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ABSTRACT:. We investigated the role of H524 of the human estrogen recep(&Ra) for the binding of
various estrogens [estradiol AE 3-deoxyestradiol (3-dff, and 17p-deoxyestradiol (17-dE;)] and
antiestrogens [4-hydroxytamoxifen (OHT), RU 39 411 (RU), and raloxifene (Ral)], which possess the
17p-hydroxyl or counterpart hydroxyl (designated: 516-OH), with the exception of J3dE, and OHT.

The work involved a comparison of the binding affinities of these ligands for wild-type and H524 mutant
ERs, madified or not with diethyl pyrocarbonate (DEPC), a selective histidine reagent. Alanine substitution
of H524 did not significantly change the association affinity constant (relative to OHT)eflEZ whereas

those of RU, Ral, k£ and 3-dk were decreased 3-fold, 14-fold, 24-fold, and 49-fold, respectively. Values
of the two ligands available in radiolabeled form, @d OHT) were correlated with the dissociation rate
constants, which were increased 250-fold and 2-fold, respectively. The action of DEPC on wild-type ER
led to a homogeneous ER population which still bound antiestrogens ghdE:7with practically
unchanged affinities (less than 4-fold decreases in relative affinity constants), whitel B-dk displayed
markedly decreased affinities (56-fold decrease fgr Eonversely, DEPC treatment of H524A mutant

ER did not induce marked decreases in the relative affinities of any of the checked compounds (decreases
<3-fold). All of these effects appeared to involve H524 as the H516A mutant behaved as wild-type ER.
These combined data relative to mutated or DEPC-modified ER converged to support that the interaction
of 175/c-OH of ER ligands with H524 is strong for estrogens and weaker for antiestrogens, with quantitative
or qualitative differences between the binding modes of the latter, as illustrated by RU and Ral. The
abilities of & and OHT to protect the various ER types against inactivation by DEPC were strikingly
different: OHT totally prevented the effect of DEPC on wild-type, H516A, and H524A ERs, while E
only partially protected wild-type and H516A ERs (H516A BRwild-type ER) and very weakly protected
H524A ER. Molecular modeling was tentatively used to interpret the biochemical results.

Estrogens play important roles in a large array of physi- functional domains, i.e., the DNA-binding domain and the
ological processes such as development, sexual differentialigand-binding domain (LBD).

tion, and reproductionl), and are also involved in patho-  Tq interpret the estrogenic or antiestrogenic properties of
logical processes, especially the promotion and growth of ER |igands on a rational basis, and to design new selective
most breast cancerg8)( In mammals, the biological activity ErR modulators, it is crucial to dissect the molecular
of estrogens is mediated mainly at the transcriptional level mechanisms of ER/ligand recognition and their incidence on
by two estrogen receptors (BRand ERg), which belong  coactivator or corepressor recruitment. In recent years, a
to the nuclear receptor superfamily, @), a class of ligand-  nymper of crystallographic data related to various LBD/
md_uuble tranS(_:r|pt|0_n factors. ER which is the predomi- ligand complexes 11) has considerably improved our
nating ER form in major estrogen target organs such as uterusnowledge in this field. The crystal structures of unmodified
(5, 6), was cloned from human cells in 198B, @), whereas or cysteine S-carboxymethylated humandcE@2—15) and

ERSB was more recently identified in huma8) (@and rat (0) ERB (16, 17 LBDs bound to estrogen or antiestrogen were
tissues. As other nuclear receptor superfamily members, eacnecently established. Brzozowski et al?| first reported

of the two proteins includes two evolutionarily conserved gty ctures of ER LBD bound to estradiol (8 and raloxifene
(Ral), a partial agonist/antagonist; then Shiau et &) (

* This work was supported by the Institut National de la Satige described structures of LBD bound to diethylstilbestrol, a
la Recherche Nticale and the Association pour la Recherche sur le transstilbene estrogen, and 4-hydroxytamoxifen (OHT),
Ca*n'?'nghom correspondence should be addressed (Tel: 33 4 67 04 anOt-her partial agonist/ant{igo_nist (Figure 1). The Qvera”
37 14, Fax: 33467 04 37 15, E-mail: Borgna@u439.monfp.inserm.fr). architecture of the ERLBD is S'm'la_r to those determlned

! Abbreviations: ER, estrogen receptor; LBD, ligand-binding do- for other nuclear receptor LBD4§). It includes 12u-helices
main; LBP, ligand-binding pocket;Eestradiol; 3-dE 3-deoxyestra-  and 1 -sheet and is folded into a 3-layered antiparallel

diol; 178-dE,, 175-deoxyestradiol; OHT, 4-hydroxytamoxifen; Ral, _hali ; ; ; ;
raloxifene; RU, RU 39 411: Jc-OH, 173 or counterpart hydroxyl: o-helical sandwich. Agonists and antagonists bind to the

DEPC, diethyl pyrocarbonate; P50, 50 mM sodium phosphate buffer, S&mMe site, defined as the ligand-binding pocket (_LBP), within
pH 7; PBS, phosphate-buffered saline; RAC, relative affinity constant. the LBD core and show several common binding features:
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E353, in helix 3 [the ER helix numbering of Brzozowski ~ OHT by thin-layer chromatography on analytical silical gel
et al. (12) will be used], and R394, in helix 6, are directly plates using chloroformpiperidine (9:1) as eluent. The
involved in hydrogen bonding of the phenolic OH common purity of tritiated OHT used for binding studies wa$£5%.

to all estrogens and antiestrogens; H524, in helix 11, is E;, 3-dE, 178-dE,, and RU were donated by Aventis
involved in a single hydrogen bond with 8-OH of E, (or (Romainville, France); OHT was provided by Zeneca
the second phenolic OH of diethylstilbestrol or Ral). The N Pharmaceuticals (Macclesfield, England) and Ral by Lilly
atom of Ral or OHT is involved in a salt bridge with D351. Research Laboratories (Indianapolis, IN). DEPC and histidine

Alanine scanning mutagenesis was used to identify aminowere purchased from Sigma Aldrich. Ethanolic solutions of
acids in the 515535 region of ER LBD that are important ~ radioactive and radioinert ligands were stored-a0 °C.
for ligand binding or promoting ER-induced transcription The compound purity was checked before use by thin-layer
(19, 20. Four ligands were used for these investigations: chromatography. All other reagents were analytical grade.
the three estrogens,Ehexestrol, and zearalenone (two  ER Expression and Extractio@OS-7 cells were grown
nonsteroidal estrogens possessing the two OHs homologou$n Dulbecco’s modified Eagle’s tissue culture medium
to the phenolic OH and BZOH of E;) and the antiestrogen  supplemented with 10% fetal calf serum, penicillin (100
OHT. The authors found that alanine substitution of L525 units/mL), and streptomycin (10@y/mL). Nearly confluent
had a unique deleterious effect on the ability of the four Cells were trypsinized, harvested, and washed in phosphate-
compounds to activate ER, whereas alanine substitution atbuffered saline (PBS), and then in PBSptimem (Gifco-
a neighbor amino acid, H524, had a simular pronounced BRL) (2:1). Cells were resuspended in Optimem?(&élls/
deleterious effect on the three estrogen actions but had nomL) and supplemented with 2 volumes of 40 mM MgSO
effect on that of OHT. 50 mM K:PQ;H, 20 mM CHCO,K, 20 mM KOH (pH 7.4),

In previous studiesL, 22, we observed that treatment 20 #9 of carrier plasmid (pSGS), and /29 of expression
of sheep uterine ER (essentially ERby diethyl pyrocar-  Plasmid ()CMVS) coding for wild-type or mutant ER. After
bonate (DEPC), a reagent which reversibly modifies histidine 20 min on ice, 0.3 mL aliquots were distributed in elec-
and tyrosine residues, differentially affected the recognition troporation cuvettes and electroporated at 260and 280
of estrogens and antiestrogens possessifigdH (steroidal V. Cells were collected in normal growth medium and

ligands) or counterpart hydroxyl (nonsteroidal ligands). didsrt]ributed in TI5O mm dishhesd(& 10 C?;:S/diSh)- gftfer A
The results of crystallographic, alanine scanning mutagen-a erence, cells were washed twice with PBS and further

. i P : : grown for 48 h in phenol red-free tissue culture medium,
ﬁSB'; ?r?g gﬁ;gmgﬂci?O,:]h:tu::taisesstfggs;tgl%ﬁag'rn ERsupplemented with 5% charcealextran-treated fetal calf
counterpart hydroxyl (18/c-OH) differs from that of estro- serum, penicillin, and streptomycin. Cells were trypsinized

: and then harvested; they were washed twice in PBS
gens. In light of these results, the purpose of the present work . ' ) '
was to provide additional information on the involvement resuspended in 50 mM sodium phosphate, pH 7, buffer (P50),

of H524 in the binding of various ligands to BERWe first and disrupted by sonication. The homogenate was then

compared the relative affinities of;Eits two monodeoxy centrifuged at 1% for 30 min at 4°C. AI'qUOFS of
forms (3-d and 13-dE>), and antiestrogens possessing (Ral supernatants were used for determination of protein concen-
and RU) or not (OHT) 13/c-OH (Figure 1) for wild-type tration, accor.dm_g to Bradford28), and ER concentration
and H524A human ERs. We then studied the effect of DEPC (cf. Ligand-Binding Assays Cytosol samples were frozen
on the ability of WiId—tybe and mutant ERs to bind &nd and stored in liquid nitrogen. For binding studies, aliquots
OHT and evaluated the capacity of these two ligands to were th_aweql and ER concentrations adju_stedle4 nm .
protect ER LBD against DEPC inactivation. Finally, we by dilution with PSQ' When necessary, bovine serum a'b“”.“”
assessed variations in the relative affinities of the above- "2 addeq to diluted cytosol to reach a final p(oteln
mentioned estrogens and antiestrogens upon DEPC-modifi-concentration of at least 1 mg/mL to avoid nonspecific ER
cation of wild-type and H524A ERs. The results obtained adégrﬁjlog'fto ct:'hargoil)llznptcrgoe\l.blncilngfanaysl. taini

by the various approaches indicate that H524 is differentially d-t 0 Hg‘igz' y H524A "EqFL;O S 0T cytoso EO? zlnmg ;
involved in the binding of estrogens and antiestrogens Wid-type, iy or3 3 were preincubated or no
possessing Jc-OH. Using crystal structures of human &R for 15 h at 0°C with [*H]E, or [PHJOHT in t.he absence and
LBD bound to B, Ral (L2), or OHT (14) as templates presence of an excess of the corresponding unlabeled ligand
molecular modeling was tentatively applied to interpret the (cf. Ligand-Binding Asszg). They were then treated for 30

o . ) 1 min at 0°C, under agitation, with 1% (v/v) freshly prepared
binding data obtained with wild-type and H524A ERs. ethanol solutions of DEPC. The reaction was stopped by the

EXPERIMENTAL PROCEDURES addition of at least 3-fold excess (relative to DEPC concen-
trations) of histidine (0.3 M in P50)3H]E. and PH]JOHT
Materials.pCMV5 plasmids coding for wild-type human  binding was then determined by charcoal assays.
ERa and the two H516A and H524A mutants were given  Ligand-Binding AssaysSamples of control or DEPC-
by B. S. Katzenellenbogen; preparation of these plasmidstreated cytosol containing wild-type or mutant ER were
has been previously describet9)]. [6,7-H]E, (1.78 PBqg/ incubated for 15 h at 8C with 5 nM [*H]E; (wild-type and
mol, 99% radiochemical purity) was purchased from NEN H516A ERs), 20 nM JH]E, (H524A ER), or 5 nM $H]-
Life Science ProductZ-[N-methyt®H]JOHT (3.00 PBg/mol, OHT (wild-type and mutant ERs), in the absence and
73% original radiochemical purity) was purchased from presence of ZM of the corresponding unlabeled ligand to
Amersham Pharmacia Biotech; radioactive contamindfits ( measure totalK;) and nonspecificB;) concentrations of
[N-methy}®H]OHT and mainly theN-oxide forms ofZ- and bound radioligand. Aliquots were then treated with an equal
E-[N-methyt®H]OHT) were separated fro@[N-methyt*H]- volume of a charcoal suspension (1% charcoal, 0.1% dextran
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T+ in P50) for 30 min at OC (this time was reduced to 5
min for the measurement ofH]E; binding to H524A ER)
and then centrifuged at 400@r 2 min at 0°C to pellet the
charcoal. The specific binding of labeled ligangL)(was
calculated according to Blondeau and Rol#4) (from By,
B,, and total concentration of radioligand)(

loop). Moreover, several poorly resolved amino acid residues
were not specified. The two lacking sequences were imported
from the crystallographic structure of the ER.BD/OHT
complex (entry 3ERT in the Protein DataBank; monomer
A) (14), and lacking amino acid side chains were introduced
in the complex. All water molecules from the crystallographic
structure were deleted with the exception of the one involved
in hydrogen bonding of the Ral benzothiophene OH moiety.
The resulting complete LBD/Ral complex was minimized
(no restraint on the added structural elements, all other
o-carbons fixed).

(B) Conformational Analysis of RU and Its Docking into
ER LBD. The conformational search was performed using
the Monte Carlo method. The lowest energy structure of RU
using 5 nM PH]E: (native wild-type and H516A ERs), 20  was selected for docking of its steroidal portion into the LBD
nM [*H]E; (native H524A ER), or 5 nMH]OHT (native  structure. It was achieved by superimposing RU to Ral, so
and DEPC-modified ERs) as tracer ligand and increasing as to obtain optimal overlap of the two ligands: coincidence
concentrations of estrogens and antiestrogens. The bindingsf RU 3-O with benzothiophene-linked O of Ral and tight
of [*H]E; or [*H]OHT in the samples was determined by proximity of RU 173-O with the second phenolic O of Ral.
charcoal assays. Apparent equilibrium association constantsChemical bond rotations inside the RU Atdubstituent
of competitors Kz°) relative to those of Eor OHT (Ka") allowed optimization of the overlap with its Ral homologue,
were calculated from the concentrations of unlabelgdriE  with very close locations of N atoms. After Ral deletion,
OHT (H) and competitor@) which inhibited FH]E, or [°H]- steric clashes between RU and LBD were manually sup-
OHT specific binding to the same extent, according to pressed by appropriate rotations of some side chains. A first
Korenman g5): minimization was carried out with fixed LBR-carbons,
except those of helix-7helix 8 and helix 1+helix 12 loops

T
BS = (Bl_ BZ)T _ 82

Competitve Binding Assays; Determination of RACSs.
Competitive binding assays for native and DEPC-modified
wild-type, H516A, or H524A ERs were carried out at 20
°C, with 20 h incubation times, as previously describa) (

H* — Hy* H (which are close to LBP and therefore liable to participate
Kac o C in the ER adaptation to the ligand structure), and constrained
RAC=— = T interactions between: (i) the RU 3-OH with E353 and R394
Kaw Tt~ T 41— H side chains and with the bound water molecule, (ii) the RU
Hgp' C 178-OH with the H524 imidazole ring, and (jii) the RU

N(CHzs), with D351. A second round of minimization was
H¢* is the total concentration of radioligant,* and Hss* performed as indicated above except that the LBD/ligand
are the respective concentrations of bound and specificallyinteraction constraints were suppressed. The minimized
bound radioligand;H* — Hy* was assumed to be the complex was submitted to molecular dynamics simulation
unbound labeled ligand concentration. RACs were routinely (5 ps temperature increase and 200 ps heating at 300 K;
determined using 50% inhibition conditions. They were dielectric constant value: 1). All checked conformational
expressed as the percent of OHT affinities for the various states of the complex appeared to be very similar after

native or DEPC-modified ERs.

Dissociation KineticsSamples of cytosol containing wild-
type, H516A, or H524A ER, pretreated or not with DEPC,
were incubated for 15 h at @ or for 1 h at 20°C with 5
nM [°*H]E: (native wild-type and H516A ERs), 20 nNH]-

E; (native H524A ER), or 5 nM3H]OHT (native and DEPC-
modified ERS), in the presence of /2M corresponding
radioinert ligand for nonspecific binding determination.
Radioligand dissociation was initiated by adding 1% of 0.1
mM ethanolic solutions of radioiner,Br OHT. At different
times, aliquots were treated with charcoal for 30 min at 0
°C (5 min for PH]E; binding to H524A ER) and then
centrifuged at 400§ for 2 min to determine radioligand
binding. The specific binding offH]E, or [*HJOHT was
calculated as described above (cdgand-Binding Assays

Molecular Mechanics Studied\ll energy minimization
and molecular dynamics simulations with & RBD models
were performed using the Insightll/Discover software from
MSI, and CFF91 as force field.

(A) Building of a Complete ER LBD/Ral Complébhe
starting X-ray crystallographic structure of the humanER
LBD/Ral complex (entry 1ERR in the Protein DataBank;
monomer A) (2) was lacking the loop sequences 46159
(helix 9—helix 10 loop) and 529534 (helix 11-helix 12

minimization (RMSD lower than 1.0 A). The lowest energy
structure was selected for matching with the crystallographic
structures of LBD/ligand complexes, more specifically to
check possible variations in H524 positioning.

RESULTS

As the affinities of the reference ligand$i|E, and FH]-

OHT are considerably underestimated when measured by
equilibrium analysisZ6), competition binding experiments
cannot result in accurat€; determinations for the various
unlabeled estrogens or antiestrogens. We thus only used such
experiments to the determination of relative affinity constants
(RACs) for each ER type. However, we measured the kinetic
dissociation rates of the two tritiated ligands, as they are
assumed to predominantly govern their equilibrium constants
relative to the bimolecular process of their interactions with
ERs @7).

RACs of Estrogens and Antiestrogens for Wild-Type,
H516A, and H524A ER¥Ve assessed the importance of the
ERa H524 residue in the binding of steroidal or nonsteroidal
ligands, possessing gt-OH or not. We determined the
RACs of three estrogens {E3-dE,, and 1B-dE;) and three
antiestrogens (OHT, Ral, and RU) (Figure 1) for wild-type
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RACs, with the exception of B#dE, which is the only OHT
competitor deprived of 1#c-OH. However, decreases in
RAC values markedly varied with compounds: 3-fold for
RU, 14-fold for Ral, 24-fold for &, and 49-fold for 3-d&

It is noteworthy that the Eaffinity for H524A ER appeared

to be 9-fold lower and 303-fold lower than that oftdE,

and OHT, respectively. The low affinity of,Hor H524A

ER was also revealed by direct binding experiments: a much
higher E concentration was required to obtain a given extent
of H524A ER saturation as compared to wild-type ER (cf.
Figure 3). To verify the specificity of the effect of the H524A
substitution on ligand recognition, we determined the ligand
RACs for H516A ER. This mutant ER was used as a control
because in crystallized LBD, H516 was the nearest histidine
to H524, located about two turns from the latter in helix 11
(12). The H516A ER displayed almost unchanged RACs for
all tested ligands, as compared to wild-type ER (Table 1);
only 2-fold and 3-fold decreases were observed forid
3-dE, respectively.

Dissociation Rates of £zand OHT from Wild-Type and
Mutant ERs.The two ligands Eand OHT dissociated from
wild-type and mutant ERs according to binary processes
(Figure 2). The minor component, the extent of which
2 5 depends on the ligand and ER type complex, corresponded
to fast-dissociating complexes; the major component cor-
responded to slower dissociating complexes, whose dissocia-
tion occurred according to quasi-first-order processes. At 20
°C, the mean half-dissociation times of om wild-type
(Figure 2B) and H516A ERs were 2-fold and 4-fold lower
than those of OHT (Table 2); these values only partially
reflected the differences in RACs of the two ligands shown
in Table 1. In contrast, alanine substitution of H524 differ-
entially affected the dissociation kinetics of the two ligands;
the half-dissociation time of OHT (Figure 2D) was little
affected while that of Ewas extremely shorteneek6 min).

3 6 To more accurately compare the half-dissociation times of
FiGure 1. Structures of estrogens and antiestrogens used in thisthe two ligands, dissociation kinetics were also performed
study. The three estrogens, estradig)) (Eand its two monodeoxy at 0°C: the half-dissociation time of Hrom H524A ER

forms, 3-deoxyestradiol (3-dE2 and 1p-deoxyestradiol (17- . i .
dE;) 3, and the three antiestrogens, 4-hydroxytamoxifen (O#T) (Figure 2C) was 250-fold lower than that determined for

raloxifene (Ral)5, and RU 39 411 (RUE, are shown. Note that ~ Wild-type ER (Figure 2A) and 267-fold lower than the half-

(i) except for2, all compounds include the phenol of Br its dissociation time of OHT (not shown) from the same ER
counterpart in nonsteroidal compountiands [for the latter, the mutant.
counterpart of the Ephenol is the benzothiophene phenb2; Taken together, the results of competition and dissociation

and (ii) like E,, compound® and6 possess 1#0OH and compound . S o -
5 possesses a phenolic OH counterpart (second phenol glroup)expenments indicated that the H524A substitution (i) does

whereas compoundsand4 are devoid of 13-OH or counterpart. not appreciably affect the ER binding of OHT ang3idE,,

the two ligands devoid of 137c-OH, and (ii) specifically
and H524A ERs (or H516A ER as control) transiently decreases the binding of ligands possessiftict®H, with
expressed in COS cells. The results of competitive binding a slight effect for RU and more pronounced effects for Ral,
experiments between®H]OHT or [*H]E, and the six and to a greater extentpEnd 3-dE.
unlabeled ligands are given in Table 1. For wild-type ER, Effect of DEPC on Unliganded Wild-Type and Mutant
the RACs of the three antiestrogens were much higher thanERs. The substantial decrease in the affinity of estrogens
those of the three estrogens with the following decreasing bearing 1p/c-OH upon H524A substitution in human ER
affinity order: OHT> RU > Ral > E; > 173-dE; > 3-dE. was reminiscent of previous observations concerning the
The B RAC was found to be 3-fold higher and 123-fold modification of sheep uterine ER by DEP@2]. Since at
higher than that of 17-dE; and 3-dE, respectively, whereas  neutral pH the reagent mainly reacts with histidine residues,
it was 13-fold lower than that of OHT. RU, Ral, andft7 it seemed interesting to analyze the binding of estrogens and
dE; RACs were similar to those determined for the sheep antiestrogens to DEPC-modified wild-type, and mutant ERs.
uterine ER 22), whereas those of 3-dEand especially Pretreatment of COS cell extracts (G, pH 7), containing
were 7-fold and 28-fold lower, respectively. These discrep- unliganded wild-type, H516A, or H524A ER, with DEPC
ancies suggested that ADH is involved in differential resulted, as observed with sheep uterine cyto®d), (n a
estrogen recognition by human and sheeprERAlanine rapid decrease in theirBr OHT specific binding activities.
substitution of H524 induced a decrease in all compound Saturation analysis experiments were performed to dissect
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Table 1: RACs of Ligands for Wild-Type, H524A, and H516A ERs

RAC® RAC ratid
ligand WT H524A H516A H524A/WT H516A/WT

OHT 100 100° 100 1 1

Ral 37+ 4° 26+ 0.2 32+ 8° 0.070 0.86

RU 51+ 23 20+ 3 57+ 5° 0.39 11

E> 7.9+ 0.9 0.33+ 0.0 3.6+1.0 0.042 0.46
3-dE 0.064+ 0.025 0.0013+ 0.0002 0.019+ 0.003 0.020 0.30
178-dE; 27+05 29+ 1.1° 34+ 1.2 11 13

2RACs of ligands for wild-type, H524A, and H516A ERs were determined by competitive binding radiometric assays using-itheT or
[®H]E: as tracer, as described under Experimental Procedures. Data given arem&arfiom 4-6 independent determinatiorfsvalues determined
using exclusivelyJH]OHT as tracer® Values determined using eithéHJOHT or [*H]E; as tracerd Ratios of the mean RAC values of compounds

for mutant (H524A or H516A) and wild-type ERs.

A WT/E,/0° | B WT/E,/OHT/20°
A T b i N 1
100 'y % y
90 [ I 1
2 sof ) 3
g ?
Z 70| -
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O e0f -
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301 -
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Ficure 2: Dissociation kinetics of Fand OHT from wild-type
and H524A ERs. Aliquots of COS extracts containing wild-type
(A and B) or H524A (C and D) ER were incubated for 15 h at 0
°C (A and C) or for 1 h at 20C (B and D) with PH]E, or [3H]-

Table 2: Half-Dissociation Times of;Eand OHT from Wild-Type,
H524A, and H516A ERs

0°C 20°C
receptor B OHT E OHT
wild-type 220+ 34 ND 8.6+27 13.2+29
H524A 0.88+0.12 235+59 <«0.1 9.1+ 1.9
H516A ND ND 2.1+ 0.5 9.3+ 24

aDissociation kinetics of 3H]E, and PHJOHT from wild-type,
H524A, and H516A ERs were performed at 0 or°Z) as described
under Experimental Procedures. Global half-dissociation times (h) were
determined by interpolation to the 50% value on curves representing
the percentage of specific binding (logarithmic scale) according to the
dissociation time. Data given are meahsSD from 2-5 independent
determinations. ND: not determined.

the remaining binding sites in DEPC-treated ERs were
practically unchanged, whereas they wet2fold lower for

E,. DEPC pretreatment of wild-type and H524A ERs
moderately lowered (from-3- to ~7-fold) the half-dissocia-
tion times of OHT (not shown). These results indicated that
the action of DEPC on wild-type and mutant ERs, as for
sheep ER, led to two ER populations, one which significantly
binds neither E nor OHT (ligand-binding incompetent
population) and the other which binds OHT with high affinity
and E with very low affinity (ligand-binding competent
population).

The binding of the various ligands to this latter population
generated upon DEPC treatment of wild-type and H524A
ERs was studied through competition binding experiments,
using PHJOHT as tracer. The variations in ligand RACs
shown in Table 3 indicated that: (i) DEPC treatment of wild-
type ER induced almost no change in RU an-tE,
affinities (<2-fold variation), a moderate change in Ral
affinity (<4-fold decrease), and striking changes in(&b-

OHT, as described under Experimental Procedures. The stabilityfold decrease) and probably 3-dB&ffinities; (i) H524A

and dissociation offH]E; and/or PH]JOHT at 0 or 20°C at various

times were determined by charcoal assays. The saturable bindin

of [3H]E> (a, ®) and/or BH]JOHT (a, O) is plotted as a percentage
of the corresponding binding at time Ga,(A) Saturable binding

substitution greatly suppressed the ability of DEPC treatment

%o reduce E affinity (only 3-fold decrease, as for B7dE,)

and abolished the effects of this treatment on RU and Ral

of labeled ligands in the absence of the corresponding radioinert affinities. These results strongly suggested that H524 is
ligand; @, O) saturable binding of labeled ligands in the presence directly involved in the discriminating effects of DEPC on
of the corresponding radioinert ligand. Values are means of estrogen and antiestrogen recognition.

duplicate determinations; error bars indicate standard deviations.

Ligand Protection against DEPC Inactition of Wild-

the DEPC-induced decreases in the ligand-binding activities Type and Mutant ERsncubation of COS cell extracts,
of extracts. As shown in Figure 3, DEPC action led to a containing - or OHT-bound ERs, with DEPC resulted in
progressive decrease in the ligand-binding capacities of ERs,decreases in ligand-binding activities that were less pro-

which was more marked for,§~80% to~90% decrease
induced by 4 mM DEPC) than for OHT~(0% to ~60%

nounced than those corresponding to unliganded ERs. Note
that this protection could just reflect a decrease in the ER

decrease, respectively). The apparent affinities of OHT for inactivation rate, since this reagent has a short half-life



7984 Biochemistry, Vol. 41, No. 25, 2002 Aliau et al.

A ° B Table 3: Variation of Ligand RACs for Wild-Type and H524A ERs
4 TWT/E, WT/OHT upon Modification by DEPE
RAC ratio

2 s ligand WT H524A
=]
2 OHT 1 1
5 Ral 0.28+0.11 1.0+0.2
3 2 RU 0.79+ 0.17 1.2+ 0.3
5 E, 0.018+ 0.005 0.33:0.11
Q 3-d& <0.15 ND

178-dE; 1.47+0.80 0.38+ 0.06

a2 RACs of ligands for wild-type and H524A ERs, either native or
pretreated with 4 mM DEPC, were determined as described under
. Experimental Procedures. Ratio of the RAC for DEPC-treated ER (wild-
type and H524A ERs) to that for native ER was calculated for each of
the five OHT competitors. Data given are meanssD from at least

BOUND (nM)
3 independent determinations. ND: not determined.
C D | 2
H524A/E, H524A/OHT - A
100~3—= - ]
% 80
3
Q 60
2
) 40 a
2
20
wT
0 B
100k—g . 2
L L} .
2 80 1\
BOUND (nM) 2
m
FiGURE 3: Saturation analysis of the binding of Bnd OHT to o 60
control and DEPC-treated wild-type and H524A ERs. Portions of 5 N
COS cell extracts containing wild-type or H524A ER were § 40
incubated for 30 min at OC with 0, 2, or 4 mM DEPC. After 2
histidine addition, aliquots of the various portions were incubated 20
for 24 h at 0°C with increasing concentrations GHJE; or [H]- H516A
OHT in the absence and presence qiM of the corresponding 0
unlabeled ligand. Binding of labeled ligands was determined by 100f—n—1 . - c
charcoal assays. The specific binding $]E, and PH]JOHT was =
calculated from the total concentration of labeled ligamyl gnd 80|
concentrations of charcoal-resistant bound labeled ligand, measured
in the presenceB;) and absenceBj) of unlabeled ligand, as 60,
described under Experimental Procedures. The concentration of a
unbound ligand was calculated &s- B;. These values were then 40
used for Scatchard representation of the specific bindingHi&,
(A and C) or PH]OHT (B and D) in control ©) and DEPC-treated 20,
(a, 2 mM; @, 4 mM) COS extracts containing either wild-type (A H524A
and B) or H524A (C and D) ER. Plots correspond to means of
duplicate determinations. Data in panels C and D are from two ° 2 4 6 8
different experiments. Linear regression from corresponding plots DIETHYLPYROCARBONATE (mM)
gave the following: panel A: @) Kx =0.69x 10° M~1, N=4.0 FiGURe 4: Inactivation of B and OHT binding to wild-type,

NM; () Ka = 0.43x 1° M~1, N = 0.97 nM; @) K, = 0.43 x
10° M~1, N = 0.66 nM; panel B: ©) Kx =0.97x 1° M1, N=
4.2 nM; (A) Ka = 0.97 x 10° M~L, N = 2.3 nM; @) K, = 0.92
x 1® M~1, N = 2.0 nM; panel C: ©) K =0.15x 1° M7, N
=4.1nM; (&) Ka =0.082x 10° ML, N = 1.1 nM; @) Ko =
0.067 x 10> M~1, N = 0.70 nM; panel D: ©) Ky = 0.71 x 1@
M-L N= 2.6 nM; (a) Ky = 0.91x 10° M~L, N = 1.4 nM; (@)
Ka=0.94x 10° M1, N = 1.2 nM.

[probably <15 min at 0°C, pH 7 28)]. When occupied by

OHT, wild-type (Figure 4A), H516A (Figure 4B), and
H524A (Figure 4C) ERs were fully resistant to the action of

H516A, and H524A ERs by DEPC. Portions of COS cell extracts
containing wild-type (A), H516A (B), or H524A (C) ER, incubated
at 0 °C (prelabeled extracts) or not (unlabeled extracts) with
saturating concentrations dH]E; or [*HJOHT, were treated with
increasing DEPC concentrations for 30 min &) they were then
supplemented with histidine. Unlabeled aliquots were incubated at
0 °C with [*H]E, or [?BH]JOHT (postlabeled extracts). Binding of
[BH]E2 or [3H]JOHT in the various aliquots was determined by
charcoal assays. The specific binding $fJE, (®, O) and that of
[BH]JOHT (m, O) in extracts are expressed as a percentage of the
corresponding binding in extracts not treated by DEPC. Extracts
prelabeled with JH]E, (@) or [BH]OHT (m); extracts postlabeled
with [3H]E; (O) or [BH]JOHT (O). Values are means of duplicate

DEPC concentrations up to 8 mM, the highest concentration determinations; experimental variation was under 15%.

tested. The protection role obHIsed at saturating concen-

trations (as high as 80 nM for H524A ER), strongly depended ficiently protected against low reagent concentrations, but
upon the ER type. Wild-type and H516A ERs were ef- the protection efficiency decreased as the reagent concentra-
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tion increased: at 8 mM DEPCy40% and~75% of the
initial wild-type and H516A ER complexes were preserved,
respectively. H524A ER was very poorly protected by E
even at low DEPC concentrations, with onh15% of the
initial complexes persisting at 8 mM reagent concentration.
The partial protections exerted by &n wild-type, H516A,
and especially H524A ERs appeared to be intrinsic properties
of ER/E; complexes and did not result from differences
between E and OHT affinities. Indeed the protection
efficiencies were not improved when Eoncentrations were
boosted in order to decrease the dynamic portions of
unliganded ER molecules (not shown).

DISCUSSION

Crystallographic data have shown that H524 of human
ERa interacts with 18/c-OH of estrogens or antiestrogens
(12, 19. In this study, we checked the involvement of H524
in the binding of six ER ligands displaying estrogenic or

antiestrogenic properties and possessing or nfctOH. Ficure 5: Spatial orientation of histidine residues located in the

For this purpose, we substituted alanine for H524 and neighborhood of ER LBP. Crystallized LBD monomefs( 19
modified histidine residues with DEPC, and then determined bound to & (orange) or OHT (green) were superimposed using

the effects of these changes on ligand affinities. homolljogouss hlellices Srfiizsheets. Eortionk)s of SUperr]imppsid hg!ices
. numbers 3, 11, an antsheets bearing the six histidine

The 42-fold difference _found betwegn FheﬁlaEZ RAC gesidues located near L%P rge shown toge'?her with the relative
and that of 3-dk for wild-type ER indicates that the configurations of the two LBD-bound ligands and those of the six
contribution of 3-OH to k binding is much stronger than histidine pairs: 356, 398, 513, 516, 524 (the latter involved in
Lo oK ot i o o T o carng o e el O o s
\(/)e|_r|y thlgh ﬁﬁm't.yhoLOHIf’ Wh“.:hl ?oes nof[ pqssessGlﬂ- . ?E353 and R394) gnd 3\ salt bridg% with th% amino group ng] OHT

, together with the differential ligand b|r_1d|ng properties (D351) are represented.

of human and sheep ER22, 30, emphasizes the subtle
role of 173/c-OH in ligand recognition properties and its histidine residues, i.e., H356 (helix 3); H398 (helix -
possible interaction with H524. The H524A substitution did gheet loop); H513, H516, and H524 (helix 11); and H547
not change the RAC of J7dE;, whereas those ofBand  (helix 12), are all localized within the vicinity of LBP,
3-dE; decreased 24-fold and 49-fold, respectively, the affinity \whereas the seven other histidine residues are more distant.
of E; being surprisingly 9-fold lower than that of AtIE,. It seems reasonable to suppose that histidine residues close
These strong effects, not observed with the H516A mutant, 1o LBP should be primarily involved in the DEPC effects.
underline the importance of H524 for the binding of estrogens | the conditions used, DEPC mainly induces carbethoxy
possessing J#OH and highlight the negative contribution  monosubstitution at the NH of the histidine imidazole ring
of this function for binding to H524A ER. For antiestrogens  (28), which results in both steric hindrance and NH function
possessing J57c-OH, the H524A substitution induced less  plockade. As H547 is located on helix 12 which is not
pronounced effects with some discrimination according to jnyolved in LBP buildup, and DEPC treatment of H516A
antiestrogen structure: while the RAC of Ral was 14-fold and H524A mutant ERs induced decreases in the number of
decreased, that of RU was only 3-fold lowered. The relative binding sites similar to that observed for wild-type ER, we
dissociation rates of £and OHT from H524A ER agreed  postulated that H516, H524, and H547 are not involved in
with their RACs, the dissociation rate of OHT itself being generating the ||gand-b|nd|ng incompetent ER popu|ati0n_
similar to that measured for wild-type ER; however, that of | crystallized ER LBD complexes, H356 lies in close
E. from wild-type ER did not accurately reflect its RAC.  proximity to E353 (at 0.8 turn from the latter in helix 3),

The effect of DEPC on wild-type and mutant ERs was whereas H398 and H513 are spatially vicinal to R394 (Figure
very similar to that previously observed using sheep uterine 5). Since E353 and R394 constitute the hydrogen-bonding
ER (21, 22; the action of the reagent on each ER type led anchorage site of the phenolic OH of &d OHT, it is likely

to two ER populations: a ligand-binding incompetent
population which significantly binds neither, Bor OHT,
and a ligand-binding competent population which displays
high affinity for OHT and very low affinity for estrogens
possessing Yc-OH. Although DEPC could modify various

that DEPC modification involving one, or several, of the
three above-mentioned histidine residues would preclude
efficient binding of the two ligands. This effect might result
from perturbation of local interaction networks involving
histidine contacts with surrounding amino acids, or from

amino acid residues, we postulated that at low reagent/proteindirect perturbation of E353 and/or R394 interactions with

ratios and neutral pH the observed effects likely resulted from
selective histidine residue modification. MammalianER
LBDs (including sheep and human) possess 13 histidine
residues which are all conservegil), while only 6 of them

are conserved in human and rat ERBDs (9, 10.
According to crystallographic data (Figure 5), these six

E, or OHT. It could explain the complete loss of ligand
binding by one of the DEPC-modified ER populations. The
occurrence of the ligand-binding competent ER population
upon DEPC action would result from a pattern of histidine
modification that differs from that involved in generating
the incompetent population. While this population displayed
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almost unchanged RACs for RU and Ral, estrogens pos-
sessing 13-OH were much more poorly recognized (56-
fold decrease in Eaffinity). Since the loss of estrogen
affinity was no longer observed for the H524A mutant, we
concluded that H524 was involved in DEPC generation of
this specific ER population.

The partial and full blockades of the DEPC effects by E
and OHT, respectively, indicated that these ligands differently
impeded reagent accessibility to histidine residues involved
in the inactivation of unliganded ERs. The full protection of
wild-type and mutant ERs by OHT suggested that histidine
residues modified by the reagent are located either inside or R394
in the neighborhood of LBP. The analysis of crystallized A
LBD/E; and LBD/OHT complexes did not highlight differ-
ences in histidine residue accessibility to DEPC: indeed, with
the exception of H547, located in helix 12, which does not
appear to be involved in the formation of the ligand-binding
incompetent ER population, the six conserved histidine
residues located close to LBP showed very similar locations
and orientations (Figure 5). Inactivation of an ER/ligand
complex is probably a multistage process in which several
histidine residues could be progressively involved. Moreover,
DEPC access to these residues would directly depend on the
likely existence of various conformational states (as assessed
by biphasic ligand dissociation kinetics), their interconversion
rates, and the stabilities of intact or sequentially modified
ER/ligand complexes. The protective effect of Bmas
modulated in opposite directions by H516A and H524A
substitutions. Here again the likely existence of conforma-
tional multiplicities does not clearly indicate that these two
histidine residues are DEPC targets. Future work dealing with
mass spectrometry analysis of DEPC-modified ERs will
provide an accurate determination of histidine modification
patterns. Such experiments might provide a way to dissect
interconversion between conformational states and its modu-
lation by different estrogens and antiestrogens.

Taken together, the mutagenesis data and DEPC treatment
experiments indicate that high-affinity binding of antiestro- R394
gens bearing 14c-OH is not predominantly governed by
interaction of this function with H524. The weak relative
contribution of this interaction might result from additional  Fgyre 6: Overlap of docked RU with ER-bound,EOHT, and
interactions of the antiestrogen aminoethoxyphenyl group Ral. RU-containing LBD monomer, built as described under
with other amino acid residues, including D3512( 14. Experimental Procedures, was successively superimposed via
To try to explain the higher insensitivity of RU binding to homologous helices angtsheets to crystallized LBD monomers

- e bound to &, Ral (12), or OHT (14). Then LBD structures were
H524A substitution or DEPC-modification (as compared t0 jojated with the( ez(ception Og s)ide chains of (i) E353, R394

E: and Ral), we built a model of the LBD/RU complex, for (involved in hydrogen bonding of fnd RU 3-OH or counterpart
which no crystallographic structure is available. We used in Ral and OHT), (i) H524 (involved in hydrogen bonding of E
the crystallographic structure of the LBD/Ral complé@®)( and RU 1B-OH or counterpart in Ral), and (jii) D351 (involved
as a template for RU docking; then we submitted the complex I Salt b“dlge forfma“on with the oD roun 0‘; OHT, Ral and
lecular dynamics simulations, to explore possible RU). Overlaps of RU (green) with EOHT, or Ral (orange) are
to mo X y o plore p ~ shown in (A), (B), and (C), respectively; amino acid residues that
conformational states that would display substantially modi- make direct hydrogen or saline bonds (broken lines) with the ligands
fied ligand positioning, as previously found for other ER are shown in green (RU) or orange{lOHT, and Ral); distances

ligands @2). These simulations did not allow us to find any (A) between interacting atoms of ligand and LBP amino acid
conformational state of the complex, which no longer "esidues are specified.

complied with the 13-OH/H524 proximity, suggesting that

the 1p/c-OH/H524 distance alone cannot account for the multiple conformational states; most of these states might
potential weakening of the RU B70H/H524 interaction. not display the optimal geometry for the ADH/H524
Moreover, superimposition of complexes via quasi-invariant interaction and might not be accounted for by crystal-
LBD helices led to close overlaps between docked RU and lographic data. Note that similar considerations about con-
LBD-bound E (Figure 6A), OHT (Figure 6B), and Ral formational multiplicity have been put forward to explain
(Figure 6C). The relative lack of importance of the RUp17  an unexpected crystallographic structure of a cysteine/serine
OH/H524 interaction might be due to the presence of ER mutant 83).

280
. H524
291

C
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In summary, the approaches outlined in the present paper 12. Brzozowski, A. M., Pike, A. C. W., Dauter, Z., Hubbard, R.

clearly highlight the differential interactions of A/¢-OH

of Ez Ral, and RU with H524. Our results constitute a

complement to previous results obtained by B. S. Katzenel-
lenbogen’s group. H524 appears to exert negligible or

moderate roles on the binding and pharmacological properties

of the various antagonists tested. It might be due to the
existence of interactions of D351 with the/L&ubstituent

(or equivalent for Ral) of these ligands. The importance of
the latter interactions was underlined by modifications of
ligand pharmacological properties upon substitution of this
residue 84, 35. Interestingly, residues located at nearly
homologous positions in other receptors, e.g., the mineralo-
corticoid receptor 36), were shown to possess similar
properties in controlling the balance between agonist or
antagonist behavior of Btsubstituted synthetic ligands.
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