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ABSTRACT. Mass spectrometry was used to identify the sites of covalent attachmenrtQjflfo-
bromoacetamidopropylestradiol{C]17BAPE,, an estradiol agonist) to the ligand-binding domain (LBD)

of mouse estrogen receptor (ERa). A glutathione Stransferase (GSTHLBD chimera protein was
overexpressed iRscherichia coliusing a vector encoding GST fused with a C-terminal portion of mouse
ERa (Ser3-11e5%9), via a sequence enclosing a thrombin cleavage site (located 14 amino acids ahead of
Ser313). }/C]17BAPE covalent labeling experiments were carried out on the GIHD chimera
immobilized on glutathione Sepharose. After thrombin cleavage of the chimeric LBD, two maf]{
17BAPE-labeled species of 34~(75%) and 30 kDa +25%) were detected by SDFAGE and
autoradiography. Their identity was assessed by matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF MS): two main signals were consistent with the mass of the full-
length (Set®—11e5%9) and truncated LBD (Sé¥—Ala®"9), both comprising the extra 14 N-terminal amino
acids and covalently boun#{]17BAPE (via HBr elimination). A purified“C-labeled LBD preparation

was trypsinized to identify the covalent attachment sites of 17BAPIPLC of tryptic fragments only
revealed two discrete and practically equivalent radioactive fractions. MALDI-TOF MS analysis of these
two fractions showed only two signals which exactly matched the molecular masses'éCihé BAPE-
alkylated Cy834ys®3% and Cy4?'—Arg“*3® peptides, respectively. Hydrolysis of the secdfd-labeled
fraction by Staphylococcus aurel8 Glu-C endoproteinase generated signals typical of alkylated the
Cys*?-Glu*? tripeptide. We concluded that Cys421 and Cys534 were equivalent alternative covalent
attachment sites of 17BABEon the LBD. These biochemical data were interpreted using the
crystallographic structures of estradi@lBD and raloxifene- or 4-hydroxytamoxiferLBD complexes.

The covalent attachment to Cys421, Cys534, or both could be interpreted according to the starting structure.
Various hypotheses based on the biochemical results and molecular modeling simulations are discussed,
with the likely involvement of dynamic interconversion between multiple conformational states of the
LBD—17BAPE, complex.

In mammals, two estrogen receptors (ERnd ERB) (1— receptor superfamilyy 6), the members of which display a
4) mediate the effects of estrogens and antiestrogens inmodular structure, usually involving six domains(K).
estrogen target cells. These ERs belong to the nuclearDomains C and E, which constitute the DNA-binding domain
and the ligand-binding domain (LBD), respectively, are the

T This work was supported by the “Institut National de la Satte  most conserved domains in nuclear receptors; e.g., human
de la Recherche M#cale” and the “Association pour la Recherche ERo. and ERB are 96 and 59% identical in amino acid
sur le Cancer”. . . L .

* To whom correspondence should be addressed. Telephone:Sequence in their DNA-binding domains and LBDs, respec-
33 4 67 04 37 14. Fax: 33 4 67 04 37 15. E-mail: Borgna@ tively. Since the mid-1990s, a number of X-ray analyses of

“4§?Nrgggf/~lirbsir3rg-f“ crystallized nuclear receptor LBDs, either unliganded or
S UPR 9023 CNRS. bound to agonist or antagonist ligands, have considerably

! Abbreviations: ER, estrogen receptor; LBD, ligand-binding do- improved our knowledge in this field7). Several of these

main; LBP, ligand-binding pocket; GST, glutathioB¢ransferase; & ; i _
estradiol; DES, diethylstilbestrol; OHT, 4-hydroxytamoxifen; Ral, studies were performed with ER(8-12) or ERS (13, 14)

raloxifene; 17BAPE, 17a-bromoacetamidopropylestradiol: SDS, so- LBDs. Crystal StrUCFur_eS of E(RL_BD—Iigan_d complexes
dium dodecy! sulfate; TFA, trifluoroacetic acid; CHCA;cyano-4- show the characteristic, predominantkyhelical fold ob-

hydroxycinnamic acid; SA, 3,5-dimethoxy-4-hydroxycinnamic acid gerved with other crystallized nuclear receptor LBRS)(

(sinapinic acid); PBS, phosphate-buffered saling;, 20 mM Tris- . L
HCI buffer; V8 proteinase (or V8)Staphylococcus aureds8 Glu-C According to the authors, the lBR.BD which includes 12

endoproteinase; PAGE, polyacrylamide gel electrophoresis; HPLC, a-helices [the ER helix numbering of Brzozowski et al.
high-pressure liquid chromatography; MALDI-TOF, matrix-assisted (g) will be used] and twqs-strands is folded into a three-
laser desorption ionization time-of-flight; MS, mass spectromedry. | d . leb-helical dwich. A . diol
symbolizes an undefined atom or group of atoms displaying a layered antiparalleti-helical sandwich. Agonists [estradio
monoisotopic mass very close to 16. (E2) and diethylstilbestrol (DES)] and antagonists [4-hy-
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droxytamoxifen (OHT) and raloxifene (Ral)] bind at the same

site within the LBD core; the ligand-binding pocket (LBP)

is predominantly formed by hydrophobic residues located

in six portions of the LBD sequence. Many structural features

are common to estrogen and antiestrogen complexes, but a

major established difference between structures of crystal- HO
lized ERx LBD—estrogen and LBBantiestrogen complexes ~ FIGURE 1: Structure of 1*C]17BAPE,. The ER affinity labeling

was found to be related to the orientation of helix 12, which @dent is derived from £by 17o-substitution. It possesses an
! electrophilic carbon (terminal bromine-bearing carbewarbon)

harbors the AF-2 activation domaifg, 17) that is involved and, to facilitate the characterization of the affinity-labeled mouse
in coactivator recruitmentl®). The orientation of helix 12 ERo LBD and fragments, a 88%C-enriched carbon (denoted with
in an ER-ligand complex was therefore thought to be an asterisk).

responsible for the agonist or antagonist activity of the ligand ] o )

(8). However, this dual positioning of helix 12, according displays high affinity for mammal Eé& (K. estimated to

to the type of ligand bound to the LBD, did not seem to be be in the range of ¥6-10° M, unpublished results). We
a common phenomenon since helix 12 was found to have first report the production iescherichia coliand purification

an “antiestrogen type” orientation in agonist-boundERD of a chimera protein made of glutathioBeransferase (GST)
(13) or mutated ER LBD (11) crystals. These results and a C-terminal portion of mouse BR(Sef'*-lle%*

underscored the high degree of positional variability of this Seéduence, corresponding to the LBD and the adjacent
helix in crystallized LBD forms. C-terminal region F, and designated LBD). We then describe

the affinity labeling of LBD with a'“C-labeled form of the
affinity probe, and the characterization df¢]17BAPE-
labeled LBD. We next report, by means of matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF) MS
analysis, the identification of covalently modified LBD
tryptic peptides, and labeled residues within these peptides.
Finally, using available crystalline models of the &RBD
bound to estrogen or antiestrogen, we try to interpret by
molecular modeling the biochemical results obtained.

The crystallization approach cannot account for the pos-
sible occurrence of equilibria between multiple conforma-
tional states for these complexes in aqueous medium.
Moreover, the stacking of LBD monomers in the crystalline
network may change the conformation or even the type of
peripheral amino acid residues occurring in solute complexes.
It is important to determine the potential conformational
states of these complexes according to hormone or anti-
hormone binding. Some of them, even if they are a minority,
could. especially be involved in coactivator Or Corepressor ey pERIMENTAL PROCEDURES
recruitment and could thus account for ligand-induced
modulation of ER transcriptional activity. Therefore, non- ~ Materials. 1-Isopropylthiog-p-galactopyranoside, protease
crystallization approaches, i.e., using fluorescent, cross-inhibitor cocktail for bacterial cell extracts [containing 4-
linking, or specific amino acid reagents or affinity labeling (2-aminoethyl)benzenesulfonyl fluoride, pepstatintrans
agents to probe the structure of solute-Higand complexes, ~ €poxy succinylk-leucylamido(4-guanidino)butane, bestatin,
could enhance the overall understanding of the molecularand EDTA], andStaphylococcus aureu¢8 Glu-C endo-
action of estrogens and antiestrogens, and help in the rationaproteinase (V8) were from Sigma-Aldrich. Glutathiene
design of new selective ER modulatofi). Sepharose 4B and thrombin were purchased from Amersham

In previous studies, we characterized lamb and human Biosciences. Trypsin (sequencing grade) was from Roche,
ERo affinity labeling by three closely related estrogenic and the synthetic CysValGluGlyMetValGlu heptapeptide
ligands, derived from Eby introducing an 1&-bromo- was purchased from Neosystem. Solvents and reagents used
acetamidoalkyl substituent (the alkyl group being methyl, for HPLC and MALDI-TOF MS analyses were HPLC grade
ethyl, or propyl). First using an SH-specific reagent, we (for HPLC, Milli-Q grade water was passed through a
showed that cysteinyl residues of lamb &Rere involved C18 preparative column .and then sFerlllzed). Matrices for
in covalent attachment of these electrophilic liganag)(  MS, a-cyano-4-hydroxycinnamic acid (CHCA) and 3,5-
Then the inability of electrophiles to alkylate the Cys417Ala/ dimethoxy-4-hydroxycinnamic acid [sinapinic acid (SA)],
Cys530Ala double-mutant human ERstrongly suggested ~ Were purchased from Sigma-Aldrich. [6{Estradiol (PH]-
that Cys417 and Cys530 constituted the covalent attachmentE2: SPecific activity of 1.6 PBg/mol, radiochemical purity
sites of these electrophiles in human &R1). However, ~ Of >98%) was purchased from New England Nuclear, and
this indirect evidence did not allow us to determine the Promo[l‘Clacetic acid (specific activity of 2.0 TBg/mol,

relative involvement of the two cysteines in electrophile 88% *“C enrichment, radiochemical purity 6f98%) from
covalent attachment processes. Amersham Biosciences®H]E, and synthesized [NHCO-

1 - _ i 1
In the study presented here, using mass spectrometry (MS) ‘Cl-170-bromoacetamidopropylf ([ ‘Cl17BAPE,) were

analysis, we attempted to directly identify the covalent fgllfrt:"t'ﬁgd dlgribior!:te Smancgl'S%?J%till?znesd\’\é%;S?Jﬁg?was
attachment sites within the mouse &R.BD of 170- ) purity P

: : checked before use by thin-layer chromatography.
bromoacetamldt_)propylgE(17BAPEz, Flgu_re_ 1), one of th? GST-LBD Express?:)n Vec)t/orA pGEX-gTKp \yector
previously studied estrogenic ER affinity labels, which encoding glutathione&stransferase (GST) fused with the
mouse ER. LBD (Ser3—l1e%%9), via a sequence enclosing

2 As mouse ER possesses four additional residues as compared to g thrombin cleavage site located 14 amino acids ahead of
human ERy, the residue numbers are different for the two ERs. The Ser31322), was provided by V. Cavaille(INSERM U 540)
mouse numbering is used in the Results and related Figures 2 and 8; AN - : L L
the human numbering is used in Experimental Procedures and the Protein Assay and Radioaetly DeterminationsProtein

Discussion which deal with crystal models of the humar&BD. concentrations were measured colorimetrically by the method
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of Bradford @3) using a dye reagent concentrate (Bio-Rad treated with an equal volume of a charcoal suspension [1%
Laboratories) with bovine serum albumin as a standard. Thecharcoal, 0.1% dextran;Jin Ty (pH 7.5)] for 15 min at 0
radioactivity of the various samples (2Q00 ulL) was °C; charcoal was pelleted by centrifugation, and concentra-
counted in 4 mL of Emulsifier Safe (Packard) using an LS tions of bound JH]E; in supernatants were determined by
1801 Beckman scintillation counter. radioactivity counting.

SDS-PAGE Analyses and Autoradiographilectro- Purification and Affinity Labeling of the LBCBacterial
phoreses were performed using a Mini Protean Il Bio-Rad lysate (1.5 mL) was added to 1Q@L of glutathione-
unit with 1 mm gel slabs containing 12% (w/v) acrylamide Sepharose 4B [equilibrated withygT(pH 8.0)] in an ice-
in the separation gel and 5% acrylamide in the stacking gel, cooled Bio-Spin chromatography column (Bio-Rad Labo-
in 0.1% (w/v) SDS, 25 mM Tris-HCI buffer (pH 8.5). Gels ratories). The mixture was rotated for 15 h @ and then
were stained with GelCode Blue Stain Reagent (Pierce). the column was drained and carefully washed with phosphate-
Prestained protein molecular weight markers, a broad rangebuffered saline (PBS), equilibrated to pH 8.5, to remove

from 6.5 to 175 kDa (BioLabs), were used as a standard.

nonspecifically bound proteins. An4-fold excess of F'C]-

1C-labeled species were analyzed on dried gels using a Fujix17BAPE (final concentration of 1Q«M), relative to the

BAS 1000 apparatus.
Synthesis and Characterization of*C]17BAPE. The

glutathione-Sepharose-bound GSLBD chimera, was
added to the matrix suspended in 1 mL of ice-cooled PBS

procedure described for the preparation of unlabeled 17BAPE (pH 8.5) containing 10% dimethylformamide. The mixture

(20) was used to obtain [NHCOC]17BAPE. Briefly, 17a-

aminopropylk, with the phenolic function protected in the
form of tert-butyldimethylsilyl ether, was condensed with
bromo[1%“C]acetic acid in the presence of 1-ethyl-3-[3-
(dimethylamino)propyl] carbodiimide hydrochloride. The

was rotated gently fo2 h at 4°C, washed five times with
PBS, and then resuspended in 1 mL of ice-cooled PBS (pH
7.3). Thrombin (1 NIH fo a 1 mL mixture) was added to
the gel suspension; the mixture was rotated for 15 h°’a 4
and then incubated for 30 min at°€ with glutathione (30

silylated protection group was then removed by exposure of mM, pH readjusted to 7.3). The gel was drained and washed

the compound to tetrabutylammonium fluoride. TRC-
17BAPE that was obtained was purified on silica gel. The

twice with 50 uL of PBS (pH 7.3), and the three eluates
were pooled. Aliquots of the various samples were analyzed

compound purity, assessed by thin-layer chromatography,for 4C content, {H]E; binding capacity, and protein content

was >95%.

Expression and Extraction of the GSIBD Chimera.A
10 mL culture ofE. coli BL21 cells transformed with the
pPGEX-2TK plasmid encoding the GSTLBD chimera was
grown overnight at 37C in LBA (LB medium with 0.1 mg/
mL ampicillin). The cell suspension (QER = 1.2—1.5) was
incubated in 450 mL of LB at 37°C until the OQy had
reached 0.6. GSTLBD expression was then induced with
1 mM 1-isopropylthiog-p-galactopyranoside fa2 h at 37
°C. Cells were then pelleted by centrifugation for 30 min at
3500y (4 °C). Bacterial pellets were resuspended in a
minimal volume of fresh LB, and centrifuged once more.
The final pellet was suspended in extraction buffer [20 mM
Tris-HCI (T (pH 8) containing 100 mM NaCl, 1 mM
EDTA, 10 mM dithiothreitol, and protease inhibitor cocktail]
at a ratio of 2 mL of buffer to 1 mL of pellet, and then
aliquoted (1.5 mL fractions). Aliquots were centrifuged for
15 min at 3509 (4 °C); supernatants were discarded and
pellets (0.5 mL) snap-frozen and then stored-a0 °C.

For fusion protein extraction, thawed aliquots were slowly
resuspended in ice-cooled extraction buffer [1/1 (v/v)].

(SDS-PAGE).

CysValGluGlyMetValGlu Alkylation with{C]17BAPE.
Sixty-five microliters of an ethanol solution ofC]17BAPE
(2 mM) was added to 195L of a solution of the synthetic
CysValGluGlyMetValGlu heptapeptide (0.67 mM) in 0.1 M
NaHCQG;. The mixture was incubated at 2C, and equal
amounts of heptapeptide were added at 1 and 2 h. After
incubation for 3 h, the mixture was submitted to HPLC.

HPLCs.HPLC purifications of {*C]17BAPE-labeled or
unlabeled forms of the GSITLBD chimera and the LBD
were performed on a Vydac C4 reversed-phase column (3.2
mm x 250 mm, 5um particles, 300 A pore size) at a flow
rate of 500uL/min, using a Waters gradient system (two
510 pumps, a gradient controller, and a 486 UV detector)
equipped with a Shimadzu C-R6A integrator and an Isco
Retriever Il collector. For compound elution, linear gradients
were generated from 10 to 95% @EN over the course of
60—120 min; binary components for these gradients included
solvent A [90/10 HO/CH;CN mixture containing 0.05%
trifluoroacetic acid (TFA)] and solvent B (5/95,8/CH;-
CN mixture containing 0.05% TFA). UV absorption (220

Nonidet P-40 (final concentration of 0.1%) was added, and nm) was recorded; 4 min fractions were collected. LBD

then the cell suspension was incubated for 30 min A0
The cells were ruptured by sonication at°Q, using a
Bioblock-Scientific Vibra-cell 72405 instrument (six pulses

tryptic fragments were analyzed and purified under the same
conditions with a Vydac C4 narrow-bore column (2.1 mm
x 250 mm) at a flow rate of 200L/min. HPLC purifications

for 6 s, amplitude of 60), and sonication was repeated 15 of crude and*C]17BAPE-labeled heptapeptide and its V8
min later. Cell breakage was controlled by microscopy (Turk proteolytic fragments were performed with an Alltima C18
reagent), and the sonicate was centrifuged for 10 min atcolumn (4.6 mmx 250 mm, 5um particles) at a flow rate

2000Q (4 °C).

Binding AssayExtracts from inducedt. coli cells were
diluted 200-fold with o (pH 7.5). The protein concentration
of diluted extracts was adjusted to 2 mg/mL with bovine
serum albumin. Aliquots were incubated for 15 h at®
with 10 nM PH]E; in the absence (to measure the level of

of 1 mL/min. Linear gradients from 10 to 95% GEN were
generated with solvent A and B over the course of80
min.

Trypsin and Endoproteinase V8 Proteolyséhe radio-
active fractions obtained by HPLC purification of the affinity-
labeled LBD (or tryptic fragments) or labeled heptapeptide

total binding) and presence (to measure the level of were partially dried to evaporate GEN, and then their pH

nonspecific binding) of tM unlabeled E. Aliquots were

was adjusted to the appropriate value and the proteolytic
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enzyme added. For trypsin proteolysis of the LBDR[{pH

Mattras et al.

(1) Docking of 17BAPEinto the LBD Structure Detied

7.5), enzyme-to-substrate ratio of 1/40], the incubation was from Human LBD-E; Crystals.17BAPE, was superimposed

carried out fo 2 h at 37 °C; for V8 endoproteinase

over LBD-bound E by aligning the two A rings. This

proteolysis of LBD tryptic fragments or labeled heptapeptide resulted in almost merged steroid nuclei, with very close
[100 mM phosphate buffer (pH 7.8), enzyme-to-substrate locations of the two 17-OH functions. The flexibility of
ratio of 1/33], the incubation was performed for 15 h at 25 the 17BAPE 17a-substituent was then used to bring the

°C.

ZipTip Purification of Affinity-Labeled V8 Proteolytic LBD
Fragments.A ZipTip,—ci1s microcolumn (Millipore) was
equilibrated with a 50/50 ¥D/CH;CN mixture. After being

electrophilic carbone-carbon) into the proximity of the S
atom of Cys417. Then steric clashes between 17BAdPid

the LBD were manually suppressed by appropriate rotations
of some amino acid side chains and single chemical bonds

washed (three times) with 0.1% TFA, the column was loaded of the 17-substituent.

with the V8-proteolyzed sample. The ZipTip was washed

(2) Docking of 17BAPEinto an LBD Structure Deried

(three times) with 0.1% TFA, and then bound peptides were from Human LBB-OHT Crystals.This was performed by

eluted with 4ulL of a 20/80 HO/CH;CN mixture containing

superimposing the 17BABRE ring over the phenol ring of

0.02% TFA. Samples were air-dried and then solubilized in LBD-bound OHT. The His524 side chain was rotated so that

3 uL of 0.1% TFA.
Mass Spectrometry\MALDI mass spectra were obtained
on a Bruker Biflexlll time-of-flight mass spectrometer

the distance betweenN of its imidazole ring and steroidal
176-O would be suitable for NOH hydrogen bonding
(distance of~3 A). The flexibility of the helix 1+helix 12

(Bruker-Franzen, Bremen, Germany) equipped with a SCOUT loop was then used to position Cys530 close to the 17BAPE
source and Xmass software for data collection and analysis.e-carbon; i.e., the helix Ithelix 12 loop was ruptured at
The matrices were prepared either from a saturated solutionthe junction of amino acids 530 and 531; by appropriate
of CHCA (analyses of peptides and LBD digests) or from a rotations of single NC and C-C bonds, the two open

4.5uM solution of SA (LBD analyses) in a 1/1 (v/v) 0.1%
TFA/CH3CN mixture. A 1ul aliquot of matrix solution was
mixed with 1uL of sample, and 0.4L of the mixture was

sequences were twisted to bring Cys530 closer to helix-3,
and then the two sequences were reconnected. The 17
substituent and (newly conformed) helix-2helix 12 loop

spotted on the probe and allowed to dry at ambient flexibilities were used to bring the-carbon and the S atom
temperature. Desorption and ionization were achieved with of Cys530 closer (distance 6f3.5 A); steric clashes between
an N; laser (337 nm, 3 ns pulse width, 3 Hz repetition rate), 17BAPE, and LBD were suppressed, as described with the
followed by subsequent gridless delayed extraction. The LBD—E, complex. OHT was then deleted, and a first

instrument was used in the positive reflectron mode for minimization was carried out with fixed LB-carbons,
synthetic peptides or digests, or linear mode for proteins, except those of the helix-Shelix 10 and helix 1+helix 12
with an acceleration voltage of 19 kV. Mass spectra were loops, and constrained interactions of (i) 17BARBEO with
acquired as a sum of ion signals generated by irradiation of Glu353 and Arg394 side chains and with the bound water

the target with 56-200 laser pulses. Quadratic external

molecule, (i) 17BAPE 175-O with the His524 imidazole

calibration was achieved using a mixture of standard peptidesring, and (iii) the 17BAPE e-carbon with the S atom of

containing angiotensin | [[M+ H]*, m/z (monoisotopic)
1296.69], bombesin (M- H] ", m/z1619.82), ACTH 117
(M + H]*, m/z 2093.09), ACTH 1836 ([M + H]*, m/z
2465.20), and somatostatin 28 ([M H]*, m/z 3147.47).

Cys530. A second round of minimization was performed as
indicated above, except that the LBllgand interaction
constraints were suppressed.

(3) Docking of 17BAPEinto an LBD Structure Deried

The Swiss-Prot protein data bank was consulted to characterfrom Human LBB-Ral Crystals.Lacking sequences in the

ize signals found in the spectra of the mousecHRBD and
its proteolytic fragments.

Molecular Modeling StudiesEnergy minimizations of
ERa LBD models were performed using Insightll/Discover
software from MSI, and CFF91 as the force field. The
starting X-ray crystallographic structures of the humamER
LBD bound to i (PDB entry 2ERE, monomer A), OHT
(PDB entry 3ERT, monomer A), or Ral (PDB entry 1ERR,
monomer A) 8, 10) were lacking several poorly resolved

LBD—Ral complex, i.e., amino acids 46@69 (helix
9—helix 10 loop) and 529534 (helix 1thelix 12 loop),
were imported from the crystallized LBBOHT complex
(with a modified helix 1+helix 12 loop conformation, as
described in the above paragraph). The modified complex
was then minimized with fixed LBx-carbons, except those
of added loops, and constrained interactions of (i) the
benzothiophene-linked O of Ral with Glu353 and Arg394
side chains and with the bound water molecule, (ii) the

amino acid residues, and some loop sequences were nosecond phenolic O of Ral with the His524 imidazole ring,

specified for LBD-E; (residues 336337 and 461+465) and
LBD—Ral (residues 460469 and 529-534) complexes.

and (iii) the pyrimidyl N of Ral with the Asp351 side chain.
17BAPE was then superimposed over Ral to obtain optimal

Lacking amino acid side chains were introduced in the overlap of the two ligands, i.e., (i) matching of 17BAPE

complexes. All water molecules from crystallographic struc-

3-O with the benzothiophene-linked O, with very close

tures were deleted, with the exception of the one involved locations of the two phenol rings, and (i) the tight proximity

in hydrogen bonding of the phenolic OHBnd OHT) or
benzothiophene OH (Ral). 17BAR®as docked into LBD
structures derived from crystallized estrogemnd anti-
estroger-LBD complexes to account for the covalent
attachment of 17BAPRo Cys421 and Cys534 (the mouse

of 17BAPE 175-O and the second phenolic O of Ral. The
His524 side chain was rotated to allow hydrogen bonding
betweend-N of its imidazole ring and 17BAPEL7S-OH.
Flexibilities of the 1't-substituent and the helix thelix
12 loop were used to closely position thearbon with the

homologues of human Cys417 and Cys530, respectively), S atom of Cys530 or of Cys417 (distance~e8.5 A). Steric

while firmly bound to the LBD.

clashes in the two alternative models of the LBD/BAPE
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Thrombin cleavage site mERo-LBD

313 573 599
Glutathione-S-Transferase | LVPR GSRRASV GSPGIST| SLT------QLA{TTS-----NTI

Ficure 2: Structure of the GSTLBD chimera protein. The chimera encoded by the pGEX-2TK expression vector is schematically
represented. Its LBD moiety constituted by the C-terminal half of mouse ERF13—11e5%) is linked to the GST moiety by an amino acid
sequence enclosing a thrombin cleavage site. The major-&GBD forms expressed k. coli extracts were the full-length form and a
C-terminally truncated form ending at Ala573 (cf. the text).

1 2 3 4 M kba 6 7 8 9 glutathione, and then the released proteins were analyzed
. (lanes 3 and 4, respectively). In both cases, the 57 kDa
R 02 . species was still present, with two new major species
S‘- fas s W (apparent molecular masses of 34 and 30 kDa), whereas the
— i == 23— 53 and 51 kDa species were no longer detected. The main
- - > difference between the patterns in lanes 3 and 4 was the
;\ 16.5 presence of a prominent band at 28 kDa in the thrombin
6.5 glutathione eluate which was absent in the thrombin eluate.

. To affinity label the mouse LBD, the glutathione
Ficure 3: SDS-PAGE analysis of the mER LBD. The cell . g .
extract (1.5 mL) fromE. coli, induced to express the GSTBD Sepharose gel loaded with cell extracts was incubated with

chimera, was rotated for 15 h af@ with glutathione-Sepharose ~ 10u4M [*“C]17BAPE;, a concentration-4-fold higher than
(100uL). The whole gel was transferred into a column and washed that of E specific-binding sites in adsorbed extracts. Then
with Tz (pH 8.0, 10 mL). Adsorbed species were incubated with bound species were released as described above. Following
or without 10uM [*“C]17BAPE (in the absence and presence of gpg pAGE, labeled species were revealed by autoradiog-

50 uM E,) for 2 h at 4°C. Following gel washes, bound species . . .
were treated with glutathione, thrombin, or thrombin and gluta- raphy. Only two main signals were obtained from the

thione, successively. Aliquots of bacterial extract (lane 1) and glutathione eluate (lane 6), which precisely corresponded to
proteins released by the action of glutathione (lanes 2 and 6),the 53 and 51 kDa bands in lane 2. The thrombin and

thrombin (lanes 3 and 7), or thrombin and glutathione successive thrombin + glutathione eluates exhibited identical auto-

actions (lanes 4, 8, and 9) were subjected to SBAGE. Proteins : ; :
from unlabeled samples were revealed with blue stain (lan€3,1 radiography patterns (lanes 7 and 8, respectively) with two

whereas proteins from samples incubated WHEBJL7BAPE were major signals, which accurately corresponded to the 34 and

visualized by autoradiography (lanes-8, samples incubated in 30 kDa bands in lanes 3 and 4. All of theé$€ signals were

the absence of Elane 9, sample incubated in the presencepf E  due to E specific-binding species, since no signal was

Standard molecular mass markers revealed by blue stain are in langyhserved (lane 9) when the labeling step was carried out in

M. the presence of a 5-fold excess of (eelative to the *C]-
17BAPE, concentration). It is noteworthy that (i) in lanes

complex were suppressed, as previously described, and the® 8 _the intensity ra}_tio Olf sig_nals for the heavy and light
Ral was deleted. Two rounds of minimization, one with and SPecies was-3 and (ii) no*C signal was observed at levels

one without constraints, were carried out as described for corresponding to the 57 and 28 kDa bands. THE]f

the minimization with the LBD structure derived from LBD 17BAPE; concentration that was used appeared tq be quasi-
OHT crystals optimal for species labeling, since in another experiment only

slight increases<50%) in signal intensities were obtained
RESULTS when the affinity probe concentration was increased from 6
to 24 uM (not shown).
Expression, Purification, and Affinity Labeling of the All of the above results suggested that (i) the 53 and 51
Mouse ER LBD. Our goal of identifying the covalent kDa species were two different forms (present at a 3/1 ratio

attachment sites of 17BAREFigure 1) in the ER LBD in the glutathione eluate) of the GSTBD chimera, (ii) the
by MS analysis required access to large amounts (nanomole34 and 30 kDa species were the two corresponding LBD
range,~10"* g) of the purified LBD. Expression i&. coli forms, and the 28 kDa species was the GST moiety, all

of a GST-mouse LBD chimera protein (enclosing a released from the 53 and 51 kDa species by thrombin, (iii)
thrombin cleavage site located 14 amino acids ahead of LBD,only the LBD moieties of GSFLBD chimeras were

cf. Figure 2), using a previously described recombinant vector specifically alkylated by ¥C]17BAPE, and (iv) the un-
(21), allowed us to fulfill these conditions, since (i) binding identified 57 kDa species may be related to the bacterial
experiments performed wittPH]E, revealed the presence chaperonin dnakK involved in protein degradati@4)(and

of micromolar concentrations of specifig-Binding species  which seemed to interact with the LBD.

in soluble bacterial extracts and (ii) incubation with a  Note that, besides the two major described forms for both
glutathione-Sepharose absorbent selectively removed theseGST—-LBD and LBD species, two minor forms accounting
E--binding species from extracts (not shown). SEFAGE for less than 10% of labeled species were present in the
analysis (Figure 3) of crude extracts (lane 1) and of proteins eluates (Figure 3, lanes—8); very weak LBD-like forms
released by glutathione from glutathicn8epharose (lane  were present in the glutathione eluate (lane 6), which could
2) showed that four main species (apparent molecular massefave resulted from partial hydrolysis of GSIBD forms

of 57, 53, 51, and 28 kDa) were selectively enriched in the by a bacterial protease. In some experiments, we observed
glutathione eluate. To differentiate GSTBD species from that the thrombin-induced release of the 30 and 34
other proteins, glutathioreSepharose-bound proteins were kDa species from glutathioreSepharose was markedly
submitted to thrombin action alone or followed by that of improved when glutathione was subsequently added to the
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Ficure 4: HPLC of the [*C]17BAPE-labeled LBD.E. coli cell extracts were incubated with glutathier8epharose, and then following

gel washes, bound species were expose#'®I7BAPE in situ. The species released by the action of thrombin and then glutathione were

submitted to reverse-phase HPLC. Column elution was performed with a line@\Cgtadient. The curve represents the recorded 220 nm

absorption according to the elution time, whereas hatched bars indicatéCtloentent of the various fractions (counts per minute per

milliliter). The contents of major HPLC fractions (15, 18, and 19), analyzed by-SEXSGE, are shown in the inset: blue staining (lanes

1-4) and autoradiography (lane 5) reveal the unlabeled and labeled species in fractions 15 (lane 2), 18 (lane 3), and 19 (lanes 4 and 5).

Standard molecular mass markers are in lane M.

1

medium. This positive effect could be interpreted in two ai.
ways: (i) GSTLBD molecules released by glutathione 500
displayed better accessibility to thrombin, or (ii) glutathione ]
reduced SS bonds formed between LBD SH groups and
those of glutathioneSepharose or those of glutathiene 400 3
Sepharose-bound proteins. Regardless of the explanation, in ]
practice we routinely used the successive actions of thrombin ]
and glutathione for the full release of bound species from ]
the absorbent.

Species released from glutathien®epharose, following
in situ exposure of bound material t4#C]17BAPE, were
submitted to HPLC (Figure 4). Three main components were
obtained: the first two (fractions 15, 16, and 18) only
included unlabeled species, whereas the third contained
practically all of the'“C-labeled species (fractions 19 and
20). SDS-PAGE analysis of these fractions (Figure 4)
showed that the first and second components (lanes 2 and
3) mainly contained putative GST (28 kDa) and dnaK (57

34089.37

300 - 31297.26

—T—
34000 m/z

—
32000
kDa) species, respectively, and the third one (lanes 4 and S)c;, .. 5. \MALDI-TOF MS analysis of the FC]17BAPE:-labeled
included the!C-labeled 34 and 30 kDa species together with | Bp. The labeled LBD released from glutathionSepharose was

the two minor companion forms. These results indicated that purified by HPLC, as shown in Figure 4. The main radioactive
HPLC was efficient for purifying the LBD forms. To more  fractions (19 and 20) were pooled, concentrated, and then analyzed

—
30000

accurately characterize the two m&i6-labeled LBD forms, oY MS (SA matrix and positive linear mode).

whole radioactive fractions were submitted to MALDI-TOF

MS analysis (Figure 5). In close accordance with the results nation, covalently bound!{C]17BAPE (average mass

of SDS-PAGE blue staining and autoradiography analyses, increment of 371.50 Da). Thewz 31 000 component

MS analysis showed only two signals centerethat34 089 appeared to correspond to the same species truncated at
and 31 297 with relative intensities of 70 and 30%, respec- Ala573. These assumptions were based on acute agreements
tively. The m/z 34 000 component was quite likely due to between (i) the calculated average mass for such species ([M
the [M + H]* form of the full-length LBD with its 14 extra  + H], 34198.79 and 31403.78 Da, respectively) and the two
N-terminal amino acids (Figure 2) and, via dehydrobromi- experimentalm/z values (deviation of 0.3%) and (ii) the
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Ficure 6: HPLC of [“C]17BAPE-labeled LBD tryptic fragments. The labeled LBD was purified, as shown in Figure 4. The main radioactive
fractions (19 and 20) were concentrated, treated with trypsin, and then submitted to reverse-phase HPLC. Column elution was performed
with a linear CHCN gradient. The curve represents the recorded 220 nm absorption according to the elution time, whereas cross-hatched

bars indicate thé*C content of the various fractions (counts per minute per milliliter).

average mass incremel = 2795.01 Da), corresponding
to the postulated lacking T#f—Ile5%° (LBD C-terminal)

isotopes in the alkylated species. In the major series, the
peaks atm/z 621.47 and 2371.90 matched the M H]*™

sequence (Figure 2) in the second species and the differencéorm of alkylated LBD tryptic peptides (Figure 8) Cy4ys®3®

between the two experimental valugs1fz 2792.1, deviation
of 0.1%). These interpretations were subsequently confirme
when tryptic fragments of the labeled LBD were analyzed
by MALDI-TOF MS: two signals atm/z 4279.10 and

(calcd value of 621.36 Da, deviation of 0.02%) and €Ys
dArg*® (calcd value of 2371.18 Da, deviation of 0.01%),
comprising only *°C isotopes and thé“C isotope of
17BAPE,; the peaks am/z +1, +2, +3 ... corresponded

1483.55 were observed, which accurately corresponded toto alkylated forms involving one, two, three 3C atoms,

[M + H]* ions of full-length Met®°—I11e>°® and truncated
Met>80—Ala>"3 tryptic peptides. With regard to the truncated
form, a similar form of the human ERLBD, ending at
Ala569, the human homologue of Ala573 of mouseoER
was previously identified irkE. coli expressing the human
ERa LBD (25); this truncated form accounted for 23% of
the different LBD forms.

Identification of Coealent Attachment Sites ofl“C]-
17BAPE on the Mouse E LBD. To identify 17BAPE-
alkylated sites on the LBD, the HPLC-purified labeled LBD

respectively. The minor series of peaks located @tz —2
from the major series simply reflected the presence of 12%
[NH-12CQ] in [NH-**CO]17BAPE (cf. the legend of Figure

9). No signal was found that corresponded to the mass of
any LBD tryptic peptide increased by one of the following
values: 60.01 Da (addition of dehydrobrominated BsCH
MCO,H, due to hydrolysis of the amide bond in 17BARPE
following LBD alkylation), 357.22 Da (elimination of C{

Br following LBD alkylation by [[“C]17BAPE at the S atom

of methionine), or 45.99 Da (LBD alkylation at the S atom

preparation was treated with trypsin, and then submitted to ©f methionine, followed by hydrolysis of the amide bond in
HPLC (Figure 6). Numerous species revealed by 220 nm 17BAPE). Then the results of HPLC and MALDI-TOF MS
absorption were present in the HPLC fractions, whereas only analyses strongly indicated that two alternative and quanti-
two nearly equivalent radioactive species were found (frac- tatively equivalent sites for covalent attachment of 17BAPE

tions 11 and 16, respectively), together with the nonproteo-

lyzed LBD (fractions 19 and 20). MALDI-TOF MS analysis
of the various fractions (example shown in Figure 7) allowed

the identification of 23 signhals corresponding to pseudo-

molecular [M+ H] ™ ions of different LBD tryptic peptides
(Figure 8), encompassing 97% of the LBD sequence.

were located on the C§&Lys>® and Cy4?'-Arg*® LBD
segments, respectively.

In the alkylated Cy®41ys5® dipeptide, the covalent
attachment site of 17BAREcould be unambiguously as-
signed to the S atom of the Cys residue since, under the
affinity labeling conditions used (pH 8.5), half of the Cys

Analyses of the two radioactive fractions gave few signals SH groups should be under their strongly nucleophilic, S

with, in each case, only one signal compatible with the
combined masses of an LBD tryptic fragment and a dehydro
brominated form of J'C]17BAPE (monoisotopic mass

form, whereas the Lys-NH, groups should be essentially
-under their unreactive Nfi form.

In the Cy$?—Arg*38 peptide, apart from the Cys residue,

increment of 371.23 Da). The fine structure of each of the other amino acid residues possess a nucleophilic group,

two signals (Figure 9) was constituted by two series of well-
resolved peaks, due to the occurrencé?df, 1°C, and*C

especially OH groups of the two Ser residues and the Thr
residue. S atoms of the two Met residues are likely not
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R Procedures), the heptapeptide reacted wWith]L 7BAPE to
R Y S o e give only one labeled species revealed by HPLC (not shown).
o1 Treatment of the latter with V8 proteinase gave rise to only

one labeled fragment, which was purified by HPLC (not
shown). The heptapeptide, the alkylated heptapeptide, and
its labeled V8 fragment were analyzed by MS. The compared
analysis of the patterns (Figure 11 and Table 1) obtained
for the three species revealed their homology; it allowed the
identification of the [M+ H]* signals, despite the faint
intensity of some of them, as well as additional forms which
we could almost exhaustively identify (cf. Appendix). In the
1000 4 heptapeptide (Figure 11A) and labeled heptapeptide (Figure
11B) spectra, two major signals accurately matching the
masses of [M+ Na]t and [M + K]* or [M + Na + O]*
ions were higher (heptapeptide) or even much higher (labeled
heptapeptide) than those corresponding to-fMH] " ions,
| whereas two minor signals matched the masses of [BNa

2000 o

— 1284.59
—— 1389.69
—— 154578
— 171177
—— 1955.87

2000.75

2010.85

T

1500 +

) L’J.

iassirmrandial sl —H]"and [M+ Na+ K — H]" or [M + 2Na+ O — H]*
04— ; . i . . ; : , , i ions. The existence of such Na- and/or K-containing ions,
1300 1500 1700 1900 2100 miz not observed in the MS analysis of LBD tryptic fragments,

FIGURE 7: MALDI-TOF MS analysis of some unlabeled LBD  Probably reflected the high affinity of the heptapeptide and
tryptic fragments. Fractions 34L7 obtained in the HPLC separation  labeled heptapeptide with the ubiquitous Na or K contami-

of [MC]17BAPE-labeled LBD tryptic fragments (as shown in nants. For the labeled heptapeptide V8 fragment,nife
Figure 6) were pooled and concentrated for MS analysis (CHCA values of prominent signals (Figure 11C) homologous to the

matrix and positive reflectron mode). The various signals obtained - . SN . .
in the range ofm/z 1200-2200 are shownmz values which  aPove-mentioned signals indicated that the peptide moiety

accurately match the monoisotopic mass of thefNH]* form of of this fragment was constituted by the CysValGlu tripeptide.
LBD tryptic peptides (as obtained from the SwissProt data bank) Other homologous signals were present in the labeled

are specified:nvz 1284.59 (Let?®~Arg*'®, calcd value of 1284.767  heptapeptide and labeled tripeptide spectra. In each case, one

Da), 1389.69 (Le¥®—Arg>%, calcd value of 1389.894 Da), 1545.78  ; ; : ;
(ArGS7—Arg5®, calcd value of 1545.995 Da), 1711.77 (F&t signal (particularly strong for the labeled tripeptide) exactly

Lys*, calcd value of 1711.985 Da), 1955.87 (SerLys'™. calcd ~ Matched the mass of [M- H — OH] " ions. However, two
value of 1956.105 Da), 2000.75 (C95-Arg*3® calcd value of signals matched the masses of ions differing from-fNH] ™
2000.949 Da), and 2010.85 (ASA-Arg> calcd value of 2011.068  and [M + Na]* species by a\m/z increment of very close
Da). In the inset, the deviation between the measunédvalue to —16, and these ions could be derived from the above

and the calculatedvz value for the postulated [M- H]* form of . PN .
the LBD tryptic peptide is plotted vs the measured value. The good species by elimination of an undefined atom or group of

linear correlation that was obtained fully validates the signal atoms (designate®). All signals obtained with thelfC]-
attribution. 17BAPE-labeled heptapeptide and labeled tripeptide, but not

those obtained with the unlabeled heptapeptide, were pre-
involved in the covalent attachment of 17BARES such ceded anm/z —2.00 by weaker satellite signals, which were
an event would shift the peptide signal byAavzincrement clearly the mark of 17BAPElabeled species.
of 357.22 (or 45.99) and not of 371.23 (see above). To The results obtained in the analysis of the labeled synthetic
determine which nucleophilic atom in the CG3/s-Arg*3® heptapeptide and its labeled V8 fragment clearly indicated
peptide was the covalent attachment site of 17BARIE that the nonattributed signals in the MS analysis of V8
since three potential V8 proteinase cleavage sites werefragments of the labeled Ci3—Arg*38 peptide (Figure 10)
present on the peptide (Figure 8), V8-induced fragmentation were in fact due to [M+ Na]*, [M + Na— O], [M + H
of the “C-labeled peptide, followed by ZipTip purification — ©]*, and [M+ H — H,O]" ions of the labeled Cy$—
of fragments, and then MALDI-TOF MS analysis were Glu*®® tripeptide and labeled C$%8-Glu*?” heptapeptide
performed. Four signals corresponding to thefMH]* form (Table 2). Since Sin Cys residues is a much stronger
of peptide fragments [resulting from peptide cleavage at the nucleophile than C@ in Glu residues, as reflected by the
second (Glu427) and third (Asp430) V8 proteinase sites] absence of a reaction of the C-terminal Glu residue when
devoid of the affinity label were obtained (not shown). Only the heptapeptide was submitted to 17BAPdttion, we
a single very faint signal was observedwat 721.30, which concluded that the S atom of the G3fsresidue was the
could correspond to the [M- H]* form of the Cy4*'—GIu*?3 covalent attachment site of 177BARP&N the Cy4—Glu*??
tripeptide with covalently bound dehydrobrominatétC]- tripeptide, and hence on the C3%s-Arg*®® LBD tryptic
17BAPE (calcd value ofm/z 721.37); several important  peptide. S atoms of Cys421 and Cys534 constituted the two
signals, which at this point were not yet attributed to definite alternative and equivalent attachment sites of 17BA&E
species, were present (Figure 10). the mouse ER LBD.

To obtain conclusive evidence, the synthetic CysValGlu-

GlyMetValGlu heptapeptide, constituting the 7-mer N- DISCUSSION
terminal portion of the Cy8'—Arg*3® peptide, was submitted This study was devoted to the identification of covalent
to alkylation by [“C]17BAPE. Under conditions more  attachment sites of 17BABEan electrophilic, high-affinity
drastic (concerning temperature and compound concentradigand which exhibits estrogenic properties on mouseER
tions) than those used for LBD alkylation (cf. Experimental After we started witte. coli cell extracts containing a GST
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Ficure 8: Map of LBD tryptic peptides identified by MS analysis. The sequence of the C-terminal moiety of the L BBTchimera
(starting at the thrombin cleavage site) includes the full mouse HBD encompassing the Sé#—11e5%° sequence with the extra N-terminal

14 amino acids following the thrombin cleavage site. As inferred from the structure of the crystallized humdtBER-E, complex,
lacking C-terminal domain F (the S8%-Prc*>2 human sequence, corresponding to the¥SePrd>® mouse sequence), the 11 potential
a-helices (H—Hi,) andf-sheet which could occur in the mouse &RBD are represented (mauve segments above the sequence). Potential
trypsin cleavage sites are immediately right of the red letters R and K. Following trypsin hydrolysis of the pi@ddBAPE-labeled

LBD, the various peptides identified from signals corresponding to their{N]* forms in MS analyses are materialized under the
sequence: unmodified tryptic peptides (red segments)’4aiilL7 BAPE-alkylated (via HBr elimination) tryptic peptides (green segments).
The three potential V8 proteinase cleavage sites on thé2Eyarg*38 tryptic peptide (green) are shown with arrows. The two cysteine
residues, which are the covalent attachment site$*6]17BAPE on the LBD (cf. the text), are shown in green.

Table 1: MS Characteristics of the CysValGluGlyMetValGlu Heptapeptide, i@1[7BAPE-Labeled Heptapeptide, and Its Labeled V8
Proteolytic Fragment

ion CVEGMVE (CVEGMVE)-APE, (CVE)-APE;
[M + H]* m/z
theoretical 766.31 1137.55 721.37
experimental 766.30 (51) 1137.94 (10) 721.76 (16)
experimentaAm/z
alternative [M+ “X"] * theoreticalAnm/z CVEGMVE (CVEGMVE)-APE; (CVE)-APE;
[M +H — H0*" —18.01 nd —17.97 (13) —17.97 (100)
[M+H-0]* —16.00 —16.00 (0.5) —15.99 (16) —15.79' (50)
[M + Na- O]+ 5.99 nd nd 6.14 (0.5)
[M + NaJ* 21.98 21.94 (100) 22.05 (59) 22.06 (58)
[M + K]*/[M + Na+ O]* 37.96/37.98 37.91 (30) 38.02 (100) 38.01 (38)
[M + 2Na— HJ* 43.96 43.91 (10) 44.04 (1) 44.03 (10)
[M + K + O]*/[M + Na+ 20]" 53.95/53.97 nd 54.00 (14) né
[M +Na+ K — H]*/[M + 2Na+ O — H]* 59.94/59.96 59.89 (10) 60.00 (14) 60.00 (15)

aTheoretical and experimenta¥z values, corresponding to the [M H]* ion, of the synthetic CVEGMVE heptapeptide, itdG]17BAPE-
labeled form, (CVEGMVE)-APE, and the labeled tripeptide (CVE)-ARBpostulated to be the labeled V8 proteolytic fragment of the latter, are
given in the upper part of the table. Alternative ions (fM“X"] *), as inferred for the main signals found in the MS spectra of the three above-
mentioned species (cf Figure 12), are listed in the left column; in the second and third ion s@esigsbolizes an undefined atom or group of
atoms (e.g., O, NKH or CH,) displaying a monoisotopic mass very close to 16. For each of these ion types, the thearatimatrement (difference
in m/z values for [M+ “X"] * and [M + H]* ions, equal to the difference in monoisotopic masses of “X” and H) is given. The corresponding
experimentaAm/z values in the MS analyses are given for the three peptide species. Values in brackets indicate, for each particular ion, the relative
intensity of the corresponding signal in the spectrum of the analyzed species (expressed as a percentage of the most intense signal in the spectrum).
b Calculated value assuming a monoisotopic mass of 16.00f6Mot detected (due to the absence of the corresponding signal in the spectrum).
d Slightly inaccurate value (due to the presence of an interfering signal in the spectrum).

LBD chimera, an affinity chromatography step with in situ derived LBD forms. Proteolyses of the alkylated LBD
affinity labeling of the GSTLBD chimera followed by followed by HPLC separation and MALDI-TOF MS analysis
HPLC separation of eluted species led to the highly purified of LBD fragments clearly identified Cys421 and Cys534 (the
[**C]17BAPE-alkylated LBD. The use of #C-labeled form mouse homologues of human &RCys417 and Cys530,

of 17BAPE; considerably facilitated the characterization and respectively) as alternative and equivalent covalent attach-
then purification of the expressed GSIBD forms and ment sites of the electrophile.
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FIGURE 9: MALDI-TOF MS analysis of*C-labeled species obtained from trypsin hydrolysis of t€]lL7BAPE-alkylated LBD. The

two radioactive fractions (11 and 16 in Figure 6) obtained in the HPLC separation of labeled LBD tryptic fragments were analyzed by MS
(CHCA matrix and positive reflectron mode). For each fraction, the obtained signal compatible Wi@jl/BAPE-alkylated form of a

LBD tryptic peptide is shown: (A) analysis of fraction 11 and (B) analysis of fraction 16. Signaté&zd21.47 and 2371.90 accurately
match the monoisotopic masses of pseudomoleculat [+ ions of Cy$§34ys>3>and Cy421-Arg*38tryptic peptides, respectively, alkylated

by theC form of 17BAPE ([M + H] calcd values of 621.36 and 2372.18 Da for dehydrobrominated adducts, respectively). The companion
signals observed just ahead of these two signalg\(afz —2.00) correspond to tryptic peptides alkylated by nonradioactive 17BAPE
molecules; their intensities, relative to those of the main signals, closely reflect the proportion of [NB{1I@BAPE, and [NHCO4C]-
17BAPE; (1/7.33) in the affinity probe that was used. Note that fine structures of the two major signals, characterized by the relative
intensities of [M+ H]*, [M + H + 1]*, [M + H + 2]* ... peaks (due to the occurrence of 1.136 in 12C), reflect the total carbon
numbers in alkylated Cy%Lys®3® (31 unlabeled carbons and off€) and alkylated Cy8-Arg*38 (107 unlabeled carbons and oHE)

LBD tryptic peptides.
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Ficure 10: MALDI-TOF MS analysis of V8 proteolytic fragments of th&#C]17BAPE-labeled Cy&'—Arg*38 peptide. The alkylated
Cys*21-Arg#38 LBD tryptic peptide (HPLC fraction 16 in Figure 6) was submitted to V8 proteinase hydrolysis, desalted with ZipTip, and
then analyzed by MS (CHCA matrix and positive reflectron mode). Signals shown in panels A and B (obtained in two different experiments)
characterize [M+ H — H,O]", [M + H — @]*, [M + Na — O], or [M + Na]' ions of [“C]17BAPE-labeled Cy¥-GIu*?3 (A) and
Cys*?-Glu*?” (B) fragments of the alkylated C$8—GIlu*38 peptide (cf. the text, and the legend of Table 2); only a very faint signal (
721.30, shown with an arrow) was obtained for the f¥H] " ion of the alkylated Cy8-Glu*23 peptide.

These results validate and supplement those obtained in aaccording to indirect evidence. They were based on the
previous study 41) in which covalent attachment sites of inability of these electrophiles to irreversibly inhibit, E
several electrophilic EL7o-derivatives, including 17BAPE binding to the Cys417Ala/Cys530Ala double-mutant ER,
were ascribed to Cys417 and Cys530 of humanaER whereas the two Cys417Ala and Cys530Ala single mutants,
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Ficure 11: MS analysis of the unlabeled CysValGluGlyMetValGlu
heptapeptide, thel{C]17BAPE-labeled heptapeptide, and its
labeled V8 proteolytic fragment. The synthetic heptapeptide was
labeled with [*C]17BAPE in 0.1 M NaHCQ at 20°C. Submitting

the reaction mixture to HPLC led to only oA#C-containing, 220
nm-absorbing species. An aliquot of the corresponding HPLC
fraction was submitted to V8 proteinase hydrolysis. HPLC frac-
tionation of the hydrolysate gave a single fraction showing both
UV absorption and a high radioactivity level. The synthetic
heptapeptide (A) and the HPLC fractions containing tHEJF
17BAPE-labeled heptapeptide (B) or its labeled V8 fragment (C)
were analyzed by MALDI-TOF MS (CHCA matrix and positive
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Table 2: MS Characteristics o¥C]17BAPE-Labeled
Cys*?—-Arg*3® V8 Proteolytic Fragments

m'z m'z
(Cys”’-GIu*?d-APE, (Cys?'-Glu*?)-APE,
ion exptl calcd exptl calcd
[M +H—H0]* 703.27 703.36 rid 1119.54
M—-H-0]" 705.27 705.37 nd® 1121.55
[M +Na—- 0] 727.41 727.3% 1143.19 1143.53
[M + NaJ* 743.37 743.35 1159.19 1159.53

a Experimentahv/z values of signals obtained in the MS analysis of
alkylated Cy4'—Arg*38 V8 proteolytic fragments (as shown in Figure
10), which accurately matched the calculated values for various ions
corresponding to the alkylated C¥5-GIlu*2 tripeptide, (Cy$'—
Glu*?d-APE,, and the alkylated Cy3—GIlu*?” heptapeptide, (Cy3—
Glu*?)-APE,, are given. In the second and third ion speci€s,
symbolizes an undefined atom or group of atoms displaying a
monoisotopic mass very close to P8Calculated value assuming a
monoisotopic mass of 16.00 f@. ¢ Not detected (due to the absence
of the corresponding signal in the spectrum).

like wild-type ER, were susceptible to irreversiblglinding
inhibition. However, this did not allow us to clarify the
following situations. (i) Both Cys417 and Cys530 might be
alternative covalent attachment sites of these electrophiles
(note that in this case the approach that is used cannot
determine the relative involvements of Cys417 and Cys530
in the alkylation processes). (ii) Only one of the two cysteines
might be the covalent attachment site while the other
becomes an attachment site when the target cysteine is
substituted for alanine [a similar case was observed with
tamoxifen aziridine, a triphenylethylene antiestrogen, which
alkylated the wild-type ER only at Cys530, but quite likely
alkylated the Cys530Ala mutant at Cys3&86)(. (iii) Neither

of the two cysteines is a covalent attachment site: the
inability of electrophiles to alkylate the Cys417Ala/Cys530Ala
double mutant would thus result from ER conformational
changes, induced by the two mutations, which move off (or
hinder) the ER covalent attachment site from the electrophilic
center of the bound steroid. Although unlikely, this possibility
cannot be totally excluded since a triple cysteine to serine
substitution, especially involving both Cys417 and Cys530,
induced pronounced structural changes in a crystallized form
of the ERx LBD—E, complex (2).

To date, only Cys417 and Cys530 have been identified as
covalent attachment sites of electrophilic ligands on human
ERoa. Cys530 is the covalent attachment site common to (i)
both steroidal [E 17c-derivatives (ref21 and this study)]

reflectron mode). The obtained spectra are represented so that th@nd nonsteroidal [ketononestrol aziridiri&7), a diphenyl-

m/z experimental values of signals corresponding to the monoiso-

topic [M + H]* ion of the synthetic heptapeptide (measunad
766.30, calca'z 766.31), the *C]17BAPE-alkylated heptapeptide
(measuredz 1137.94, calcdn/z 1137.55), and thé{C]17BAPE-
alkylated CysValGlu tripeptide, postulated to be the labeled V8
fragment of the latter (measureulz 721.76, calcdn/z 721.37) are
aligned. The values displayed at the top of the figure indicate (for
A—C spectra) the variouAm/z increments (starting from thevz
values corresponding to the [M H]*™ forms) characterizing ions
as opposed to the [M- H] " ions, i.e.,—18 for [M + H — H,O]",
—16 for [M + H — ©]*, 6 for [M + Na — @]*, 22 for [M +
Na]*, 38 for [M + K]* or [M + Na + O]*, 44 for [M + 2Na —
H]*, and 60 for [M+ Na+ K — H]" or [M + 2Na+ O — H]™ .

ethane derivative] estrogens and (ii) both steroidall[Es-
derivatives 28)] and nonsteroidal [the aforementioned
tamoxifen aziridine Z7)] antiestrogens. Conversely, as
confirmed in this study, Cys417 is the covalent attachment
site of only the estrogenic,H 7a-derivatives. Note that non-
cysteinyl residues (but not yet identified) appeared to be
involved in the covalent attachment of other antiestrogenic
E, 115-derivatives to lamb ER (29). The unique dual
covalent attachment sites of E/o.-derivatives on ERs may
result from the particular location of their electrophilic groups
relative to the steroid nucleus (@-brientation) or from their

Note that, except for the heptapeptide signals, all of the other above-type of activity (they are estrogen agonists, whereas the

mentioned signals are accompanied by weaker satellite signals at
Am/z —2.00, due to heptapeptide and tripeptide species alkylated

by nonradiolabeled 17BARENolecules present if{C]17BAPE
(cf. the legend of Figure 9).

above-mentioned £L15-derivatives are potent antagonists).
To investigate this point, it would be interesting to determine
the covalent attachment sites of neyvderived electrophiles,



15724 Biochemistry, Vol. 41, No. 52, 2002 Mattras et al.

A Cys530 B
Asp351 :

His524
Glu3s3

Arg394

Ficure 12: Docking of 17BAPE into human ER LBD structures derived from crystallized LBEE, and LBD—OHT complexes. (A)
17BAPE was manually docked into the fixed LBP structure, deduced from X-ray analysis of the crystallized humatkEl Bamplex,

as described in Experimental Procedures. The relative positions (@fu€) and that of superimposed 17BARreen) are shown in the
LBP materialized by portions (in blue) of helix 3 (Asp351 and Glu353), helix 6 (Arg394), helix 7 and the heti@lix 8 loop (Cys417),
and helix 11 (His524 and Cys530). The main characteristics of docked 17B#BHs follows:e-carbon-Cys417 S distancel) of 3.45

A, 3-OH—GIu353d of 2.31 A, 3-OH-Arg394 d of 3.00 A, and 1B-OH—His524d of 2.62 A. (B) 17BAPE was docked through a
two-step minimization process, into the LBD structure determined for the crystallized humar-QBID complex, as described in
Experimental Procedures. The relative positions of OHT (blue) and docked 1784fEn) are shown in the LBP materialized by portions
of helix 3, helix 6, helix 7, the helix Zhelix 8 loop, helix 11 (His524), and the helix +helix 12 loop (Cys530). LBD original elements
are in blue, whereas the helix thelix 12 loop, the conformation of which was modified, is in blue-green. The main characteristics of
docked 17BAPE are as follows: e-carbon-Cys530 Sd of 3.55 A, 3-OH-GIu353d of 2.74 A, 3-OH-Arg394d of 3.01 A, and 18-
OH—His524d of 3.25 A.

e.g., estrogens possessing a relatively shqgftdiibstituent docking. From the steroid moiety of 17BAREpositioned
with a terminal bromoacetamido group and3idryl anti- like E; in the LBD—E; crystals, the flexibility of the 1d-
estrogens bearing a d#bromoacetamidoalkyl group. arm (which confers four degrees of freedom to ¢hearbon
Mouse and human ERLBDs differ by only eight amino  from steroidal C17) allowed us to bring tleecarbon into
acid residues (of more than 250 residues). Hence, with thethe proximity of the S atom of Cys417 (distance-e8.45
aim of accounting for the alternative covalent attachments A), with opposite locations of S and Br atoms, and without
of 17BAPE to human ER Cys417 and Cys530 (i.e., to any steric clashes between 17BARId LBP amino acids
obtain close locations between S atoms of the two cysteines(Figure 12A). However, we could not obtain a distance of
and thec-carbon of bound compound), 17BAREas docked less tha 6 A between the--carbon and the S atom of
into available crystallographic structures of the humamER Cys530. Since the sum of S and C van der Waals radii is
LBD. In the LBP region, many structural features are ~3.36 A, the distance of 3.45 A between thearbon and
common to the four crystallized LBBestrogen and LBB the S atom of Cys417 appeared to be very favorable for
antiestrogen complexe8,(10); especially Glu353, in helix ~ nucleophilic attack of the latter, whereas the distance ®f
3, and Arg394, in helix 6, make direct hydrogen bonds with A seems to be unsuitable for attack of the S atom of Cys530.
the & phenolic OH (or corresponding phenolic OH in DES, Due to structural changes (involving helix 7, the helix
OHT, or Ral), and His524, in helix 11, is involved in 7—helix 8 loop, and the helix 1zhelix 12 loop) between
hydrogen bonding of £173-OH (or the second phenolic  crystallized LBD-E, and LBD—OHT complexes 10),
OH of DES or Ral). However, discrete variations were different results were obtained when 17BAR#as docked
reported between crystallized estrogen and antiestrogeninto the LBD structure inferred from LBBOHT crystals.
complexes, with some of them specifically affecting the (i) The differential orientation of helix 7 moves off Cys417
structure of Cys417- and Cys530-bearing segments and ther{still located at the C-terminal end of that helix) from the
the location of these two amino acids relative to invariant LBP core and therefore from thecarbon which, despite
structural elements. LBD structures derived from the crystal- the mobility of the 1'é-substituent, cannot approach the S
lized domain bound to £ZOHT, and Ral were therefore used atom of Cys417 within<5 A. (i) Conversely, the shortening
for a manual exploration (followed by minimization) of of helix 11 conferred mobility to Cys530 (shift in the helix
potential proximities between the 17BAPEcarbon and S 11—helix 12 loop); then combining the Cys530 andod7
atoms of Cys417 and Cys530. This was carried out assumingsubstituent mobilities allowed us to bring the S atom of
that (i) LBD helices ang3—sheet would not vary and (i) Cys530 and the-carbon to the very convenient distance of
17BAPE 3-OH and 1B-OH, as observed with their ~3.55 A in the minimized complex, while maintaining the

counterparts in crystallized estrogeand antiestrogenLBD interactions of 3-OH and B#OH with Glu353, Arg394, and
complexes, would interact with the above-mentioned key His524, respectively (Figure 12B).
amino acids. Finally, the potential proximities of the electrophilic center

Since 17BAPE includes the whole E structure and  with respect to Cys417 and Cys530 in the LBD7BAPE,
displays estrogenic propertieX), the LBD structure derived = complex were examined using the structure determined for
from LBD—E; crystals 8) was first used for the ligand the crystallized LBD-Ral complex 8). In the helix 7helix
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Ficure 13: Docking of 17BAPE into the human ER LBD structure derived from the crystallized LBERal complex. 177BAPEwas
docked through a two-step minimization process, into the LBD structure determined for the crystallized humaRalRBmplex (with

the helix 1+helix 12 loop imported from the modified LBBOHT crystallized complex), as described in Experimental Procedures. The
docking was performed with the @&#substituent oriented toward the C-terminal end of either helix 7 (A) or the hetbhilix 12 loop (B).

The relative positioning of Ral (blue) and 17BAP@Ereen) is shown in the LBP materialized by portions of helix 3 (Asp351 and Glu353),
helix 6 (Arg394), helix 7 and the helix-7helix 8 loop (Cys417), helix 11 (His524), and the helix-4ielix 12 loop (Cys530). LBD
original elements are in blue, whereas the helix-hiélix 12 loop, the conformation of which was modified, is in blue-green. The main
characteristics of docked 17BAREre as follows: (Af-carbon—Cys4l7 S distanced) of 3.72 A, 3-OH-Glu353d of 2.56 A, 3-OH-
Arg394d of 2.88 A, and 1B-OH—His524d of 4.48 A and (B)e-carbor-Cys530 Sd of 3.64 A, 3-OH-Glu353d of 2.38 A, 3-OH-
Arg394d of 3.07 A, and 1B-OH—His524d of 3.19 A.

8 region, the structure of this complex was closer to that of (34)] can account for the simultaneous labeling of Cys417
the LBD—E;, complex than that of the LBBOHT complex. and Cys530 seems to conflict with the agonist behavior of
Therefore, using the Yi#substituent flexibility, it was 17BAPE. Even though if it is difficult to predict how
possible to bring the-carbon close to the S atom of Cys417 conformational changes are upset by 17BAR&compared
(distance of~3.72 A, Figure 13A). In the minimized  to E,, we favor the hypothesis of alternative labeling of the
complex, interactions of 3-OH with Glu353 and Arg394 were two cysteines due to equilibria between multiple conforma-
maintained, whereas the A-OH—His524 interaction was  tional states of ERligand complexes. These interpretations
lost. In the reported LBBRal structure, the helix t1helix are in agreement with previous crystallographic studies
12 loop (including Cys530) was lacking. Since Ral and OHT jnyolving a cysteine/serine mutant ER11) and the partial
belong to the same class of estrogen antagonists, the Iackingigonism of some ER ligand8%). The fact that the crystal
loop was imported from the LBBOHT complex. Then, by gata we used were obtained from the human ER LBD
means of both la-substituent and helix tihelix 12 100p  carhoxymethylated at its cysteine residues, including Cys417

flexibilities, it was possibl_e to bring thecarbpn closeto  gnq Cys530, is an additional handicap for predicting the
the S atom of Cys530 (distance 08.64 A, Figure 13B). 110 lar basis of these conformational changes.

In this case, all 3-OH and B7OH interactions (with Glu353, ) ,
In conclusion, the results obtained suggest that methods

Arg394, and His524) were maintained. = " o
Without any extensive molecular dynamics simulation other than the crystallization approach could help in gaining
further insight into the dynamics of nuclear receptligand

analyses, the results of 17BAPHocking into manually ) oY ; ) .
modified and minimized structures derived from the various 'Ntéractions: the experimental results and modeling studies
point to a view of ER-ligand complexes much more

crystallized complexes accounted well for the LBD specific ’ ' U
labeling at Cys417 and Cys530: the proximities of the S conformationally dynamic than that |nd|cgted by thg crys'FaI
atoms of the two cysteines and taearbon of 17BAPE structure of thgse complexes. A study.usmg specific amino
could be obtained without disruption of canonical ligand ~ acid reagents is under way to determine, by means of MS
ER interactions. The same two cysteines were alkylated when@nalysis, the pattern of modified amino acids in the human
the human ER LBD, interacting with & covalently linked ~ ERa LBD according to the type of bound ligand. This ER
to Sepharose via a t#propylthiopropyl arm 80), was “footprinting” approach should allow us to establish solvent-
exposed to the cysteine reagent iodoacetic a8id-83); exposed surfaces in the various LBIigand complexes,
however, the required iodoacetic acid concentration was information that could be potentially useful for interpreting
500—-2000-fold higher than the 17BAREoncentration we the agonist and antagonist activities of ER ligands. This work
used, and the reaction time was atsb0-fold higher. These  also illustrates that MS is a powerful tool for identifying
considerable discrepancies reflect the two types of LBD covalent modifications on nuclear receptors, resulting from
alkylation processes, i.e., nonspecific with free iodoacetic either physiological processes (e.g., phosphorylation, gly-
acid and specific with the Hinked bromoacetamido group  cosylation, acetylation, etc.) or artifactual processes (e.g.,
of 17BAPE. affinity labeling to determine nuclear receptdigand prox-

The fact that only a model deduced from the crystallized imities and specific amino acid derivation to probe confor-
LBD bound to Ral [a primarily antiestrogenic compound mations of nuclear receptetigand complexes).
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APPENDIX

Interpretation of the Signal Dersity in MS Analyses of
the Heptapeptide and Deistives. The occurrence of non-
conventional ions in the MS analyses of the synthetic
CysValGluGlyMetValGlu heptapeptide,'*C]17BAPE-
labeled heptapeptide, and labeled CysValGlu tripeptide (or
labeled Cy®-Arg*3® V8 proteolytic fragments) deserve
commentary.

For these species, most signals attributed to Na- or/and
K-containing pseudomolecular ions were stronger than those
of classical [M+ H]" ions. This suggests that, due to their
particular amino acid sequences (involving hydrophobic
residues, one C-terminal Glu residue, and, for heptapeptide
species, an additional Glu residue), the heptapeptide and
tripeptide species display high affinities for Nand K" and
therefore form stable complexes with these ubiquitous cation
contaminants. Detection of such alkaihetal adducts has
previously been reported in MS analyses of various peptidy!
or non-peptidyl structures.

Apart from the unpredictable saline forms for all three
analyzed species, the occurrence of chemical modifications

[mainly oxidation, but also, in the case of labeled species, 10.

elimination of HO or of an unascribed group ®")
displaying a monoisotopic mass very close to 16] contributed
to the increase in the ion diversity and therefore the signal
number in spectra. First, signals attributed to singly and
doubly oxidized forms were likely due to monooxidation at
thioether S atoms (commonly observed for methionine-
containing peptides) of species enclosing either one thioether
function (unlabeled heptapeptide and cysteinyl S-alkylated

tripeptide) or two thioether functions (labeled heptapeptide). 1

For the various species, the closeness of the oxygen
monoisotopic mass (15.995 Da) and the difference in the K
and Na monoisotopic masses (15.974 Da) cannot allow
discrimination between the signdl @ K form and that of a
corresponding monooxidized Na form. Second, the presence
in MS spectra of labeled species (mainly labeled tripeptide)
of signals atAm/z —18 or —16, which were absent in the
spectra of the unlabeled heptapeptide, suggested a role for
the steroidal moiety in generating forms derived from{M

H]* ions by elimination of HO or the® group, respectively
(e.g., the labile tertiary steroidal £7OH could be involved

in H,O elimination).

Note that (i) signals atnnmyz —18 and —16 were also
observed in MS analyses of the labeled ©$g/s°° LBD
tryptic fragment, which displays some characteristics very
similar to those of labeled tripeptide, i.e., short peptide moiety
with S-alkylated cysteine in its N-terminus, (ii) the similarity
of the apparent monoisotopic mass of @eroup with that
of O and with the difference in K and Na monoisotopic
masses increases the uncertainty concerning the number and,
the relative involvement of differing forms in a given signal,
and (iii) from one experiment to another slight variations in
the relative intensities of signals were observed, which
probably reflected either differing N& ™ ratios in samples
or differing extents of species oxidation or dehydration.

1
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