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A molecular model of the human estrogen receptor is reported based on a new alignment with the
a,-antitrypsin sequence, a homologous protein of known crystal structure. The putative ligand
binding site is situated roughly equidistant between the DNA binding and dimerization regions. This
binding site contains a number of amino acid residues shown by site-directed mutagenesis to be
associated with the binding of agonists and antagonists. This putative ligand binding pocket is
well-defined within a loop of peptide, containing complementary amino acids for binding inter-
actions with agonists and antagonists. A leucine-rich region, common to most steroid-binding
proteins, is in an optimum position for dimerization leading to DNA interaction. It is likely that
ligand binding influences dimerization and DNA interaction by a conformational change in the
receptor via the transcriptional activation residues. This model suggests that ligand binding may
affect the hydrogen bonding pattern such that transpeptide signalling is initiated. The model
accommodates steroidal estrogens and antiestrogens as well as the non-steroidal partial antagonist,
hydroxytamoxifen.
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INTRODUCTION for portions of some steroid superfamily receptors
based on amino acid sequence homology with proteins
of known crystal structure [19-22]. In particular, it
appears that human «,-antitrypsin [23] possesses both
structural similarity and sequence homology with many
members of the steroid hormone-binding receptor
superfamily [20,22] and also with other steroid-
binding proteins [20], such as human corticosteroid
binding globulin [24].

Site-directed mutagenesis experiments on the mouse
estrogen receptor have identified specific residues
involved in ligand binding, dimerization and transcrip-
tional activation [25-28]. Previous molecular modelling
studies have indicated that potentially useful infor-
mation about ligand binding sites and relative bind-
ing energies can be obtained from computational
approaches [19, 29] applied to steroid-hormone recep-
tor ligand interactions. Any such modelling should take
account of the different effects of agonists and antagon-

The human estrogen receptor (hER) is a member of
the steroid receptor superfamily [1, 2] which includes
the androgen, glucocorticoid, progesterone [3], retinoic
acid, peroxisome proliferator [4] and thyroid hor-
mone [5] receptors [6—10] all of which share common
structural motifs, such as a DNA binding region con-
sisting of two “zinc fingers” [11, 12], a dimerization
region (leucine zipper) and a ligand binding domain
[13, 14].

The crystal structure of the glucocorticoid receptor
DNA binding domain has been reported recently
[15], together with a solution structure [16] and NMR
studies have been carried out on the human estrogen
receptor DNA binding region [17]. In addition to
structural information from X-ray crystallography and
NMR data for DNA binding and dimerization regions
[18], it has been possible to construct molecular models
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ists. Agonists such as estradiol promote ER dimer-
ization, DNA binding and transcriptional activation



C 558
C 567
C 421

153

R R K S C 2%7
N R NKC

R R K N C 609
R R K N C 619
R R K N C 473

PQKI

D K F

S L
TGPPPKL
I

I DK

QDHPTFNKITPN 2
MAMESAKETRY C I85
CKIQKK

PDFPLE

PQGDA
R G GRE

L S

YSSPSMRPDVSSPPSSSSTAT

———pB(,
WKBG NVDFAFSLYKHLVALSPEKEKNTIFISPVSISMALAMLSLGTCGHTRAQLLQGLGTF M
hATLAEFAFSLYRGLAHQSNSTNIFFSPVSIATAFAMLSLGTKADTHDEILEGLNF82

BER AVCNDYASGYHYGVWSCEGCEKAFFKRSIQGHNDYMCPATNQCTTIDIKN

PPAR R I CGDKASGYHYGVHACNGCKGFFRRTIRLKLVYVYDKCDRS

MPLLLYTCLLWLPTSGLWTVQAMDPNAAYVYVNMSNHHRGLASA?2

Table 1. Alignment of the amino acid sequences of steroid hormone receptors and human o -antitrypsin

VPENPSNG

S

BAR SRVPYPSPTCVEKSEMGPWMDSYSGPYGDMRLETARDHVLPIDYYFPPQKT -

PPARSFGFADYQYLGSCPGSEGSVIDTLSPRSSPSSVSCPVIPASTDE-SPGSALNIEC102
WPR PLYSDFQPPALEKEEEGAEASPRSYL-VAGANPAATF -

PR LI CGDEASGCHYGVLTCGSCKVFFKRAMEGQHNYLCAGRNDCTIVDKI

BAR L I CGDEASGCHYGALTCGSCKVFFKRAAEGKQKYLCASRNDCT
BRGR LVC SDEASGCHYGVLTCGSCKVFFKRAVEGQHNYLCAGRNDTCII

BAT MP S SVSWGILLLAGLCCLVYPYVSLAED
BER VYLDS SKPAVYNYPPPAFYRPNSDNR

RGR N R § T

hCBG

David F. V. Lewis et al.

R g S Pl - S B Ree088g
— =N O O M-—'-—MNI\I\V} NN Nt~ 0
W EEEO> = &= SEep s L radia=n
—~ > Qa0 T~ S e B A ZHE SR
AR ®AO Z oz h e OO oS8Oz
<mAMM©O > <M B Vol o<
»aZaoa A MMM A A ® v
Q> > L OOwm SRR
v M € B o— A <€ Mmoo A mMMO»> IO
M AS o - sz O M OO MY
Q>0 MWW <H@OUAZ > QU A Z e
o Q¥ X Z [Vl T SRR (Y7 SR B 7] L ITEIT A nn
MMLOANOO N BB & A0omAMx
Adw¥dAaoa AanAamaEA SRR
DO Z el B NWZNnZOLOO
om>AR<m DLmRA<AO ~aE S aa
Qummw o VMo <n < ESm <O <
- [ > Dt L D e n OO @ R
Lo CcHm [ VU R Ry S 7R T R RS R - P e iR e
O amemz Y co~mals> Ox3Z~3 =3
<00 A0®m oo AR AR m ELTV-JNE B (U [
fzoamus>> ~-aaoxa |zzmxoow
VAR WOO MM Wz oz Em ‘£22A<222
SHE< & VO ' ZZZ AMREEERR
B E Mo oo >rfuwnn
Sazaaaf [T I MM D D
mOMMMOO MO <A > > A0 00
o€ A Z M AaxTom > o m o~
v OSMZ A0 ¥MmJOOOR HEDE> AR
Hoom M > A< << B> < S
QOO N O <~ PO SRS RN SN I mOOHS —~ O
(72 -V & I~ R - AQ > ApamooA
A Ouax < JZZ>>>>> >>T>nan8
<zZuSxax e T ACN- »:Emnn%
[SJRNN Ra L N J § (oo Mo o V-V
— MM < M MM Mmm g >~
O XXX MO > —— Zo<omxmo
T = < B < << <M< e Al
A0 <Ooxm M Zm e wmZo R
zm@ &R <masSasa MEMO M
co¥anr>z B azZ> 2o BR<m <
eSS ST S Ao AmZ A waBk g
Jooooooo oV <z 3z <xS %
omH>> << o M= _A>Em>ZZ<
T Imun oo ZZ O AW > m e
e O S> U A A SRR N ke
WmoLVULULOUL <= wAama A AR RO
o MMM NN idmzwy'. Ommzqqm
mom T > < NMonm o SRR INECRC
R EEye W MM m BEa<><n
[ A - - A - A = nwvmw ["M’ilczjaaz
@om o Ammoem v DO <NMMZ
HFHOUOLOUOL D Pt M MM A
DR €< PR B R R ot S > >
Z Z OO A A mMEMe O R OMme -
o ) <]
§eafzzy fBvsizsy  G5Eiise

—78A 6

Fca

P,




Ab

Fc2
hCBGQMNYVGNGTVFFILPDKGKMNTVLAALSRDTINRWSAGLTSSQVDLYIPKVT285
I LLNSGVYT 460

CLKSI

I' TK FLENEDRRSASLHLTPIKLS 292

LLATSSR RV FRMMNLG QQGETETFV

ﬁz

LMKYLGNANAIFFLPDEGKLQHLENELTHDII

hAT
hER

Molecular Modelling of hER

238 ©3Fggzd g Fggzas
pomAa JoozZAaowmw — o
o> M mXe> >0 w o
M oA A Al S €2 RSN e pi s B an RS | MmO S
B > r - od = -
e o el o > =B -
S@R3E9 OO »n®nE A AW A v
] ] [ [ (R By 43 I V- R @ N | Z Z | oo 15
AaaAaa >>Qo~mo - —
{9 JNE U B V.30 R S (R R Iy < M) > v Z
AT R VRV M oM< < ©
ASS S mEZomAzZ < ©g8a z
MOOO >EPI—mA0 wa Sam »n
& A > <orUE B moe >
I TIR XX OOz R g 5
“» M mm [ Ne X Ne Ne ] 7} [~V P [~9)
Z OoOmm N DA Z DT W %2} v < —
Moo O MMEAD2® = ¥ T >
'RV » SRS [ NS i s e 3 4 =~ = O o
> > oaZoxno oz > z
o oo < <Moo <>m T oI =
2 aa Am<o— A mZo -
w2 M OmSaanM =3 € O M=
o> HEa Om> y~ EEZex@
o ~>Em A~ B s ammmm S
= mmm X QO~0OwnZ< — SRR I - T S
— QO w »nwn A0 - > B> Qi Iy <4
S S/, T - PRy /) QA =0 » r 9 € SR I S iy - %
O 3= > Z Q- o =31 [~V a N @ -Viy -V |
zZ 9N <L O MrmMM@
©O=3 = DO~ Z o Z A e
SR AR ZZM < M o N
<> AN FwA>Qao0 ® M>SMSo
> U000 B 5 ) ] W - MO0
O S g S s 5 — mzon <A
nwn AMr ' MMM ~ oA Maaaa
D P D <IN R V-V S Y NS
S m s — ] M M MMM
®a WCRCE-- I 2 v wSoao o
Mmoo S 00>k o S v o> R
> Z I M [SilNe I R < -] A= OO0
=25 =3 N OWMA M AR
NEEX N mcmaxo— N m<Ew<zZ
vy @ mm 2 L »vm 1 MmO -,
Z ZZ AnemwnfQ > [
o3 = YO MMAE> L (&) L QOammZ
B> [ R VR B - VR | le)_H PRl -
A AaQ ' Zzow »w <ZZ<wumm
[alala) o b MM O O VwunsSSsS>
-9 >PHuMxXOn < <3SOSS>
<< < [CHCRZI RV RNV H <mEmAm
e B LT S B IR o A R | a 63 [~ -SSRy - PRy - PRt o}
SR NS OO0 > oMo S
] 6] O
feg¢ Bggizss 8 wyfzes 8

777
progesterone receptor; hGR, human glucocorticoid receptor.

|, elastase cleavage site.

hCBG, human corticosteroid binding globulin; hAT, human «,-antitrypsin; hER, human estrogen rcceptor; PPAR, peroxisome proliferator-activated receptor; hAR, human
, 23 residues omitted to facilitate alignment.
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by interaction with other transcription factors through
the transactivation domains (TAF). Antagonists of the
triphenylethylene class, such as tamoxifen, will achieve
all of the above except the TAF2 interaction [30]. The
steroidal antagonists substituted via position 7, such
as ICI 164384, have a more controversial action.
Some studies suggest that DNA binding of ER does
not occur, whereas others indicate that it does [31].
Whatever the true situation might be, there is a clear
difference in biological profile of compounds in the
tamoxifen and ICI 164384 series. Hence, modelling
of the interaction of representative compounds of
agonist and two types of antagonist with ER would
be informative.

This work represents the application of molecular
modelling to examining and estimating human estrogen
receptor ligand interactions based on sequence hom-
ology, site-directed mutagenesis and crystallographic
information.

METHODS

Based on  previous sequence  alignments
[20, 21, 23, 24, 32] we have produced a new alignment
between a number of steroid-binding proteins and the
human o,;-antitrypsin sequence (Table 1). Although
the percentage identity between the o,-antitrypsin and
ER sequences was quite low (119,) consideration of
conservative changes improved the overall homology
to 25%, and both of these criteria were employed in
the alignment process. Using this alignment we have
constructed a model for the hER by amino acid replace-
ment from the human ,-antitrypsin crystal structure
[33] to that of the human estrogen receptor [7] followed
by energy minimization, utilizing the Sybyl molecular
modelling software package (Tripos Associates, St
Louis). Geometry optimization was carried out using
the Tripos force field [34] from within the Sybyl
program, running on an Evans and Sutherland ESV30
graphics workstation. Ligand binding interaction
energies were estimated from the differences between
calculated minimum energies of the ligand-receptor
complex and its individual components. The ligands
chosen for these binding studies were estradiol
(agonist), hydroxytamoxifen (partial agonist) and ICI
164384 (pure antagonist).

RESULTS

The overall proposed molecular structure of the
ligand-bound human estrogen receptor is shown in
Fig. 1, where the positions of the zinc finger DNA
binding motifs, dimerization and putative ligand bind-
ing sites have been indicated. The latter is represented
by a well-defined pocket resulting from a loop in the
polypeptide chain. A tyrosine residue position (459)
lies at the mouth of this pocket and is the most likely
side-chain for interaction with the A-ring of estradiol,

due to the possible hydrogen bonding and n—n stacking
interactions between the two phenolic substructures.
This residue corresponds to phenylalanine in the per-
oxisome proliferator receptor (ppar) in our alignment,
and this particular phenylalanine appears to form part
of the ligand binding site in a previously reported
model of the ppar [19].

The putative ligand binding site in hER contains a
number of hydrophobic residues and a glutamate
residue (419) which is able to accept a hydrogen bond
from the D-ring hydroxyl group of estradiol as shown
in Fig. 2. The pocket tapers as it extends further into
the protein towards the DNA binding domain where
aspartate-545 forms an ion pair with arginine-210,
which is itself part of the signal peptide Lys-206
Ala-207 Phe-208 Phe-209 Arg-210, a highly conserved
sequence that interacts with the DNA response
element.

Trans-4-hydroxytamoxifen is able to fit this pocket
with its phenolic group occupying the same position as
that of the A-ring of estradiol. Glutamate-419 is unable
to form a hydrogen bond with this antagonist, however,
as there is no available hydrogen bond donor species
corresponding to the same position as the D-ring
hydroxyl of estradiol. However, the long side-chain of
tamoxifen extends into an essentially hydrophobic
channel at the end of the putative binding site, where
the protonated nitrogen can ion-pair with aspartate-
545, preventing this residue from interacting with
arginine-210. The binding orientation of rrans-4-
hydroxytamoxifen is shown in Fig. 3. Interestingly, the
cis-isomer of 4-hydroxytamoxifen, which acts as a
partial agonist, is able to fit this putative binding site,
but the side-chain cannot form an ion-pair with aspar-
tate-545. Instead, serine-554 will accept a hydrogen
bond from the protonated tertiary amino group on
cts-hydroxytamoxifen. This ligand interaction is dis-
played in Fig. 4. A second antagonist, ICI 164384, is
also capable of binding in the same pocket, even though
this estradiol analogue possesses an extremely long
side-chain. In this case, the ligand accepts a hydrogen
bond from serine-522 to the amide carbonyl oxygen
on the side-chain, which adopts a slightly angled
conformation when bound, as shown in Fig. 5.

The antagonists give rise to greater interaction
energies with the hER model than do the agonists, as
is presented in Table 2, where it can be seen that
trans-4-hydroxytamoxifen and ICI 164384 display
approximately two times the binding energy of the
agonists estradiol and cis-4-hydroxytamoxifen.

The DNA binding domain, spanning residues 185 to
250, comprises two helix-turn-helix motifs with eight
conserved cysteine residues (185, 188, 202, 205, 221,
227, 237 and 240) which lies at the bottom of two “‘zinc
fingers”. At the end of the first set of four cysteines lies
the signal peptide sequence (Lys-206 to Arg-210)
required for binding to the hER response element on
DNA, which consists of one half of a palindromic
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Fig. 1. Structure of the hER model showing potential ligand binding, DNA binding, heat shock protein
interaction and dimerization.

nucleotide sequence requiring dimerization of the
receptor on DNA for transcriptional activation to
occur. The signal recognition penta-peptide residues
lie on the surface of the receptor protein and, pre-
sumably, these become exposed prior to DNA inter-
action as a result of the conformational changes which
accompany ligand binding.

The dimerization region containing a number
of leucines and isoleucines which form a ‘leucine
zipper” motif of surface residues (Ile-451, Ile-452,
Leu-453 and Leu-454) lies in relatively close proximity
to the putative ligand binding site, at a distance of
about 12 A. There is also a stretch of leucine residues
(Leu-507, Leu-508, Leu-509 and Leu-511) which,
in some instances, form hydrophobic contacts with
all of the bound ligands. Site-directed mutagenesis
experiments indicate that this region is sensitive to

ligand binding [28]. In fact, the serine residue (position
522) which is able to hydrogen bond with the side-
chain amide group of ICI 164384, lies within this
region probed by mutagenesis experiments and
known to modify ligand binding characteristics.
Furthermore, aspartate-545, which ion pairs with
the tamoxifen protonated amino group, forms part
of the transcriptional activation region [26]. As this
latter residue also forms an ion-pair with arginine-
210 in the estradiol-bound receptor, the combination
of site-directed mutagenesis and homology model-
ling suggests that a key stage in the mechanism of
activation of the hER is the electrostatic interaction
between the ligand binding and DNA binding site,
which may be modulated by the conformational
change that accompanies binding to the putative ligand
binding site.
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Fig. 2. Putative ligand binding site in the hER model with bound estradiol. The ligand is arrowed in the figure

and also shown as a conventional 2D structure beneath. *Denotes residues shown by site-directed mutagenesis

to be involved with ligand binding. Residues are numbered according to their alignment with « -antitrypsin.
Actual sequence positions are placed in parentheses.

DISCUSSION

Presumably, opening of the DNA binding region
would result from disruption of the electrostatic inter-
actions between aspartate-545 and arginine-210, thus
exposing the latter for interaction with the DNA
response element. The putative ligand binding site lies
roughly equidistant between the DNA binding and
leucine zipper regions, being approximately 12 A from
each. The close proximity of the ligand binding site
to both of these regions of mechanistic importance,
suggests that there are likely to be cooperative confor-
mational changes in this section of the receptor follow-
ing ligand binding. There is sufficient energy associated
with binding to drive the required conformational
change to produce activation of the receptor, and the
orientation of the leucine zipper region is such that
dimerization of the receptor will facilitate interaction

between the zinc finger motifs and the palindromic
DNA response clement sequence.

The calculated ligand binding interaction energies
for the agonist, estradiol, the agonist, cis-hydroxy-
tamoxifen, the partial antagonist, frans-hydroxy-
tamoxifen, and the pure agonist, ICI 164384, are
presented in Table 2, where it can be seen that the
antagonists show higher interaction ecnergies than
the agonists. The reason for this is probably that
the former produce more favourable conformational
changes in the receptor than do the latter and these
are reflected in the overall internal energy changes,
although hydrogen bonding may also play a part.

The ligand binding energies shown in Table 2 are,
undoubtedly, rough approximations for the binding
free energies, as the effect of desolvation of both
receptor and ligand on the overall free energy change,
together with the entropy changes resulting from
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Fig. 3. Proposed binding interaction between trans-tamoxifen with the putative ligand binding site of hER.

The ligand is arrowed in the figure and also shown as a conventional 2D structure beneath. *Denotes residues

shown by site-directed mutagenesis to be involved with ligand binding. Residues are numbered according to
their alignment with «,-antitrypsin. Actual sequence positions are placed in parentheses.

loss of translational and rotational degrees of freedom
accompanying binding, have not been estimated.
However, to some extent, these effects will effectively
cancel each other out, although there are also the
conformational energy changes in the receptor to
consider.

The binding energies and affinity constants calcu-
lated here differ markedly from experimentally
determined values (Table 2). Hydroxytamoxifen and
estradiol have approximately equivalent Kps (107" M)
whereas ICI 164384 has a weaker interaction (K =
1072 M). The possible reasons for the discrepancies
between the calculated and experimental values lie

in the differences in hydrogen bonding and ionic
interactions, and in the different contributions to
the entropy change for the binding process. For
example, estradiol and ICI 164384 are capable
of forming three hydrogen bonds with the receptor,
whereas the two hydroxytamoxifen isomers only
form two. Additionally, trans-hydroxytamoxifen can
form an electrostatic interaction with the binding
site, although the other ligands do not. Set against
this are the entropy changes in the binding process,
and the desolvation entropy change is roughly pro-
portional to the molecular size of the ligand; more
precisely, its surface area. Finally, there is the loss in
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Fig. 4. Proposed binding interaction of c¢is -tamoxifen with the putative ligand binding site of hER. The ligand

is arrowed in the figure and also shown as a conventional 2D structure beneath.*Denotes residues shown by

site-directed mutagenesis to be involved with ligand binding. Residues are numbered according to their
alignment with a,-antitrypsin. Actual sequence positions are placed in parentheses.

translational and rotational freedom which occurs
on binding and this effect, also related to the size of
the ligand, will tend to oppose the contribution to
the free energy change brought about by desolvation.
Precise calculations of these additional energy terms
are not easy or straightforward but it is possible to
make estimates. In general, inclusion of such contri-
butions from non-bonded interactions will increase
the binding free energies and, consequently, also the
binding affinities. However, the calculated interaction
energies (Table 2) are, to some extent, dependent on
the size of the ligand and its orientation in the pocket.
The antagonists possess long side-chains which fit

the pocket via hydrogen bonding and hydrophobic
interactions, and this contributes to their higher bind-
ing energies.

It can be seen, from an inspection of Figs 3 and 4,
that rans-hydroxytamoxifen occupies the binding
site in a different orientation to the ¢zs isomer, and
this brings about the variation in interaction energies
between the two ligands. It is also of interest to note
that cis-hydroxytamoxifen participates in an aromatic
ring interaction with phenylalanine-461.

Furthermore, there appears to be a region of surface
residues rich in arginines (see Fig. 1) 40 residues
downstream from Arg-210, which could represent a
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Fig. 5. Proposed mode of binding between ICI 164384 and the putative ligand binding site of hER. The ligand

is arrowed in the figure and also shown as a conventional 2D structure beneath. *Denotes residues shown by

site-directed mutagenesis to be involved with ligand binding. Residues are numbered according to their
alignment with a -antitrypsin. Actual scquence positions are placed in parentheses.

site for ionic interactions with the heat shock protein,
as this molecular recognition process is thought to be
electrostatic in origin. Another possible role for this
unusual concentration of basic residues could be to
interact with the DNA phosphate moieties, which will
be negatively charged, for long-range sensing and

orientation of the DNA recognition sequence prior to
short-range docking interactions. It is established that
DNA binding will not occur when HSP 90 is bound to
the receptor [35].

In addition to the putative ligand binding sites
mentioned previously, there is a second hydrophobic

Table 2. Calculated ligand binding interaction energies (kcalmol ~')

Energy Energy Interaction
Ligand of ligand  of complex energy logK KM™H Kn(M)
Estradiol 6.241 —924.958 —6.000 4.235 1.72x10* 582x10 °
Cis-tamoxifen 10.480 —924.707 —9.988 7.050 1.12x 10" 891 x 10 *
T'rans-tamoxifen 10.709 —930.110 —15.620 11.026 1.06 x 10" 9.42 x 10712
ICI 164384 5.831 —935.268 —15.900 11.223  1.67 x 10" 598 x 10 "?
Energy of ligand free receptor = —925.199 kcalmol ~'.

AG = —1416.7 logK where: AG = Energy complex — X Energies ligand, receptor.
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pocket nearer to the DNA binding domain which is
able to bind antagonists, preferentially. However, there
is no obvious tyrosine residue present in this region for
binding to the A-ring; instead, serine-432 fulfils this
function, whereas glutamate-542 forms an ion-pair
with the protonated nitrogen of tamoxifen. The ICI
164384 anti-estrogen compound is also able to fit this
second site but, due to its structural differences from
tamoxifen, it interacts with serine-433 and serine-554
via hydrogen bonding. The binding of agonists, such as
estradiol, to this second site is not favourable due to the
fact that this pocket does not contain two hydrogen
bond donor/acceptor residues at the optimum distance
and orientation for docking with the A-ring and D-ring
hydroxyl groups.

In contrast, the binding of estradiol to the first site
is energetically favourable and the binding energies
are within the range expected for the formation of
two hydrogen bonds (0.5-4.0 kcal mol~! per hydrogen
bond). In a previously reported molecular modelling
and site-directed mutagenesis study involving testos-
terone binding to its monoclonal antibody, an inter-
action energy of 3.9 kcal mol ™' suggested that a single
hydrogen bond had been formed between the steroid
D-ring OH and a tyrosine residue of the antibody [36].
From an inspection of the hydrogen bonding network
in the estrogen receptor model, it appears that ligand
binding completes a ‘“‘circuit” of hydrogen bonded
electron conduits between different portions of the
peptide, such that some form of “‘signal”’ is transmitted
through the protein which triggers the activation pro-
cess. As the binding interactions of antagonists are
different from those of the agonists (see Figs 2-5) this
hydrogen bonding transmitted signal is likely to
be modulated such that one activates while the other
deactivates the receptor. In the case of cis-hydroxyta-
moxifen, as opposed to trans-hydroxytamoxifen, for
example, hydrogen bonds are formed with tyrosine-459
and serine-554 in the former, but with glutamate-423
and aspartate-545 in the latter.

The model reported here, for the human estrogen
receptor can readily explain the loss of activity pro-
duced by modifying the steroid to either estrone or
17x-estradiol, because no hydrogen bonding is possible
at the D-ring due to changes in the ligand. Further-
more, 16a-estradiol (estriol) would be expected to
bind to the receptor but with diminished activity, as
the 16a-hydroxyl group will interfere with the 17a-
hydrogen bond to glutamate-419. This also agrees with
the diminished agonism of estriol [37].

In conclusion, therefore, this study demonstrates
that the «;-antitrypsin structure, as employed by
Raynaud and co-workers for modelling steroid hor-
mone receptors, can represent a useful template for the
hER which is in agreement with site-directed mutage-
nesis experiments. Moreover, molecular modelling of
the ligand-receptor interaction suggests that ligand
binding modulates the hydrogen bonding network

which provides interpeptide communication in the
hER between binding and DNA activation. When
an agonist molecule completes this electron transport
“circuit”, the resulting effect may disrupt the existing
framework of hydrogen bonds to free the DNA binding
zinc finger domain. It is hoped that further develop-
ments of this model, utilizing molecular dynamics to
investigate conformational energy changes following
ligand binding, can lead to an increased understanding
of hER activation of potential relevance to the design
of novel anti-estrogens [38] and facilitate the generation
of further models of steroid hormone receptors which
may provide a rational explanation of hormonal action
at the molecular level [39].

ADDITIONAL NOTE

Since the submission of this manuscript for publi-
cation, we have become aware of an additional model
for the steroid hormone binding domain of a number
of steroid receptors, which utilized an alternative crys-
tal structure template [40]. This appears to represent a
general model for a variety of steroid receptor ligand
binding domains and does not focus on any single
steroid receptor. Although this alternative model
merits further investigation, it is not clear whether the
structure was energy minimized in the presence (or
absence) of ligands, and no binding site models were
presented. Consequently, it is difficult to make any
comparisons between the two models, particularly with
respect to ligands, such as ICI 164384 which can
present difficulties due to its molecular shape. In the
alignment presented in this work, we have included the
sequence for the human corticosteroid binding globin,
which also maps quite well with the anti-trypsin
sequence. The uteroglobin structure which binds pro-
gesterone also shows some degree of sequence simi-
larity with our alignment, and is of known crystal
structure. However, a further potential utility of anti-
trypsin as a model template for steroid receptors lies in
a possible prototype sequence stretch for modelling the
DNA binding domain.
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