERo and hERS within 6 and 8 A of the ligand. The figure was
prepared using ALSCRIPT.58
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Figure 2. Presentation of the hERa model. (Top) Cartoon
showing the overall fold of the hERo LBD with a-helices drawn
as cylinders and S-strands as arrows. Insertions and deletions
with respect to the hRARy are colored red and blue, respec-
tively. (Bottom) Co-Trace of the hERa model. The putative
ligand binding cavity is depicted as a blue chicken wire surface.
Residues in close vicinity (4.5 A) of the ligand are conserved
between the two isoforms; they are indicated by green spheres.
Residues within a shell of 6 and 8 A around the ligand that
differ between the ER o- and S-isoforms are represented as
red (3) and white (7) spheres, respectively. The figures were
produced with SETOR.%®

The one-amino acid insertion (Glu419) in loop 6—7 is
unigue among NRs but conserved in the ER family. Its
position close to the putative LBP strongly suggests a
special role of this residue in polar ligand binding
contacts. One way to accommodate the insertion is to
extend helix H6. With this strategy, Glu419 points
away from an significantly enlarged LBP that is incon-
sistent with the size of E2 (TRA and E2 volumes are
278 and 233 A3 as calculated with GRASP,2* respec-
tively). In the second approach, different loop geom-
etries have been generated?® taking the C- and N-ter-
mini of helices H6 and H7 as anchoring points. From
five thus obtained models, a clear favorite was identified
with Glu419 pointing into the LBD, the size of which is
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in agreement with the volume of E2. The conformation
of loops 8—9 and 9—10 were accepted as proposed by
MODELER.2 The presumably flexible loop 8—9 could
come in close contact to the amphipatic a-helix H12,
important for all transcriptionally active NRs.”2° Un-
fortunately, this loop is too long to be reliably predicted
without additional structural information from homolo-
gous proteins. The loop 9—10 is located far away from
the ligand binding niche, and its conformation should
have no effect on ligand binding.

Analysis of Mutant Data. Because of the low
homology between the hRAR and hERa LBDs (21%
sequence identity over a 237-residue range; Figure 1)
special care was taken with the evaluation of the hERa
LBD model. We carried out a literature search (from
1989 to 1996, see Table 1 and references therein) to
retrieve mutants affecting the binding properties of the
human or mouse ER which exhibit 96% sequence
identity for the LBDs (Figure 1). Since some of the
mutants were published with varying binding affinities
by different authors, we decided to group the mutants
in the following way: 12 mutants reducing the binding
affinity by at least a factor of 10 were considered to have
a pronounced impact (Table 1a), 14 mutants affecting
the binding affinity by a factor of 2—10 were considered
to have a moderate influence (Table 1b), and 22 mutants
reducing the binding affinity by less than a factor of 2
were considered to have no influence (Table 1c).

Selected examples for mutants including some that
had not been found with the literature search are the
following:

(1) The E2 binding affinity for the H524A mutant is
more than 10-fold reduced as compared to the wild-type
protein.26 This loss of affinity is in agreement with our
models as we have postulated a hydrogen bond between
His524 and a hydroxyl function of E2 (see Estradiol
Docking and Figure 3).

(2) E2 binds only weakly to the G525R mutant of
MER?728 (G521R of hERa, helix 10), and only 10—35%
of the wild-type activity as well as reduced binding
affinity are observed for the G521A mutant.?® In the
model, Gly521 is only one helical turn apart from His524
which is assumed to be hydrogen-bonded to the ligand
(see above). The effect of the mutation can easily be
explained by an unfavorable steric contact or by the
introduction of a charge in close proximity to the ligand.

(3) The L525A mutant has less than 10% of the wild-
type activity, and the specific binding is too low to obtain
an accurate Ky for E2.2° In our models, Leu525 is in
close vicinity to E2. In addition, this residue might be
necessary to stabilize the positions of His524 (see above)
and helix H12, as close interactions are observed in our
models with residues Leu544 and L536 (both H12). This
last assumption is supported by the instability of the
mutant in the absence of hormone.?®

Only 3 out of 48 mutants published during the last 7
years could not be explained satisfactorily on the basis
of our model: L539A,L540D,3° M543A,L544D,%° and
D538V.31 The E2 binding affinities of the two double
mutants L543A,L544D3° and M547A,L548D3 of mER
(L539A,L540D and M543A,L544D of hERa, respec-
tively) are lowered by a factor of 2—3 as compared to
the wild-type protein. Leu540 and Leu544 are located
on helix H12 and are predicted to be in the vicinity of
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Table 1. Mutants of the ER Reducing the Ligand Binding Affinity of the Given Ligand?
a. By a Factor of 10 or More

mouse human position
V364E loop 3—4 v
estradiol3!
W383R H5 v
estradiol3!
D426Y H7 v
estradiol3!
C447Y H8 v
estradiol3!
R503L H10 v
estradiol3!
L511D, 1518D L507D, 1514D H10 v
iodoestradiol?”
1514V, 1518R 1510V, I1514R H10 v
iodoestradiol?’
I518R I514R H10 N
iodoestradiol?”
estradiol?®
K520D, G521R, E523R, H524L H10, H11 v
estradiol®
G525R Gb521R H11 v
iodoestradiol?’
estradiol?®
G525D, M532D G521D, M528D H11 v
iodoestradiol?’ -
D538V H12
estradiol3!
b. By a Factor of 2—10
mouse human position
D351V, R548L H3, F-domain (V)P
estradiol3!
C381A, C417A, C447A, C530A H4, H6, H8, H11 v
estradiol6
G400V loop 5—/31 v
estradiol4’
E523Q H11
estradiol3?
L529A, M532A, C534A,V537A L525A, M528A, C530A, V533A H11, loop 11—-12 v
estradiol?®
M532R M528R H11 v
estradiol?®
K529Q, K531Q H11 v
estradiol3?
OH-tamoxifen32
K529Q, K531Q, N532D H11 N4
estradiol32
OH-tamoxifen32
L543A, L544A L539A, L540A loop 11-12, H12 v
estradiol3°
L543A, L544D L539A, L540D loop 11-12, H12
estradiol3°
L540Q H12
estradiol31:48-50
OH-tamoxifen31:50
M547A, L548A M543A, L544A H12 v
estradiol30:51
M547A, L548D M543A, L544D H12
estradiol3°
D549A D545A H12 v
estradiol3°
D374N, E380Q, E385Q H4, H5 v
estradiol®?
E380Q H4 v
estradiol®?
C381A H4 v
estradiol®3
C381A, C530A H4, H11 v
estradiol6
K416Q H6 v
estradiol2:53
C417A H6 v
estradiol®3
C417A, C530A H6, H11 v

estradiol46
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Table 1 (continued)
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c. By Less Than a Factor of 2

mouse human position
C447A Hs v
estradiol®3
C447A, C530A H8, H11 v
estradiol®
K449Q H8 N
estradiol®2
R507A R503A H10 N
iodoestradiol?”
L511R L507R H10 v
iodoestradiol?”
E523Q, D538N H11, H12 Vv
estradiol32
C530A (or S) H11 v
estradiol®3
N532D H11 v
estradiol32
D542A D538A H12 v
estradiol3°
D538N H12 v
estradiol32
D542A, E546A, D549A D538A, E542A, D545A H12 v
estradiol3°
D542N, E546Q, D549N D538N, E542Q, D545N H12 Vv
estradiol®!
L540Q, E542A, D545A H12 v
estradiol®°
E546A E542A H12 Vv
estradiol3?
E542A, D545A H12 v

estradiol®°

a For experiments carried out with the mER, the corresponding residues of the hER are also given. Mutants for residues involved in
ligand binding are underlined. A “/ in the last column is indicative of an altered binding affinity that can be explained on the basis of
the model.  As no structural data are available for the region encompassing R548, this mutation cannot presently be analyzed. However,
the observed binding behavior of the double mutant is in agreement with the expected effect of the D351V mutation.

the ligand. We therefore expected the substitution of
the apolar side chains by charged ones to have a more
pronounced effect on E2 binding affinity. Asp538, a
conserved residue in the loop 11—12, is located on the
protein surface. The 20-fold decrease in the E2 binding
affinity for the D538V3! mutant is especially difficult
to understand since neither D538A3! nor D538N32
exhibit an impaired binding behavior.

Estradiol Docking. The hERa ligand binding cavity
is lined by highly hydrophobic residues (Figure 1; green
spheres in Figure 2, bottom). The only potential inter-
action sites for the steroidal hydroxyl groups at positions
3 and 17 identified with the GRIN and GRID programs33
are located at opposite positions in the cavity: Glu353
(helix H3) stabilized by a salt bridge to Arg394 (helix
H5) and His524 (helix H11) together with Glu419 (loop
6—7). In addition, Glu419 can be postulated to partici-
pate in a hydrogen bond network involving Lys531 and
Asn532 (Figure 3). The existence of such a hydrogen
bond network is supported by mutagenesis data:3?
substitution of Lys531 or Asn532 leads to an impaired
ligand binding affinity although no direct contacts are
observed with the ligand.32 All above-mentioned resi-
dues are strongly conserved in the ER family.

On the basis of the model alone, it cannot be decided
which E2 hydroxyl group is oriented toward helices H3
and H11. The ligand is said to be in the A or D
orientation, if the A- or D-ring is oriented toward helix
H11 (Figure 3), respectively. From SAR data for dif-
ferent organisms it is well-established that the two
hydroxyl groups of E2 contribute differently to the
binding affinity.3* The removal of 175-OH reduces the
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Figure 3. Schematic presentation of the main polar interac-
tions involved in ligand binding in the A and D models. The
numbering scheme for estradiol is shown. The rotation axis
mentioned in the text is indicated.
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Table 2. SAR of Estradiol Analogues® Used for Scoring (See Text)2

Wurtz et al.

RBAs (%) for E2 derivatives

position -OH -CH3 others remarks

1 6.9 20.4 -CH,0OH: 5.0 small hydrophobic substituents are tolerated

2 8.3 11.1 -OCH3z: <0.2 introduction of smaller hydrophobic substituents is possible

4 16.4; 40.0% 25.0 -C=N:14 small substituents are tolerated

6a <0.4 only small hydrophobic substituents may be tolerated

63 6p-ethynyl E2: 310, even for small substituents a steric hindrance is expected

6,75-methylene E2: 97

Ta <1 83.3 introduction of a small hydrophobic substituent is possible,
hydrophilic substituents are not tolerated

75 ~10 even for smaller groups steric hindrance is expected

1l4a 6.7 31.3 -CoHs: 33.3 small hydrophobic substituents are tolerated, hydrophilic groups
are less suited

15a 25 143 -CHzPhe: 55 small hydrophobic substituents increase the binding affinity,
hydrophilic groups are not tolerated

153 37 small hydrophobic substituents are tolerated

16 135 67.25 small hydrophobic substituents are better tolerated than
hydrophilic ones

1643 -CoHs: 5.1 even small substituents cause steric problems

17a -C=CH: 200

12 3.0 hydroxy substituent (unitary) is not tolerated

118 9.1 12557 -p-hydroxyphenyl: 40 introduction of hydrophobic groups of different sizes is possible

2 1f no RBAs are available for the respective methyl or hydroxy derivatives of estradiol, data for related compounds have been used to
derive the statements given as remarks. The positions 3 and 174 of the steroid were not considered in the scoring as restraints were

applied to stabilize the polar interactions during the calculations.

binding affinity toward rERa by a factor of 44 (relative
binding affinity, RBA = 1.9%%). An even weaker
binding is observed in the absence of 3-OH. This could
indicate that the 3-OH group is involved in a stronger
hydrogen-bonding environment than 175-OH and should
be oriented toward His524 and Glu419, corresponding
to an A orientation. On the other hand, in the hRARy/
TRAI8 complex, the TRA carboxylate group (critical for
TRA binding, see Comparison with the hRARy LBP) is
oriented toward helix H3, and by analogy the D orienta-
tions seem more plausible. Further arguments for the
D orientations are:

(1) The hydrogen bond acceptor Glu353 in ER is
replaced by GIn in steroid NRs which could serve as
either a donor or an acceptor.2® E2 binds weakly to the
other steroid receptors, whereas the other natural
3-keto-A*ligands do not bind to ER. Therefore, an
interaction might be assumed between 3-OH and Glu353.

(2) Photolabeling experiments for GR imply that the
D orientations are more plausible.36

(3) A favorable 7— interaction of the aromatic A-ring
can be postulated with Phe404 only in the D models.
However, Phe404 is conserved throughout the steroid
receptor family although E2 is the only natural ligand
with an aromatic A-ring.

As no conclusive argument can be found for either the
A or D models, both possibilities were further investi-
gated. To retain the primary interactions with the
steroidal hydroxy functions (Figure 3), distance re-
straints were introduced for the calculations described
below (see Methods). In addition to the ambiguity
concerning the position of the steroidal A- and D-rings,
the rather planar E23%7 can be rotated in the pocket
around an axis defined by C3 and C17. A total of eight
orientations have been considered by rotating the
steroid skeleton in steps of 90° around the C3/C17 axis
for the A and D orientations. The respective models are
referred to as AO, A90, A180, A270, and DO, D90, D180,
D270. In the AO and DO models, C18 of E2 points
toward helix H6. For the eight different E2 orientations
described above, energy minimizations and molecular

dynamics calculations were performed in the presence
and absence of a 10 A water layer using the protocols
described in the Methods section. Thus, 32 different
model structures were obtained.

Analysis and Scoring of the Models. The stability
of the a-helices was employed as a criterion to test the
suitability of the models. AIll molecular dynamics
simulations and the energy minimizations in the ab-
sence of water resulted in severely distorted structures
which were discarded. In contrast to these results,
energy minimizations performed with a 10 A layer of
water molecules led to reasonably stable secondary
structures, and only these models were subjected to
further evaluation. Superpositions of the minimized
models with the initial structure resulted in rmsd values
of 0.7—1.2 A for all equivalent Co-atoms.

During the geometry optimizations, the positions and
orientations of the bound ligand molecules were modi-
fied significantly with respect to their starting orienta-
tions. In the A models, E2 was initially located farther
away from helices H11 and H12 than in the D models,
but shifts in the course of the minimization brought the
ligands into comparable positions. In both the A and
D models, the steroid planes were rotated up to 110°
around the C3/C17 axis (Figure 3). The E2 positions
therefore almost coincide in two of the refined A and D
models (former A0/A90 and DO/D90, respectively). The
results of the calculations indicate a preference for the
plane occupied by the ligands in these four refined
models. Furthermore, in an additional D model the
steroid skeleton is found in the same plane but rotated
by approximately 180° around the C3/C17 axis.

The final criterion for the scoring of the remaining
eight models exploited known SAR for selected close E2
homologues with the binding behavior predicted on the
basis of the respective model structures. To avoid
ambiguities concerning the binding mode which could
be caused by large substituents, we preferentially used
the methyl and hydroxy derivatives. These substituents
are approximately of the same size and allow to probe
the steric demand or the hydrophobic/hydrophilic nature
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Table 3. Scoring of the Estradiol Orientations in the 3D
Models Based on a Comparison with SAR Data for Selected
Agonists (See Text)2

starting models + ? - scoreb final models

A0 10 3 2 115 A*

A90 7 6 2 10

A180 2 8 5 6

A270 4 3 8 5.5

DO 7 6 2 10

D90 8 6 1 11 D*
D180 4 6 5 7

D270 5 4 6 7

a The best models are A0 and D90; they have the highest scores.
After energy minimization, AO/A90 and DO0/D90, respectively,
converged to very similar structures, and the best in each group
is designated as models A* and D* (see text).” To obtain a
numerical score, the following definitions have been made: + =
1.0, ? = 0.5, and — = 0.0; example, AO: (1.0x10) + (0.5x3) +
(0.0x2) = 11.5.

at a given position. In addition, general remarks were
deduced from other SAR data (Table 2). This informa-
tion was combined to rate each of the 15 positions of
the steroid listed in Table 2 for the eight models (see
Methods). The ratings for the individual positions were
then combined to give the global scores of the models
as shown in Table 3. The minimized forms of models
A0, A90, DO, and D90 are the best ones having the
highest scores (10.0—11.5); in each of these models,
disagreement with known SAR was encountered for only
one or two positions of the steroid. The remaining
models are significantly inferior to the others. As
already pointed out, the positions of the ligands in the
refined models AO/A90 and D0/D90, respectively, are
very similar. We therefore decided to use only the best
A and D models (Figure 4, top, middle) for the subse-
guent analysis and docking of other ligands and called
them models A* and D*, respectively. Note that the
3-OH hydrogen bond in the D* model is in plane with
the aromatic A-ring, whereas in the A* model a devia-
tion from planarity is observed.

PROCHECK?8 confirmed that the geometry and the
dihedral angles of these structures were in a range
expected for a good protein structure;® e.g., in all
models, more than 98% of the residues are in the most
favorable or allowed regions of the Ramachandran plot.
In model A*, four residues are in generously allowed
regions (Arg335 and Pro336 in loop 1—3, Asn 407 in loop
p1l—p2, Glu419 in loop 6—7) and only Asp332 (loop 1—3)
is in a disallowed region. Unfavorable geometries are
observed for the same residues in model D*.

Ligand Binding Pocket. As the calculations in-
cluded water molecules, we analyzed the distribution
of solvent molecules around the LBP. In model A*, only
one water molecule was observed in the vicinity of the
ligand. It is located below the center of the steroidal
A-ring (in the standard orientation of steroids) and is
hydrogen-bonded to Gly521(0). The role of this water
is not clear. Note that its presence does not lead to a
significant increase in the size of the LBP at this
position as compared to the hRARy structure. In model
D*, three water molecules are accommodated within the
LBP and a few more in its vicinity. As in model A*,
one water molecule is hydrogen-bonded to Gly521(0);
it is less than 5 A away from positions C11, C12, and
C18 of the steroid. The other water molecules extend
the hydrogen bond network around O3. One of them
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provides an additional bridge between O3 and Glu353,
whereas the others connect Glu353 with the protein
surface via a chain of hydrogen bonds.

Residues in contact with the ligand (heavy atom
distances closer than 3.8 A) are Leu346 (only A%),
Ala350, Glu353, Leu354 (only D*), Leu387, Leu391,
Phe404, Glu419, Gly420 (only A*), His524, Leu525 (only
A*), and Leu540 (only A*); they are strictly conserved
in the ER family (Figures 1 and 2, bottom). Interest-
ingly, the ER a- and f-isoforms, which have approxi-
mately 60% sequence identity, differ at three positions
(Leu403/$1, M421/loop 6—7, L536/loop 11—12) in a shell
of 6 A around the ligand. Eight additional variable
residues are identified in a shell up to 8 A (Leu327/H1,
Asn348/H3, Arg352/H3, Leu384/H5, 11e386/H5, 11€389/
H5, Val392/H5, Y526/H11; Figures 1 and 2, top). Note
that most of the variable residues are located in helix
H5 (Figure 2). These differences could result in a
modified binding behavior toward some bulkier ligands
in hERfA as compared to hERo.

Comparison with the hRARy LBP. As the struc-
turally conserved regions have been tethered during the
energy minimizations, differences between hRARy and
hERa are found mainly in loop regions (see Model
Building and Methods). The Ca-trace superposition of
the hRARa and hERa LBDs exhibits a rmsd of 0.7 and
1.1 A in the A* and D* models, respectively. E2 is
almost in plane with TRA in model A*, whereas in
model D* the ligand is slightly shifted (Figure 4,
bottom). A comparison of the highly hydrophobic bind-
ing cavities of the hRARy and hERa structures reveals
a smaller pocket for the latter consistent with the
smaller size of E2. Ala397 in hRARy that delimits the
length of the LBP is replaced by Leu525 in hERo. The
importance of Leu525 for E2 binding has been shown
recently.262° Among the residues lining the hERa LBP
(heavy atom distances to the ligand less than 4.5 A),
six identities with hRARy are observed: Leu349/233,
Ala350/234, Leu387/271, Met388/272, Phe404/288, and
G420/303, in hERa and hRARYy, respectively. The polar
residue Arg394 (Arg278 in hRARy, highly conserved in
NRs29), at the C-terminus of helix H5, is 5 A apart from
the ligand and engaged in a salt bridge with Glu353.
In hRARYy, this arginine anchors the TRA carboxylate
group. In our model, Glu353, replacing a cysteine in
hRARYy, plays the role of the TRA carboxylate to contact
the arginine (Figure 4, bottom left) and also forms a
critical hydrogen bond with one of the steroidal hydroxyl
groups at position 3 or 17 in the D* or A* orientation,
respectively.

Docking of Other Ligands. No preference for
model A* or D* can be deduced from the analysis of close
E2 homologues as both models are largely in agreement
with the experimental SAR data. The same ambiguity
was also encountered by other groups (e.g., see refs 26
and 29). Therefore, both A* and D* models were used
to dock the more distantly related ligands 1—10 (Table
4) which were selected to investigate special aspects of
ligand binding and to further evaluate the usefulness
of the models.

The D-homo derivatives 1—3 were chosen to analyze
the influence of a modified steroid skeleton.

The inversion of the stereochemistry at C17 of E2
(compound 4) has a pronounced effect on the binding



1810 Journal of Medicinal Chemistry, 1998, Vol. 41, No. 11

Wurtz et al.

Figure 4. Position of estradiol in the ligand binding pocket of the hERa (top) A* and (middle) D* models. Part of the receptor
backbone is drawn as Ca-trace; side chains are only shown for residues closer than 4.5 A to the ligand. The hydrogen bond
network discussed in the text is depicted as red dashed lines. The ligand orientation in the (bottom left) A* or (bottom right) D*
model is compared to the position of the all-trans-retinoic acid (magenta) as seen in the crystal complex. Black- or gray-colored
side chains of key residues belonging to the hERa or hRARYy receptor, respectively, are included. In all representations, estradiol
is drawn in green or blue in the A* or D* orientation, respectively. The figures were produced with MOLSCRIPT.

affinity that is not observed for the 14,16a-ethano-
bridged compounds 5 and 6 having different D-ring
conformations. A superposition of the steroid skeletons
of E2 and compounds 4—6 results in the 17-OH orienta-
tions shown in Figure 5, which might be the reason for
the different binding behaviors.

Nonadditive substituent effects can be illustrated with
compounds 7 and 8. Methylation of the aromatic
2-position (compound 7) leads to a 6.5-fold reduction of
the binding affinity, and the 16-ethyl derivative (com-
pound 8) binds about 20 times weaker to hERa than
E2. The 2,16-dimethyl derivative 9 (RBA < 0.2),
however, deviates by a factor of at least 4 from what

one might expect from a simple additivity scheme of
substituent effects.

The anordrin derivative 10 is of special interest
because it lacks the aromatic A-ring commonly antici-
pated to be essential to high-affinity ER ligands and
because of its two rigid ethynyl substituents.

Can the RBA differences observed within each set of
compounds be explained by the A* and/or D* model? In
Table 4, the expected binding behavior deduced from
the models is compared to the experimental RBAs. The
modification of the D-ring in compounds 1—3 has no
influence on the hydrogen bonds in both models. How-
ever, bad steric contacts led us to predict a lower binding
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Table 4. RBAs for Selected ER Ligands (Compounds 1—10)2

Compound A* D*
1(RBA=278) OH Similar | Similar
hbond ¥'|hbond V¥
steric ¥|steric v
HO

2(RBA=11.2) OH Lower Lower
hbond ¥'|hbond Vv

steric -|steric -

HO
3 (RBA=1.1) OH Similar | Higher
hbond ¥|hbond v
o steric -|steric v
4 (RBA=22) OH | Similar | Similar
hbond - |hbond -
HO steric ¥|steric v
§5(RBA =111.1) OH [ Lower Lower
/ hbond ¥|hbond -
HO steric v|steric v
6(RBA=125  oH | Similar | Similar
., |hbond v'[hbond V¥
'.'/. . .
HO steric ¥|steric v
7(RBA=154)  OH | Higher | Similar
hbond v'|hbond ¥
HO steric ¢¥|steric -
8 (RBA=5.1) OH Similar | Higher
hbond v'|hbond V¥
Ho steric -|steric v
9 (RBA < 0.2) OH Similar | Similar
hbond ¥'|hbond V
HO steric -|steric -
10(RBA=133) , OH | Similar | Similar
HO "~ |hbond - |hbond -
A steric ¥|steric v
H

a For each compound the predicted binding affinity, relative to
the experimental RBA, is indicated (lower, similar, higher).
Favorable polar (keyword: hbond) or van der Waals (keyword:
steric) interactions are indicated by a v/, whereas — is indicative
of an unfavorable situtation.

affinity for compound 2 (RBA = 11.2). The effect of the
17-inversion is at least partially in agreement with the

Journal of Medicinal Chemistry, 1998, Vol. 41, No. 11 1811

0178

Figure 5. Schematic representation of D-ring only. The 17-
OH orientations for E2, 17a-E2 (compound 4), and the 14,-
16a-ethano-bridged compounds 5 and 6 are drawn with dashed
lines. The figure was produced with the program XP.6!

two models: the low binding affinity of 17a-OH E2 is
reflected in the loss of one hydrogen bond which is
maintained in the bridged compound 6 (RBA = 125)
because of the altered 17-OH orientations (Figure 5).
However, it cannot be understood why compound 5 has
a higher binding affinity than E2; in model D*, the
additional steric demand of the ethano bridge even leads
to the loss of one hydrogen bond. Both models have
problems to explain one of the two monosubstituted
compounds 7 and 8, whereas the low binding affinity of
compound 9 had been predicted correctly because of
unfavorable steric contacts. The situation with the
anordrin derivative 10 is more complicated. In both
models, docking of the compound results in the loss of
one hydrogen bond to 173-OH which is predicted to be
retained if the OH group is attached to the 16¢. position.
Note that in model D*, the steroid skeletons of E2 and
compound 10 are almost perpendicular to each other.
Altogether, a reasonable binding behavior would have
been predicted for 7 or 6 out of the 10 ligands using
model A* or D*, respectively. Therefore, it is still not
possible to identify a preference for either model.

Summary and Outlook

In this contribution, we present the first 3D model of
the hERa LBD based on the crystal structure of a
homologous protein, the hRARy LBD. Mutant data
from a literature search have been taken into account
to validate and improve the model. Its quality with
respect to these data is convincing: 45 out of 48
mutations affecting the binding behavior could be
explained satisfactorily.

The LBP is lined by long-chain hydrophobic amino
acids. The only polar functions located at opposite ends
of the cavity, Glu353 (helix H3) and Glu419/His524
(helix H11), respectively, have been identified as puta-
tive hydrogen bond partners for the two hydroxyl
functions of E2. Both glutamic acids have been modeled
to be further involved in polar interactions with Arg394
and Lys531/Asn532, respectively. All these amino acid
residues are conserved throughout the ER family.
Furthermore, no differences are found between hERa
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and hERp in the immediate environment of the LBP,
but 11 residues differ within an 8 A shell around the
cavity. These differences might indicate an altered
binding behavior for sterically more demanding ligands.

E2 has been docked into the LBP in various orienta-
tions and energy minimizations, in the presence of a
10 A water layer, have been performed for the complex
structures. The refined models have then been scored
using SAR data for close E2 derivatives. For two
alternative orientations of the bound ligand, almost no
contradictions were encountered concerning the experi-
mental findings. However, it is still not possible to
decide whether the steroidal A- or D-ring is oriented
toward helix H3 or H11, respectively. This question will
be answered by the crystal structure of the hERo LBD/
E2 complex which will soon be available. Still, the
orientation of the ligand might be influenced by sub-
stituents favoring other binding modes.

Methods

Sequence Alignment. The sequence alignment shown in
Figure 1 has been obtained with the CLUSTALW package;*
default parameters were applied. The ER members and the
hRXRa and hRARy sequences were aligned separately and
then combined as two rigid groups in a profile alignment. Some
manual changes were necessary to correctly align the region
encompassing helices H6—H7 because of a one-residue inser-
tion, Glu419 in hERo.%°

Model Building and Evaluation. The modeling was done
using a variety of programs: Insightll/Discover,*? Sybyl,*3 O,
WHATIF.?> The academic version 2.0 of MODELER was used
and run with default parameters.?®> E2 was manually adjusted
into the binding niche of the LBD of hERa with hydrogen
bonds either to Glu419 and His524 or to Glu353. Energetically
favorable binding sites for probe groups (methyl group, hy-
droxyl group, phenyl group) were determined with the program
GRIN and GRID,* and their positions relative to the chemical
groups of E2 were compared.

Models were evaluated using stereochemical criteria
(PROCHECK?®8) and by visual inspection. All models were
subjected to force field energy minimizations and molecular
dynamics simulations (Discover 2.974?) using the CFF91 force
field. The automatic parameter assignment reproduced suf-
ficiently the bond lengths and angles found in the crystal
structure of E2. The calculations were performed using a
cutoff radius of 15 A and a switching function of 2.0 A with
recalculation of the nearest neighbor list for nonbonded
interactions every 20 cycles. Energy-minimized models with
a maximum derivative of less than 1.0 kcal A~ were subjected
to a molecular dynamics simulation for 100 ps at a tempera-
ture of 300 K. At the beginning of the simulation, the C
coordinates of structurally conserved regions were tethered
with a force constant of 50 kcal A-2. The models were soaked
with a 10 A water layer (amounting to ca. 3870 water
molecules), tethering the outermost 2 A layer of water mol-
ecules with a force constant of 50 kcal A=2. The angle was
forced to the trans conformation in the calculations with a force
constant of 50 kcal rad™2. The amino acid residues aspartic
acid, glutamic acid, lysine, and arginine were taken in their
charged form leading to a total charge of —7.0 for the LBD. In
the calculations including water molecules, a dielectric con-
stant of 1.0 was used; for calculations in the gas phase, the
dieletric constant was set to 2.0.

A number of refinement protocols were tested in order to
maintain the overall structure of the protein and interactions
in the LBD of hERa. In the final protocol used, during the
first 1400 cycles of energy minimization, the nonbonded
interactions were scaled by 0.5 to release possible constraints
in the initial model. In case of the A models, distance
restraints were applied for the interactions Glu353 (OE1) and
H on 175-0OH, Glu353 (CD) and Arg394 (CZ), His524 (HE) and
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3-OH, Glu419 (OE2) and H on 3-OH, Glu419 (OE1) and Lys
531 (NZ), and Asn532 and Lys531 (NZ) to reproduce the
hydrogen bond network observed in test runs. In the D
models, Glu353 interacted with 3-OH, and His524 and Glu419
with 174-OH of E2. To maintain the overall structure of the
LBD, the C atoms of residues 309—326, 340—362, 372—393,
412417, 422—-437, 442—453, 472—-493, and 503—520 were
tethered to their original positions. To allow more flexibility
for the area around Gly420, a special tether option was applied
for this region which allows to modify the tethering constants
smoothly as a function of the distance from a single atom of
interest. At a distance of 3.5 A of Glu419 C, the force constant
was set to 5 kcal A2 to reach at 10.0 A a value of 30.0 kcal
A2, The main-chain torsional angles were forced to —65° and
—40°, respectively, for residues Arg412 and 422—437. After
scaling of the nonbonded interactions was removed, the energy
of the complex was minimized until the maximum derivative
was less than 1.0 kcal A-1. The geometry optimizations of
isolated ligand structures fitted into the binding cavity were
conducted utilizing the force field implemented in the program
Sybyl.43

Scoring of the Models. To facilitate the scoring, a list
was prepared with selected known SAR for close homologues
of E2 (see Table 2). For each position of the steroid, a “+”
was assigned if a model was consistent with the experimentally
determined SAR and a “—" if not. In case of ambiguities or if
side chains had to be reoriented to achieve agreement with
the criteria listed in Table 1, a “?” was given. To obtain a
numerical score, each “+”, “?”, and “—” was subsequently
converted to 1.0, 0.5, and 0.0, respectively. The highest score
indicates the most plausible model.
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Addendum

After originally submitting our manuscript, crystal
structures of the hERa LBD in complex with E2 and
with raloxifene have been published.”° The orientation
of E2 corresponds largely to our D* model, but the
steroid is rotated by ca. 180° along the C3/C17 axis and
the D-ring position is shifted by one helical turn away
from loop 6—7. The interaction with Glu419 which we
predicted is thus not observed in the experimental
structure. The other three polar interaction partners
predicted by us are indeed involved in ligand binding:
Glu353, Arg394, and His524. However, we predicted
an indirect contact between E2 and Arg394 (see Figure
3), whereas a hydrogen bond is observed in the crystal.
Furthermore, one water molecule is hydrogen-bonded
to O3 of the hormone. A detailed comparison with the
experimental structure has to be postponed until the
atomic coordinates are released.
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