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To develop steroidal affinity labels for the estrogen receptor, we prepared five electrophilic estradiol 
derivatives bearing the 17a-propyl, 17a-(l’-butynyl), or 17a-(l’-octynyl) chain, with either aterminal 
epoxy function (for the 17a-propyl substituent) or a terminal bromoacetoxy function (for all three 
l7a-substituent types). These compounds displayed low affinity for the lamb uterine estrogen 
receptor; with apparent relative affinity constants ranging from 0.02 % to  0.24% that  of estradiol. 
They were also rapidly transformed in cytosol, probably to  the corresponding vicinal diols (epoxy 
compounds) or primary alcohols (bromoacetoxy compounds). Nevertheless, bromoacetates induced 
irreversible inactivation of the hormone-binding site but only with ligand-free binding sites. The 
effect of bromoacetates was prevented by treatment of the cytosol with the thiol-specific reagent 
methyl methanethiosulfonate. Inactivation of the receptor a t  0 O C  was rapid (<1 h) and strongly 
dependent on both compound concentration and pH, with significant effects obtained at either 
>150 nM (at pH 9) or pH > 7.5 (at 5 pM). Regardless of the conditions used, the order of efficiency 
for bromoacetates was always: l7a-propyl derivative < l7a-butynyl derivative < 17a-octynyl 
derivative, with maximal inactivation of -30% and -70% of the hormone-binding sites obtained 
for the less active and more active compounds, respectively. Characteristics of the receptor 
inactivation suggest that  (i) prepared bromoacetates are highly reactive affinity labels for the 
estrogen receptor, (ii) they react with similar (or even a single) nucleophilic amino acid residues 
located within or near the hormone-binding site of the receptor; these residues are probably the 
-SH of cysteines, and (iii) position 17a of steroidal ligands is suitable for introducing electrophilic 
substituents to  develop efficient affinity labels for the receptor. 

Introduction 

The hormone-binding domain of estrogen receptors’ 
includes N 250 amino acids2t3 which are highly c o n s e ~ e d . ~ * ~  
Mutation analyses have indicated that the whole domain 
is important for hormone binding: and hormone-binding 
properties are frequently altered due to substitution of 
single amino acids.6 Presently, very little is known about 
the molecular interaction between the hormone and the 
receptor. Because of the small size of estrogens, probably 
only a very small number of the 250 amino acids directly 
binds to the steroid. However, amino acids of the hormone- 
binding site that directly bind the hormone should be 
defined since this interaction results in receptor activation, 
the key process in triggering hormone action. 

Affinity labels of the receptor, that can specifically 
recognize the hormone-binding site then covalently react 
with a suitable neighboring amino acid of this binding 
site, are useful for identifying amino acids in contact with 
the hormone. A battery of affimity labels of the estrogen 
receptor could be used to map the estrogen-binding site 
of the receptor and probably enhances our knowledge on 
molecular mechanisms of receptor activation. This could 
permit new potent and highly selective estrogens or 
antiestrogens to be defined for instance. Several steroids, 
including 4-mercuriestradi01,~ 16a-hydroxyestrone,* 176- 
((4’-nitrophenyl)dithio)-l7~-deoxyestradiol~ and organo- 
metallic derivatives of estradiol,lOJ1 were postulated as 
being able to alkylate the estrogen receptor. One or more 
of the four cysteines of the receptor hormone-binding 
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domain are probably involved in covalent attachment of 
4mercuriestradio1, 1784 (4’-nitrophenyl)dithio)-l76-deox- 
yestradiol, or organometallic derivatives of estradiol to 
the receptor. Katzenellenbogen and co-workers developed 
two series of nonsteroidal affinity labels of the estrogen 
receptor bearing an aziridine function. One series was 
related to the triphenylethylene antiestr~gentamoxifen~~J~ 
the other to the diphenylethane estrogen ketononestr01.l~ 
A single cysteine (cysteine 530 of the human estrogen 
receptor) was identified as the covalent attachment site 
of both estrogen and antiestrogen affinity labels.ls This 
does not reflect differential activation of the estrogen 
receptor by estrogen and antiestrogen but might be 
explained by the structural characteristics of these non- 
steroidal affinity labels. Binding to the receptor of these 
flexible and relatively symmetrical ligands could be lees 
constrained and less specific than that of the highly rigid 
and asymmetric steroidal ligands. We thus undertook to 
develop three series of steroidal affmity labels of the 
receptor, including the estradiol molecule bearing either 
a 17a, 118, or 7a aliphatic or aromatic chain with a terminal 
reactive function. The 17a-, 116-, and 7a-substitution 
were chosen in light of (i) reports that mentioned high 
affinity for estradiol bearing such s u b ~ t i t u t i o n s , ~ ~ ~ ~  and 
(ii) the hypothesis that each series of compounds labels 
adifferent part of the hormone-bindingdte. In this paper, 
we report the preparation of l7a-alkyl or -alkynyl deriv- 
atives of estradiol bearing a terminal epoxy or bromoac- 
etoxy function. We then demonstrate that the three 
synthesized bromoacetoxy derivatives irreversibly inac- 
tivated the hormone-binding site of the estrogen receptor. 
The characteristics of receptor inactivation strongly 
suggest that these compounds are efficient affmity labels 
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Scheme I1 
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12 (n=6) 
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14 (n=6) 

of the receptor and that their targets are basic nucleophiles 
of the hormone-binding site, probably the -SH of cysteines. 

Results 

I. Synthesis of Electrophilic 17a-Derivatives of 
Estradiol. Estrone was used as starting material for 
preparation of electrophilic derivatives of l7a-propyl- 
estradiol including bromoacetate 10 and epoxides 6a and 
6b (Scheme I). Syntheses of 17a-allylestradiol 3,20 ep- 
oxides 6a and 6b and triol 8lS were already reported. We 
used a similar approach to obtain 6a, 6b, and bromoacetate 
10. Briefly, addition of the Grignard of allyl chloride to 
the ketone function of estrone afforded mixture of 
diastereoisomers: l7a-hydroxy-178-(2’-propenyl)estradiol 
2 (<5% and 17a-(2’-propenyl)-17~-hydroxyestradiol 3 
(>95 5% 1, which were separated by chromatography. The 
phenolic function of 3 was protected as TBDMS ether to 
give 4; then epoxidation of the terminal alkene function 
by m-CPBA gave a mixture of the two diastereoisomers 
Sa and 5b (75/25), which were separated by chromatog- 
raphy. Removal of the TBDMS group from 5a and 5b by 
tetrabutylammonium fluoride afforded 17a-(2’,3’-ep- 
oxypropyl)estradiol6a and 6b, respectively. The terminal 

15 (n=2) 
16 (17-6) 

alkene function of 4 was submitted to hydroboranation- 
oxidation conditions (9-BBN and basic hydrogen peroxide) 
to afford the primary alcohol 7. Esterification of the 
dihydroxy compound 7 by bromoacetic acid in the presence 
of l-ethyl-3-(3-(dimethylamino)propyl)carbodihide (CDI) 
afforded monoester 9. The sterically hindered tertiary 
17p-hydroxy function was not esterified, even with excess 
of bromoacetic acid and CDI. Phenol deprotection from 
9 gave 17a-(3’-(bromoacetoxy)propyl)estradiol 10. For 
comparative purposes, triol 8 was prepared from 7 by 
phenol deprotection. 
17a-(d-(Bromoacetoxy)alkynyl) derivatives of estradiol 

15 and 16 were prepared from the corresponding triols 11 
and 12 in two steps (Scheme 11). Action of bromoacetatic 
acid on 11 and 12 in the presence of CDI gave diesters 13 
and 14, respectively. Selective saponification of the 
phenolic esters with N d C 0 3  afforded 17a-(4’-(brornoac- 
etoxy)butynyl)estradiol 15 and 17a-(8’-(bromoacetoxy)- 
octyny1)estradiol 16, respectively. 

11. Estrogen Receptor Binding Affinity. Compe- 
tition experiments using the cytosolic estrogen receptor 
were performed at pH 7 to determine the apparent relative 
affinity constant (RAC) of epoxides 6a and 6b, primary 
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Figure 1. Inhibition of estradiol binding to the estrogen receptor 
by estradiol l7a-derivatives. Cytosol (2 mg protein/mL, pH 7.0) 
was incubated with 5 nM [SH]estradiol and increasing concen- 
trations of either nonradioactive estradiol (Ez, O),  17dbro- 
moacetoxy)alkyl/alkynylestradiols ( l o r ,  1 5 W ,  and 16A) or 
corresponding primary alcohols ( 8 ~ ,  110, and 12A) for 20 h at 
20 "C. Binding of [SH]estradiol in cytosol measured by charcoal 
assay is plotted against the competitor concentration. Experi- 
mental variation between duplicate determinations was less than 
10%. 

alcohols 8,11, and 12, and bromoacetates 10,15, and 16. 
At  equilibrium, competitive binding assays allow deter- 
mination of the RAC of reversibly binding ligands of the 
receptor. An apparent RAC can be calculated for (i) 
reversibly binding ligands under nonequilibrium condi- 
tions or (ii) reactive ligands able either to irreversibly bind 
to the receptor and cytosolic proteins or to be modified 
during incubation. At 0 OC, the displacement curves of 
[3H]estradiol by the competitors moved to the right over 
the time course. They were not stabilized even after a 
72-h incubation (not shown), indicating that equilibrium 
was considerably delayed at  0 "C. A t  20 "C, this process 
was much more rapid since the competition curves were 
stabilizedaftera20-hincubation (Figure 1). Allcompounds 
displayed low apparent RAC for the receptor, ranging from 
C0.02 to -0.4 (with the RAC of estradiol = 100). The 
apparent RAC for epoxides dropped considerably from 4 
h-0 OC competition to 20 h-20 "C competition; whereas 
variation in the RAC of the other compounds was much 
less pronounced (Table 1). For each of the three bro- 
moacetate/related alcohol combinations, we observed a 
progressive time- and temperature-dependent decrease 
in the distance between the competition curves. In fact, 
these effects were due to instability of epoxides and 
bromoacetates in the cytosol. TLC analyses performed 
after the compound incubations showed that epoxides were 
stable when incubated at 0 or 20 "C in buffer. In cytosol 
they were transformed into more polar compounds dis- 
playing the same Rfaa that of the corresponding low affinity 
vicinal diols (-8Cb100% conversion for 16 h-0 "C or 4 h-20 
"C incubation). Bromoacetates were also fairly stable 
when incubated in buffer alone; in cytosol they were rapidly 
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Table I. Apparent Relative Affinity Constants of Estradiol 
l7a-Derivatives' 

compound 
estradiol 
epoxide 6a 

6b 
bromoacetate 10 

15 
16 

alcohol 8 
11 
12 

apparent RAC 
4h, 28 h, 20h, 
0°C 0°C 20°C 

100 100 100 
12 1.3 0.044 
3.9 0.20 <0.017 
0.94 0.21 0.021 
2.0 0.79 0.066 
2.4 1.5 0.24 
1.1 0.28 0.024 
3.9 1.0 0.070 
6.5 3.4 0.40 

RAC ratio (4 h, 
0 "C/20 h, 20 O C )  

1 
273 

>229 
45 
30 
10 
46 
56 
16 

a Binding curves similar to those shown in Figure 1, corresponding 
to competition experiments, were used to determine the concentration 
of competing ligands which inhibited 50% of the specific binding of 
[SH]estradiol in cytoeol (2 mg protein/mL, pH 7.0) after 4 h-0 "C, 
28 h-0 "C, or 20 h-20 "C Competition. Fromthese values, the apparent 
relative affinity constants (RACE) of competitors (relative to that of 
estradiol) were calculated for the various competition conditions as 
described in the Experimental Section, with the RAC of estradiol = 
100. The ratio of the RAC determined for 4 h-0 "C incubation to 
the RAC determined for 20 h-20 "C incubation was then calculated. 
Data given for the apparent RACs correspond to means of duplicate 
determinations. Experimental variation was less than 10%. 

transformed (even at  0 "C) to form compounds displaying 
the same Rf as that of the corresponding alcohols (>go% 
conversion for 1 h-0 "C incubation). We were unable to 
protect bromoacetates from hydrolysis using various 
esterase inhibitors (diisopropyl fluoro phosphate, diethyl 
p-nitrophenyl phosphate, and phenylmethylsulfonyl flu- 
oride). 

111. Inhibition of Ligand Binding to the Estrogen 
Receptor by Bromoacetates. Specific alkylation of a 
receptor by an affinity label normally hinders the receptor 
from further binding common ligands due to permanent 
occupancy of the ligand-binding site by the covalently 
bound affinity label. An irreversible decrease in the 
specific estradiol-binding capacity of the uterine cytosol 
following ita incubation with a potential affinity label of 
the receptor is thus a strong indication that part of the 
estrogen receptor molecules were specifically alkylated 
by the reactive ligand. We applied this principle to 
evaluate the estrogen receptor-alkylating ability of syn- 
thesized estradiol electrophilic derivatives. Samples of 
uterine cytosol were first exposed to electrophilic deriv- 
atives, a t  various derivative concentrations, temperatures, 
times, and pH. Control samples were incubated under 
identical conditions, without steroid or with chemically 
inert steroids such as primary alcohols 8, 11, and 12. 
Thereafter all samples were treated with charcoal to 
remove unbound or loosely bound steroids. The concen- 
tration of remaining specific binding sites for estradiol 
(corresponding to unfilled and/or reversibly steroid-filled 
estrogen receptor) was then determined by incubating, 
under exchange conditions, aliquota with excess r3H1es- 
tradiol either alone, to measure total [3Hlestradiol binding, 
or with a large amount of nonradioactive estradiol, to 
measure nonspecific [3Hlestradiol binding. 

Figure 2 shows the total (specific plus nonspecific) and 
nonspecific binding of I3H1 estradiol measured in uterine 
cytosol following a l-h incubation at 0 OC, pH 8, without 
steroid or with 5 p M  of the various electrophiles or the 
primary alcohol 12 (the highest affinity compound of the 
three primary alcohols). Only bromoacetates induced 
significant decreases in specific binding of [3Hlestradiol 
in cytosol, with N 20,30, and 50 5% decreases for compounds 
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by charcoal, we analyzed the l3H1 estradiol-binding species 
of cytosol in high salt sucrose gradienta. Figure 3 shows 
the total and nonspecific binding of [3H]estradiol in 
gradients, from cytosol first exposed or not to 5 pM steroids 
for 1 h at  0 "C, pH 9. For cytosol not exposed to steroid 
(Figure 3A), saturable binding of estradiol appeared to 
mainly involve a 4.5 S species, with minor species in the 
8-10 S region. This saturable 4.5 S peak corresponded to 
the classical salt-dissociated estrogen re~eptor:[~H]estra- 
diol complex since it shifted to the right of the gradient 
when serum from mouse immunized with purified prep- 
arations of lamb uterine estrogen receptorz3 was added to 
cytosol before gradient analysis (not shown). The 8-10 S 
species probably represented aggregated forms of the 
receptor, resulting from 20 OC-20 h incubation of cytosol 
with PHIestradiol. Exposition of cytosol to the primary 
alcohol 12 (Figure 3C) did not significally change the reaulta 
observed with the control cytosol. However, exposition 
of cytosol to bromoacetate 16 resulted in a quantitative 
change which similarly affected the 4.5 S and the 8-10 S 
species. Finally, for all samples there was very close 
agreement between the specific binding of [3Hlestradiol 
measured by the charcoal assay and obtained by inte- 
gration of specific binding in the sucrosegradient fractions. 
We conclude that saturable binding of [3H]estradiol in 
uterine cytosol, measured by charcoal assay after incu- 
bation under exchange conditions, actually corresponded 
to the estrogen receptor: [3Hlestradiol complex. 

(B) Bromoacetates Irreversibly Inactivate the 
Estrogen Receptor Hormone-Binding Site. The de- 
crease in [3Hlestradiol specific binding in cytosol observed 
following its exposure to bromoacetates could have resulted 
from permanent occupancy of the hormone-binding site 
of a corresponding portion of receptor molecules by 
covalently linked bromoacetate. However, another pos- 
sibility would be that this decrease resulted from affiiity 
of [3Hlestradiol for the receptor, lower for bromoacetate- 
treated cytosol than for control cytosol and with a similar 
specific [3Hlestradiol-binding capacity for both types of 
cytosol, since we used a relatively high but single con- 
centration of r3H1 estradiol to measure the concentration 
of accessible hormone-binding sites. To assess these two 
possibilities, we performed saturation experiments of 
control cytosol and bromoacetate-treated cytosol with 
increasing concentrations of [3Hlestradiol. Binding data 
obtained from cytosol incubated for 1 h at  0 OC, pH 9, 
either without steroid or with 5 pM bromoacetate 16 or 
alcohol 12, are shown in Figure 4A. From the Scatchard 
plots of saturable binding (Figure 4B), calculated binding 
site concentration and the apparent equilibrium affmity 
constant of estradiol were N = 1.03 nM and KA = 4.83 X 
lo9 M-I respectively, for the control cytosol. Binding data 
obtained for cytosol incubated with 12 reflected compet- 
itive inhibition of [3Hlestradiol binding, since a similar 
binding site concentration (N = 0.977 nM) but an -2.5- 
fold lower affinity constant (KA = 1.94 X loB M-I) than for 
control cytosol were determined. The presence of a low 
residual concentration of compound 12 in the cytosol after 
charcoal treatment could account for such competitive 
inhibition, since the efficiency of charcoal in removing 
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Figure 2. Irreversible inhibition of estradiol binding after 
exposure of uterine cytosol to estradiol l7a-derivatives. Cytosol 
(pH 8.0) was incubated for 1 h at 0 O C  either without steroid or 
with 5 p M  epoxide 6a or 6b, bromoacetate 10,16, or 16 or primary 
alcohol 12 which is the homologue of 16. After treatment with 
an equal volume of charcoal suspension and centrifugation, 
concentrations of total (unfilled bare) and nonspecific (filled bars) 
bound [3H]eatradiol in the supernatant were determined, after 
16 h - 20 O C  incubation with 20 nM [3Hlestradiol, by charcoal 
assay. Values are means of triplicate determinations; error bars 
indicate standard deviations. 

10, 15, and 16, respectively. Similar quantitative results 
were obtained when cytosol incubation with steroids was 
performed at  20 OC instead 0 OC or when the duration of 
incubation at  0 "C was changed from 1 to 0.25 or 25 h (not 
shown). However, the effect varied greatly depending on 
the steroid concentration or the pH in the cytmol (cf. parts 
VI and VII). Identical resulta were obtained when 
4hydr0xy[~H]tamoxifen, a high a f fd ty  triphenylethylene 
antiestrogen whose characteristics of interaction with the 
estrogen receptor differ from those of estr0gens,2~-~~ was 
used instead of [3Hlestradiol to measure the hormone- 
binding site concentration after incubation of the cytosol 
with or without steroids (not shown). Finally, the effect 
was specific to the prepared bromoacetates and was not 
observed with cytosol exposed to 5 pM of acetates 
homologous to 10, 15, and 16, respectively, to 5 pM of 
11/3-(bromoacetoxy)-17a-ethynylestradio1 or 17/3-(0-bro- 
moacety1)testosterone. Bromoacetic acid and ethyl bro- 
moacetate did not alter [3Hlestradiol specific binding in 
cytosol even at concentrations as high as 100 ctM (not 
shown). 

IV. Evidence of Irreversible Inactivation of the 
Estrogen Receptor Hormone-Binding Site by Bro- 
moacetates. Two kinds of experiments were undertaken 
to examine whether the observed decrease in [3Hlestradiol 
specific binding of cytosol induced by bromoacetates 
actually resulted from irreversible inactivation of the 
hormone-binding site of the receptor. 

(A) The Saturable Binding of [3H]Estradiol in 
Cytosol Measured After Exchange, Reflects Forma- 
tion of the Estrogen Receptor: [SH]Estradiol Com- 
plex. Following prolonged incubation of cytosol with 
[3Hlestradiol under exchange conditions and treatment 



Steroidal Affinity Labels of the Estrogen Receptor Journal of Medicinal Chemistry, 1993, Vol. 36, No. 20 2917 

A 
+ B 

Cyt /  16 

e C 

C y t / l P  

Top 10 20 30 10 20 30 
FRACTION NUMBER 

10 20  30 

Figure 3. Sedimentation profile in high salt sucrose gradients of estradiol binding in cytosol following incubation under exchange 
conditions. Cytosol (pH 9.0) was incubated for 1 h at 0 OC either without steroid (A) with 5 MM bromoacetate 16 (B) or corresponding 
alcohol 12 (C). After treatment with an equal volume of charcoal suspension and centrifugation, aliquots of the supernatant were 
incubated under exchange conditions with [SH]estradiol in the absence or presence of nonradioactive estradiol to measure total and 
nonspecific [SHIestradiol binding, respectively. Following a second charcoal treatment, residual [3H]estradiol binding in aliquota was 
analyzed by centrifugation on the sucrose gradients. Total (0) and nonspecific (0) bound [*H]estradiol in gradient fractions are 
represented. The arrow indicates the sedimentation position of ovalbumin (3.7 S). 

steroids from cytosol was never total (in these conditions, 
the efficiency of charcoal in removing [3H]estradiol was 
-95-97%). For cytosol incubated with bromoacetate 16, 
there was a strong decrease in the capacity of cytosol to 
specifically bind estradiol (N = 0.408 nM), whereas the 
apparent affinity constant (KA = 2.57 X lo4 M-l) was -2- 
fold lower than that measured with control cytosol. In 
this case, inhibition of [3Hlestradiol binding resulting from 
incubation of cytosol with 16 was not overcome by 
increasing the L3H1estradiol concentration. This sharply 
contrasted with the situation concerning the related 
compound 12, in spite of (i) an affinityof 12 for the receptor 
higher than that of 16 and (ii) the fact that much of 16 was 
rapidly converted to 12 in cytosol. We conclude that the 
decreased binding site concentration induced by 16 was 
due to irreversible inactivation of the hormone-binding 
site of a corresponding portion of the receptor molecules. 
Compared to the control cytosol, the -2-fold decrease in 
the apparent affinity constant probably resulted, as stated 
for cytosol incubated with 12, from the presence of residual 
steroids (mainly 12, due to the instability of 16 in cytosol) 
in charcoal-treated cytosol. 

V. Bromoacetate Inactivation of the Hormone- 
Binding Site Requires Unfilled Binding Site. To 
examine the specificity of the bromoacetate effect on 
inactivation of the estrogen-binding site, we determined 
the effect of bromoacetates when the hormone-binding 
site of the estrogen receptor was occupied with either 

estradiol or 4-hydroxytamoxifen. As shown in Figure 6, 
the concentration of hormone-binding sites from cytoeol 
not preexposed to estradiol or 4-hydroxytamoxifen, de- 
creased by -70% after a 1-h incubation of cytosol a t  0 O C ,  

pH 9, with 5 pM 16. This effect was totally abolished for 
cytosol preexposed to either 50 nM estradiol or 4-hydrox- 
ytamoxifen before the addition of 16. In these latter two 
cases, the concentration of hormone-binding sites titered 
with [3H]estradiol waa identical to that obtained for the 
control cytosol (incubated without steroid or with alcohol 
12). Concentrations of hormone-binding sites measured 
with [3Hlestradiol in all samples preexposed to either 
estradiol or 4-hydroxytamoxifen were, respectively - 30% 
and -40% lower than that measured in control cytosol 
not preexposed to the ligands, due to incomplete removal 
of these high affinity ligands by charcoal (mainly because 
of estrogen receptor-bound ligands which dissociated very 
slowly from the receptor a t  0 OC). Hence, there was 
incomplete labeling of hormone-binding sites by [3Hles- 
tradiol. 

VI. Bromoacetate Inactivation of the Hormone- 
Binding Site Is Concentration-Dependent. Since 
bromoacetates 10, 15, and 16 are low affinity ligands of 
the estrogen receptor with low stability in cytosol, their 
efficiency for inactivating the hormone-binding site might 
be highly concentration-dependent. We therefore com- 
pared the abilities of increasing concentrationa of the three 
bromoacetates to inactivate the binding site, with control 
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Figure 4. Saturation analysis of estradiol binding after cytosol exposure to alcohol 12 or bromoacetate 16. Cytosol (pH 9.0) was 
incubated for 1 h at 0 O C  either without steroid (e), with 5 r M  primary alcohol 12 (A), or corresponding bromoacetate 16 (A). After 
charcoal treatment, and centrifugation, supernatant aliquots were incubated for 16 h at 20 O C  with increasing concentrations (0.2 to 
10 nM) of [3H]estradiol in the absence or presence of 5 pM nonradioactive estradiol. Binding of [3Hlestradiol was measured by charcoal 
assay. (A) Mean values of duplicate determinations for concentrations of total (0, A, A) and nonspecific (1) bound [SH]estradiol are 
plotted against the total concentration of [3H]estradiol; experimental variation was less than 10%. (B) Scatchard plots of individual 
specific [aHIestradiol binding data, considering specifically bound [3H]estradiol, as being the difference between the total bound and 
the nonspecific bound [3H]estradiol and unbound [3Hlestradiol, as being the difference between the incubated and the total bound 
[SHIestradiol. Regression lines were determined respectively from plots relative to control cytosol (KA = 4.83 X 109 M-I, N = 1.03 nM, 
correlation coefficient 0.981), cytosol exposed to alcohol 12 (KA = 1.94 X loB M-l, N = 0.977 nM, correlation coefficient 0.997), and 
cytosol exposed to bromoacetate 16 (KA = 2.57 X loB M-l, N = 0.408 nM, correlation coefficient 0.967). 

incubations performed using increasing concentrations of 
alcohol 12. The results in Figure 6 illustrate the decreased 
concentration of accessible estradiol-binding sites, result- 
ing from incubation of cytosol for 1 h a t  0 OC, pH 9, with 
15 nM to 5 pM of bromoacetates. Inactivation of the 
binding site by bromoacetates was practically undetectable 
until 50 nM, slight but significant receptor inactivation 
occurred a t  150 nM; with an ---lo% decrease in the 
concentration of accessible binding sites, depending on 
the bromoacetate used. These effects were progressively 
more pronounced as the bromoacetate concentration 
increased. The strongest effects, observed at  the highest 
bromoacetate concentration, corresponded to inactivation 
of 25, 45, and 60% of binding sites by 10, 15, and 16, 
respectively. In the 150 nM to 5 pM concentration range, 
the same order of efficiency (10 < 15 < 16) was observed 
for the three bromoacetates. Control compound 12 (up 
to 5 pM) did not significantly inhibit [3H]estradiol binding 
to the estrogen receptor. However, a t  higher concentra- 
tions (>15pM) there wasaslight inhibitionof PHIestradiol 
binding, probably resulting from competition of the 
residual concentration of 12 in cytosol, which was not 
adsorbed by charcoal. We did not test concentrations of 
compounds higher than 5 pM so as to avoid such 
competition interference with bromoacetates. 

VII. Bromoacetate Inactivation of the Hormone- 
Binding Site Is pH-Dependent. Since reactivity of most 
nucleophilic amino acids is strongly influenced by pH, we 
studied the extent of inactivation of hormone-binding sites 
by bromoacetates, relative to pH. We used the 7-9 pH- 
range, to  preserve both the hormone-binding property of 

the receptor and the chemical integrity of bromoacetates. 
Figure 7 shows that the hormone-binding capacity of the 
control cytosol, incubated for 1 h at  0 OC without or with 
5 pM 12, decreased slightly above pH 8. Inactivation of 
the hormone-binding sites by 5 pM bromoacetates, was 
either slight (-15% for bromoacetate 16) or practically 
undetectable (55% for bromoacetates 10 and 15) a t  pH 
7. The proportion of inactivated binding sites greatly 
increased with increasing pH, reaching -20,50, and 60% 
for 10, 15, and 16, respectively, a t  pH 9. As already 
observed when investigating the effect of the bromoacetate 
concentration on hormone-binding site inactivation, we 
observed the same order of efficiency (10 < 15 < 16) at  any 
pH from 7 to 9. 

VIII. Treatment of Cytosol with Methyl Meth- 
anethiosulfonate Prevents Inactivation of the Hor- 
mone-Binding Site by Bromoacetates. To examine the 
possible involvement of cysteine residues in the inadi- 
vation of the hormone-binding site, we studied the effect 
of the sterically small thiol-specific reagent methyl meth- 
anethiosulfonate (MMTS) on bromoacetate-induced in- 
activation of the hormone-binding site. This reagent, 
which converts thiol groups to -SSCH3 groups, was 
previously used to study the involvement of thiols in 
binding of glucocorticoids to their receptor@ and to evince 
the reaction of cysteine residues of wild-type16 and 
mutant25 estrogen receptors with nonsteroidal affinity 
labels. In agreement with previous  report^,^^^^^ we obeerved 
that preexposure of cytosol to MMTS did not impair the 
ability of the receptor to bind estradiol (not shown). 
However, the reagent progressively prevented inactivation 
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Figure 5. Inability of bromoacetate 16 to inactivate estrogen- 
or antiestrogen-fiied hormone-binding site of the estrogen 
receptor. Cytosol (pH 9.0) was incubated for 4 h at 0 O C  without 
ligand (0) with 50 nM estradiol (Ez) or 4-hydroxytamoxifen 
(OHT). Aliquota of the various samples were then incubated for 
1 h at 0 O C ,  either without steroid (0) with 5 pM alcohol 12 or 
bromoacetate 16. After charcoal treatment and centrifugation, 
the supernatant was incubatedwith [3H]estradiol under exchange 
conditions to determine total and nonspecific [3Hlestradiol 
binding. Mean specific [3H]estradiol binding from triplicate 
determinations are represented; error bars indicate standard 
deviations. 

of the hormone-binding site by bromoacetates (Figure 8). 
The effect was detectable from 0.03 mM and practically 
complete a t  a reagent concentration equal to that of the 
total -SH group in cytosol. Finally, the ICm of MMTS 
were very similar (0.14.2 mM) for all three bromoacetates. 

Discussion 
I. 17a-(Bromoaoetoxy)alkyl/alkynylestradiols Are 

Estrogen Receptor Affinity Labels. In this paper, we 
describe the preparation and characterization of five 17a- 
derivatives (two epoxides and three bromoacetates) of 
estradiol bearing an electrophilic group at  the extremity 
of the l7a-chain. Evaluation of these electrophiles re- 
vealed that all three bromoacetates irreversibly inactivated 
the hormone-binding site of the lamb uterine estrogen 
receptor in a concentration- and pH-dependent manner. 
The inactivation was due to the alkylating properties of 
these compounds since it did not occur with closely related 
but unreactive molecules, such as alcohol and acetate 
homologues of the three bromoacetates. Moreover this 
inactivation was a specific property of these compounds 
since other bromoacetoxy derivatives including nonste- 
roidal compounds (ethyl bromoacetate and bromoacetic 
acid) and steroidal compounds (17~-(O-bromoacetyl)tes- 
tosterone and 118- (bromoacetoxy)- 17a-ethynylestradiol) 
did not induce such effects. We cannot exclude that the 
observed inactivation of the hormone-binding site could 
have been due to alkylation of the estrogen receptor remote 
from the hormone-binding site, which would indirectly 
affect the hormone-binding properties of the receptor. 
However, this is less probable than receptor alkylation at 
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Figure 6. Concentration-dependent effecta of 17a-(bromo- 
acetoxy)alkyl/alltynylestradiole on the inactivation of specific 
estradiol-binding sites. Cytosol (pH 9.0) was incubated for 1 h 
atOOCwithincreasingconcentration8 (Oto5pM) ofbromoacetate 
10 (W, 15 (.),or 16 (A) or alcohol 12 (A). After charcoal treatment 
and centrifugation, supernatant aliquota were incubated with 
[aHleatradiol under exchange conditione. Binding of [*H]eatradiol 
was measured by charcoal assay. The specific binding of 
[3Hlestradiol is plotted against the steroid concentration. Ex- 
perimental variation between duplicate determinations was lees 
than 10%. 

or near the hormone-binding site since occupancy of the 
binding site by estrogen or antiestrogen totally prevented 
the bromoacetate effects. We therefore conclude that the 
three prepared bromoacetates are probably affinity labels 
of the estrogen receptor. Specific alkylation of a receptor 
by a reactive ligand normally occurs in two steps. As a 
conventional ligand the reactive molecule first reversibly 
associates with the receptor, and then a reaction takes 
place between the reactive function of the ligand and an 
appropriate amino acid of the ligand-binding site. Stability 
of the reversible receptor:reactive ligand complex is thus 
a crucial parameter which directly influences both the 
efficiency and specificity of the alkylation process, the 
higher the stability of the complex, the higher the 
probability that alkylation of the hormone-binding site 
occurs. Considering the ability of bromoacetates 10, lS  
and 16, to specifically alkylate the receptor, two charac- 
teristics appear to be unfavorable. 

(i) The low stability of compounds in cytosol: These 
bromoacetates are rapidly hydrolyzed to the corresponding 
primary alcohols. This process not only decreases the 
concentration of the compound able to alkylate the 
receptor but also generates a non-alkylating competitor 
whose affinity for the receptor is higher than that of the 
parent compound and which inhibits interaction of 
available receptors with intact bromoacetate. High con- 
centrations of bromoacetates were thus required to permit 
alkylation of the hormone-binding site of receptors, since 
(1) to complex a given proportion of receptors, the higher 
the steroid concentration, the lower the duration of 
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Figure 7. pH-dependent inactivation of specific estradiol binding 
sites by 17ar-(bromoacetoxy)alkyl/lkyValkynylestradiol. Cytosol (pH 
7.0) was progressively alkalized by the addition of NaOH 0.5 M. 
Samples were removed at the following pH levels: 7.0,7.5,8.0, 
8.5 and 9.0. Samples were incubated for 1 hat 0 OC either without 
steroid (e), with 5 pM bromoacetate 10 (v), 15 (m), or 16 (A) or 
alcohol 12 (A). After charcoal treatment and centrifugation, 
supernatant aliquota were incubated with [3H]estradiol under 
exchange conditions. The specific binding of [SH]estradiol is 
plotted against pH. Experimental variation between duplicate 
determinations was less than 15 9%. 

exposure of receptors to steroid (relative to the steroid 
concentration, formation of the complex is a kinetic first- 
order process) and (2) the lower the duration of exposure, 
the higher the ratio of the bromoacetate concentration to 
that of the formed alcohol (at the beginning this ratio is 
roughly inversely proportional to time) and then the higher 
the ratio of the receptor:bromoacetate complex concen- 
tration to that of the receptor:alcohol complex. 

(ii) The low stability of the receptor/bromoacetate 
complexes: The apparent RAC calculated for bromoac- 
etates ranged from -0.02% (compound 10) to -0.24% 
(compound 16) to that of estradiol. Assuming, as usually 
observed, that affmity mainly reflects the dissociation rate 
of the complex, then from the half-dissociation times 
reported for ligands such as estradiol26 and from the 
apparent affinity constants determined for bromoacetates, 
one can obtain a rough estimate of the half-lives of the 
receptor:bromoacetate complexes at 0 OC: <5 min with 
10, <15 min with 15, and <60 min with 16. 

When comparing the ability of bromoacetates to alkylate 
receptor molecules, according to either the compound 
concentration or pH, in both cases we observed strong 
differences between the three compounds, with the same 
efficiency order: 10 < 15 < 16. These differences might 
partly reflect different intrinsic properties of the common 
electrophilic group in the three compounds, such as 
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Figure 8. Effect of methyl methanethiosulfonate on the 
inactivation of specific estradiol-binding sites by bromoacetates. 
Cytosol (pH 9.0) was incubated for 2 h at 0 O C  with increasing 
concentrations (0-3 mM) of methyl methanethiosulfonate 
(MMTS). Aliquota of the various samples were then incubated 
for 1 h at 0 O C  with 5 pM bromoacetata 10 (V), 15 (m), or 16 (A) 
or alcohol 12 as a control. After charcoal treatment and 
centrifugation, Supernatant aliquots were incubated with PHlea- 
tradiol under exchange conditions. The specific binding of 
[3Hlestradiol in cytosol exposed to each of the bromoacetates, 
expressed as a percent of the specific binding of [3H]estradiol in 
cytosol exposed to alcohol 12, is plotted against the MMTS 
concentration. Experimental variation between duplicate de- 
terminations was lese than 10 %. The 100% specific .binding of 
[3H]estradiol in the absence or presence of MMTS was 62 300 
cpm/mL; the total -SH group concentration was - 1 mM. 

chemical reactivity and/or location relative to those of 
nucleophiles in the hormone-binding site. For instance, 
the degree of freedom of the reactive terminal carbon ie 
considerably higher in compound 16 than in compound 15 
or 10. However, the more trivial previously described 
properties, Le., the relative affinity and relative stability 
of compounds in cytosol, certainly played a major role in 
the compound efficiencies. It should be noted that there 
was a good correlation between the apparent relative 
affinity of bromoacetates and their ability to alkylate the 
hormone-binding site of the receptor. 

11. A Single Cysteine Residue Is Probably the 
Target of All Three Bromoacetates. The marked pH- 
dependence of the alkylation processes, with very weak 
effects at pH 7 and then increasing effects up to pH 9, 
observed With all three bromoacetates, suggesta that similar 
(or even a single) basic nucleophiles of the receptor 
hormone-binding site react with the three bromoacetates. 
It is unlikely that methionines or histidines are bromoac- 
etate targets since these amino acids are usually reactive 
at  neutral pH. Among the amino acids which contain a 
reactive side chain with a basic pK,, cysteine (PKa -8.3) 
and lysine (PKa -9.2) are more probable candidates than 
tyrosine CpK, - 10.1) and arginine (pK, - 12.5). 

Alkylation of the receptor by the three bromoacetates 
required intactcysteine residues since the cysteinaspecific 
reagent MMTS totally prevented the effect of the com- 
pounds. One of the following two possibilities could 
therefore be considered: (i) cysteines am the actual targets 
of bromoacetates, and (ii) MMTS-modification of cysteine 
residues by steric hindrance impairs the reaction of 
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neighboring nucleophiles with bromoacetates. The second 
hypothesis appears unlikely since (1) the size of the 
functional group which is transferred by MMTS to cysteine 
residues is relatively small and (2) the fact that each 
bromoacetate displayed, for MMTS-modified receptor, a 
relative affinity which was equal to that of untreated 
receptor suggests that modification of the cysteine residues 
of the receptor does not significantly impair bromoace- 
tatesheceptor interactions. Therefore, cysteine residues 
of the receptor are probably bromoacetate targets. More- 
over, the fact that the concentration-dependent blockade 
of the bromoacetate effects by MMTS was very similar 
for the three compounds with practically identical IC50 
values strongly suggests that the same cysteine residue is 
the target of the three bromoacetates. pH-dependent 
alkylation of the receptor by bromoacetates was in sharp 
contrast to that displayed by the two nonsteroidal affinity 
labels: the antiestrogen tamoxifen aziridine and the 
estrogen ketononestrol aziridine which, at neutral pH, both 
efficiently react with the same cysteine residue of the 
hormone-binding site.16 This contrast could result from 
the low affinity and low stability of bromoacetates which, 
for efficient alkylation of the receptor would require a 
highly reactive negatively charged cysteine residue. Fi- 
nally, the suspected cysteine target of bromoacetates might 
differ from the lamb homologue of cysteine 530 of the 
human estrogen receptor since construction of steroidal 
analogues of tamoxifen aziridine and ketononestrol azir- 
idine led to  mean positions of the aziridine function nearer 
to the Cl l -Cl2  region of the C ring than to the C17 region 
of the D ring of the steroid. Another possibility could 
involve the difference in the chemical nature of the two 
types of electrophiles, since aziridine groups, which show 
very little reactivity in the uncharged form, become highly 
reactive after protonation.l3 This suggests that aziridine 
compounds alkylate the receptor at neutral pH on cysteine 
530, which could act as a proton donor. 

In conclusion, estradiol derivatives bearing a 17a, C3- 
C8-alkyl or alkynyl chain, with a terminal bromoacetate 
function, are highly reactive affinity labels of the estrogen 
receptor. At least one basic nucleophile, probably the -SH 
of a cysteine, appears to react with the electrophilic carbon 
of bromoacetates. Preparation of homologous compounds 
bearing similar electrophilic groups linked to the estradiol 
molecule by means of a nonhydrolyzable 17a-chain is in 
progress in our laboratory. Such compounds will probably 
be reactive affinity labels useful for identifying target 
amino acids in the hormone-binding site of the estrogen 
receptor. 

Experimental Section 
Synthesis and Characterization of Estradiol Derivatives. 

Estrone was purchased from Fluka, and 17a-(4’-hydroxy-l’- 
butyny1)eetradiol and 17a-(8’-hydroxy-l’-octynyl)estradiol were 
donated by Dr. Poirier (Centre Hospitaiier de l’Universit4 Laval, 
Quebec, Canada). Solvents and reagents were purchased from 
the following commercial sourcee: Aldrich, Carlo Erba, Fluka, 
Merck, and Sigma. Analytical TLC was performed with Merck 
aluminium sheet-baked silical gel (F-254, 0.2 mm). Column 
chromatography was performed with silica gel (0.0634.2 mm). 
Nuclear magnetic resonance spectra were recorded on a WM 360 
WB spectrometer at 360 MHz. Chemical shifts are reported 
downfield of tetramethylsilane internalstandard (6 scale). High- 
resolution, electron-impact mass spectra were obtained on a LKB 
2091 spectrometer. Elemental analyses were performed by the 
microanalytical service of CNRS (Vernaison, France). 

Except when otherwise stated, a standard procedure was used 
for product isolation. This involved quenching of the reaction 

Journal of Medicinal Chemistry, 1993, Vol. 36, No. 20 2981 

mixture in water or aqueous solution, followed by exhaustive 
extraction with ether or ethyl acetate, washing of extra& with 
aqueous solutions when necessary, drying of organic extracts over 
NazSO,, fitration, and evaporation of the solvent under reduced 
pressure. The solvents and the aqueous solutione used for 
quenching the reaction and washing are mentioned in parentheaea 
after “product isolation”. 

17a-(2/-Propen-l’-yl~t~- I$$( lO)-trien-3,17&dio1(3). Ten 
milliliters (120 mmol) of allyl chloride was added to 2.43 g (100 
mmol) of magnesium turning under nitrogen. After starting of 
the reaction, dry THF (20 ml) was added, and the mixture waa 
agitated until complete reaction of magneeium. A solution of 
4.05 g of estrone (15 mmol) in 150 mL of dry THF and 10 mL 
of allyl chloride was added dropwise to the Grignard solution. 
After the addition of estrone was completed, the reaction mixture 
was heated to reflux for 2 h, and stirring was maintained for 15 
hat20OC. ThemixturewasthenpowedintoasaturatedNH&l 
solution. Product isolation (EtaO, NaHCOs, Na804) afforded 
mixture of diastereoisomers 2 and 3 (2/3 < 1/20): chromatography 
(EtaO/heptane 1/41 gave 4.1 g of 3 (88 9% 1; ‘H NMR (CDCb) 6 0.92 
(8,  3H,l8-CH3), 5.19 (m, 2H, 3’-CH2),6.00 (m, lH, 2’-CH),6.55 

2-CH), 7.13 (d, lH, J = 8.3 Hz, 1-CH); MS (70 eV), m/z  (re1 
intensity) 312 (M+, 8), 294 (9), 272 (11),43 (100). Anal. ((221 Hm 
0 2 )  C, H. 

34 tert-Butyldimethylsiloxy)-17a-(2’-propen-l’-yl)estra- 
1,3,S(lO)-trien-17@-01 (4). A mixture of 1.68 g (11.1 mmol) of 
TBDMS chloride and 1.58 g (23.2 mmol) of imidazole in 7 mL 
of DMF was added to 2.9 g (9.3 mmol) of 3. After the mixture 
was stirred for 1 h at 35 “C, product isolation (EhO, NaHCOs, 
Na&04) and then chromatography (EhO/heptane 1/9) gave 3.48 
g of 4 (88%): 1H NMR (CDCh) 6 0.17 (e, 6H, Si(CH&, 0.92 (8, 
3H, l&CH3), 0.96 (e,9H, SiC(CHa)s), 5.19 (m, 2H, 3’-CH2), 6.00 
(m, lH, 2’-CH), 6.55 (d, lH, J = 2.7 Hz, 4-CH), 6.61 (q, lH, J1 
= 2.7 Hz, J 2  = 8.3 Hz, 2-CH),7.13 (d, lH, J=  8.3 Hz, 1-CH) ; MS 
(70 eV) m/z  (re1 intensity) 426 (M+, 431,370 (21), 327 (27), 163 
(121, 97 (100). 

34 tert-Butyldimet hylsiloxy)-l7~-(2’f‘-epoxyprop- 1’- 
yl)estra-l,3,S( lO)-trien-llg-ol (sa) and (Sb). m-CPBA (549 
mg, 3.18 mmol) was added to a solution of alkene 4 (680 mg, 1.59 
mmol) in 15 mL of CH2Cl2. The mixture was stirred for 17 h at 
20 OC and then poured into 80mL of CHzC12. Produdion isolation 
(KI 276, NazSzO3 lo%, HzO, Na&O4) and then chromatography 
(EhOIheptane 4/6) afforded to 423 mg (60%) and 125 mg (18%) 
of less polar (Sa) and more polar (5b) diastereoisomers, respec- 
tively. 

Diastereoisomer 5a: 1H NMR (CDCb) 6 0.17 (s,6H, Si(CH3) 
z), 0.91 (e, 3H, 1&CHs), 0.96 (8,  9H, SiC(CHa)s), 2.50 (q, lH, J1 

Hz, 3’-CHe), 3.27 (m, lH, 2’-CH), 6.53 (d, lH, J = 2.7 Hz, 4-CH), 

Hz, 1-CH); MS (70 eV), m/z  (re1 intensity) 442 (M+, 631,385 (561, 
327 (33), 272 (131,270 (12),41(100). Anal. (CnhOsSi) C, H. 

Diastereoisomer 5 b  lH NMR (CDCb) 6 0.17 (8, 6H, 
Si(CH&), 0.91 (s,3H, 18-CHs),0.96 (6, 9H, SiC(CHs)a), 2.53 (q, 

J 2  = 5.0 Hz, ~’-CHB), 3.26 (m, lH, 2’-CH), 6.53 (d, lH, J = 2.7 

lH, J = 8.3 Hz, 1-CH); MS (70 eV), m/z  (re1 intensity) 442 (M+, 
351, 385 (29),41 (100). Anal. (Cnh20sSi) C, H. 

17a- (2',3'-epoxy prop- 1’-y1)est ra- 1,3,S( 1 O)-trien-3,178- 
diol (sa). Tetrabutylammonium fluoride (90 mg, 0.34 mmol) 
was added to a solution of 100 mg (0.23 mmol) of diastereoisomer 
5a in 1 mL of THF at 0 O C  . After stirring for 5 min at 0 OC and 
then 15minat 20 O C ,  productisolation (NaHCOs,AcOEt,NanSOd 
then chromatography (EhO) afforded to 54 mg (73%) of (6a); 
‘H NMR (CDCb) 6 0.91 (s,3H, 1&CHa), 2.50 (9, lH, J1= 2.7 Hz, 
J 2  = 5.0 Hz, 3’-cH~), 2.80 (4, lH, Ji = 4.1 Hz, J 2  = 5.0 Hz, 
3’-CHe), 3.24 (m, 1H , ~‘CHB), 6.54 (d, 1H,J  = 2.7 Hz,CCH), 
6.60 (9, lH, J1= 2.7 Hz, J 2  8.3 Hz, 2-CH), 7.10 Id, lH, J =  8.3 
Hz, 1-CH) ; MS (70 eV), m/z  (re1 intensity) 328 (M+, 8), 310 (7), 
270 (4),43 (100). Anal. (C21HrOs) C, H. 

17a-(2’,3’-Epoxyprop- l’-yl)estra-l,3,5( lO)-trien-3,17/3- 
diol (6b). Diastereoisomer 6b waa prepared from the corre- 
sponding protected compound (diastereoisomer 5b) in 82 % yield 
by the procedure described for compound 6a: lH NMR (CDCb) 

(d, lH, J = 2.7 Hz, 4-CH), 6.61 (9, lH, J1 = 2.7 Hz, J 2  8.3 Hz, 

= 2.7 Hz, J z  = 5.0 Hz, 3’-CH3,2.79 (q, lH, Ji = 4.1 HZ, J 2  

6.58 (q, lH, J i m  2.7 Hz, J z  

5.0 

8.3 Hz, 2-CH), 7.08 (d, lH, J=  8.3 

lH, J1 = 2.7 Hz, J z  

Hz, 4-CH), 6.60 (q, lH, J1 

5.0 Hz, 3’-CH3, 2.85 (9, lH, J1 4.1 Hz, 

8.3 Hz, 2-CH), 7.09 (d, 2.7 Hz, J z  
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3’-CH3,2.85 (q, lH, J1 = 4.1 Hz, JZ = 5.0 Hz, ~’-CHB), 3.24 (m, 

eV), m/z (re1 intensity) 328 (M+, 391,310 (13), 270 (lo), 213 (100). 

34 tert-Butyldimethylsiloxy)-17a-(3’-hydroxyprop-1’- 
yl)estra-1,3,5( lO)-trien-17~-01(7). 9-BBN (28.14 mmol, 0.5 M 
solution in THF) under nitrogen was added dropwiee to a solution 
of 2 g (4.69 mmol) of alkene 4 in 15 mL of THF at 60 OC. After 
40 min, the solution was cooled to 0 “C, 9 mL of water was added 
and stirring was continued for 5 min. Sodium hydroxide (9 mL, 
3M) was added, and after an additional 5 min, 9 mL of hydrogen 
peroxide (30%) was added dropwise. After 30 min product 
isolation (NaHCOa, EhO, NazS04) and then chromatography 
(CHCla) afforded to 1.77 g (85%) of the primary alcohol 7: ‘H 
NMR (CDC1.q) 6 0.16 (a, 6H, Si(CH&), 0.91 (s,3H, 18-CH3), 0.96 
(a, 9H, SiC(CHa)a), 3.70 (m, 2H, 3’-CHz), 6.53 (d, lH, J = 2.7 Hz, 

J = 8.3 Hz, 1-CH) ; MS (70 eV), m/z (re1 intensity) 444 (M+, 56), 
426 (50), 41 (100). Anal (CnHUOaSi) C, H. 

17a-(3’-Hydroxyprop-l’-yl)estra-1,3,5( 10)-trien-3,178- 
diol (8). Triol 8 was prepared from 7 in 86% yield, by the 
procedure described for compound 6a. It was purified by 
chromatography (EhO/CHCls 1/41: ‘H, NMR (DMSO) 6 0.79 (8, 
lH, WCHS), 3.41 (m, 2H, 3’-CHz),6.42 (d, lH, J= 2.7 Hz,4-CH), 

Hz, 1-CH); MS (70 eV) m/z (re1 intensity) 330 (M+, 12), 312 (61), 
271 (9), 270 (7), 28 (100). 

3-( tert-Butyldimethylsiloxy)-17a-(3’-bromoacetoxyprop- 
l’-yl)estra-1,3,5( lO)-trien-l’lg-ol (9). Bromoacetic acid (561 
mg, 4.04 mmol), 775 mg (4.04 mmol) of l-ethyl-3-(3-(dimethyl- 
amino)propyl)carbodiimide hydrochloride, and 0.245 mL (3.03 
mmol) of pyridine were added successively to a solution of 900 
mg (2.02 mmol) of primary alcohol 7 in 20 mL of THF. The 
mixture was stirred for 2 h at 25 OC and then poured into EhO. 
Insoluble material was removed by filtration, product isolation 
(NaHCOa, H20, and NazSOd) and then chromatography (EhO/ 
heptane 1/1) afforded to 917 mg (80%) of bromoacetate 9 lH 
NMR (CDCla) 6 0.16 (s,6H, Si(CHa)z), 0.89 (s,3H, l&CHa), 0.96 
(s,9H, SiC(CHa)s), 4.07 (8,  2H, CHzBr), 4.23 (t, 2H, J1 = JZ = 6.6 
Hz, 3’-CH2), 6.53 (d, lH, J = 2.7 Hz, 4-CH), 6.59 (9, lH, Ji = 2.7 
Hz, J z  8.3 Hz, 2-CH), 7.10 (d, lH, J = 8.3 Hz, 1-CH); MS (70 
eV) m/z (re1 intensity) 567 (M+, 5) ,  565 (M+, 8), 426 (8), 408 (3), 
272 (17), 97 (94), 73 (100). 

1 7 a - ( 3 ‘ - ( B ~ m ~ ~ ~ ) p ~ p l ’ - y l ~ t ~ - l ~ ~ (  lO)-t&n-3,178- 
diol (10). Deprotected bromoacetate 10 was prepared from 9 in 
67 5% yield by the procedure described for compound 6a. It was 
purified by chromatography (EhO/heptane 3/7): ‘H NMR 
(CDCla) 6 0.90 (e, 3H, l8-CHa), 4.03 (8, 2H, CHzBr), 4.25 (t, 2H, 

6 0.91 (8, 3H, 18CHS), 2.52 (9, lH, J1 = 2.7 Hz, JZ = 5.0 Hz, 

IH, 2’-CH), 6.54 (d, IH, J = 2.7 Hz, 4-CH), 6.60 (9, lH, J1 = 2.7 
Hz, J z  8.3 Hz, 2-CH), 7.10 (d, lH, J = 8.3 Hz, 1-CH); MS (70 

Anal. (C2lH&) C, H. 

4-CH) 6.60 (q, lH, J1 2.7 Hz, 5 2  = 8.3 Hz, 2-CH), 7.10 (d, lH, 

6.50 (9, lH, J1 = 2.7 Hz, J 2  8.3 Hz, 2-CH), 7.03 (d, lH, J=  8.3 

Ji = J z  = 6.6 Hz, 3’-CH2), 6.54 (d, lH, J = 2.7 Hz, 4-CH), 6.61 
(q, lH, 51 8.3 Hz, 
1-CH); MS (70 eV), m/z (re1 intensity) 452 (M+, 0.5), 450 (M+, 
0.4), 408 (17), 406 (22), 390 (8), 388 (14), 312 (351, 294 (4), 213 
(100). 
17a-(4’-(Bromoacetoxy)butyn-l’-yl)estra-1,3,5( 10)-trien- 

3,17@-diol(15). Bromoacetic acid (55.6 mg, 0.4 mmol), 76.6 mg 
(0.4 mmol) of 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide 
hydrochloride, and 24 pL (0.3 mmol) of pyridine were added 
successively to a solution of 34 mg (0.10 mmol) of triol 11 in 2 
mL of THF. The mixture was stirred for 2 h at 25 OC and then 
poured into EhO. Insoluble material was removed by filtration, 
product isolation (NaHCOa, HzO, and NazSO4) gave -60 mg of 
crude dibromoacetate 13. The compound was solubiliid in 2 
mL of THF after cooling to 0 OC, a solution of 12.6 mg NaHCOs 
(0.15 mmol) in 0.5 mL CHaOH/HZO (1/1) was added and the 
mixture was stirred for 15 h at 0 OC. Product isolation (EhO, 
H20, and NazSO4) and then chromatography (EhO/heptane 3/7) 
afforded to 14 mg (30%) of monobromoacetate 15: lH NMR 
(CDCla) 6 0.85 (8, 3H, l&CHa), 2.63 (t, 2H, J1 
3’-CHd, 4.05 (8, 2H, CHaBr), 4.30 (t, 2H, J1 = JZ = 6.7 Hz, 4‘- 
CH2), 6.54 (d, lH, J 
J 2  = 8.3 Hz, 2-CH), 7.14 (d, lH, J = 8.3 Hz, 1-CH); MS (20 eV), 
m/z (re1 intensity) 462 (M+, 0.6), 460 (M+, 0.51, 307 (15), 160 
(100). 

2.7 Hz, J 2  = 8.3 Hz, 2-CH), 7.12 (d, lH, J 

J z  = 6.7 Hz, 

2.7 Hz, 2.7 Hz, 4-CH), 6.60 (q, lH, J1 
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17a- (8’- (Bromoacetoxy )oct yn- 1 ’- y1)estra- 1,3,6( lO)-trien- 
3,17&dio1(16). The monobromoacetate 16 was prepared from 
triol 12 by the procedure described for compound 15. Compound 
16 (47%) was purified by chromatography (EhO/heptane 1/3): 

6.7 Hz, 3’-CH2), 3.99 (8, 2H, CHzBr), 4.17 (t, 2H, JI = J 2  = 6.77 

eV), m/z (re1 intensity) 518 (M+, 11, 516 (M+,l), 474 (lo), 472 
(lo), 160 (100). 

Estrogen Receptor Ligands. [6,7-aH]Estradiol (specific 
activity 70 Ci/mmol, radiochemical purity > 97 % ) was purchased 
from the Commissariat A l’Energie Atomique (Gif-Sur-Yvette, 
France). 4-Hydro~y[N-methyl-~H]tamoxifen (specific activity 
83 Ci/mmol, radiochemical purity >99%) was from Amersham 
International (Amersham, England). Estradiol, 4-hydroxyta- 
moxifen, and all the l7a-derivatives of estradiol used for binding 
studies were solubilized in absolute ethanol. Solutions were stored 
at -20 OC in the dark. Purity of solubilized compounds was 
checked before use by TLC. 

Preparation of Cytosol. Immature lamb uteri were stripped 
from connective tissue, placed in liquid nitrogen, and then stored 
at -80 OC until use. The uteri were defrosted and then 
immediately homogenized in five volumes of chilled 20 mM Trie- 
HCl buffer, pH 7.0 (Td, using an ultraturrax. The homogenate 
was centrifuged at 1P X g for 45 min. The protein concentration 
determined according to Laynen was then adjusted to 4 mg/ml. 
Depending on the experiments, the cytosol was used either at pH 
7.0 or after alkalinization with NaOH 0.5 M to reach pH values 
between 7.0 and 9.0. 

Competitive Binding Assay: Apparent Relative Affinity 
Constants. Cytosol (pH 7.0) was diluted to 2 mg of protein/mL 
with Tm. It was then incubated with 5 nM [aH]estradiol and 
increasing concentrations of either nonradioactive estradiol (1.67 
nM to 1.5 pM) or estradiol 17a-derivatives (0.1 to 10 pM) either 
at 0 or 20 “C. Binding of CaH]estradiol in samples was determined 
after a 4-, 20-, or 72-h incubation. Aliquots were treated with an 
equal volume of charcoal suspension (0.5% charcoal, 0.05% 
dextran T70 in Tm) for 30 min at 0 OC; charcoal was pelleted by 
5-min centrifugation at 103 X g and then radioactivity in the 
supernatant was measured. Apparent relative affinity constants 
(RACs) of competitors relative to that of estradiol were calculated 
from the concentration of unlabeled estradiol (E) and competitor 
(C) which inhibited 50% of the specific binding of [aHIestradiol, 
according to Korenman:” 

‘H NMR (CDCls) 6 0.85 (8,  3H, l&CHa), 2.24 (t, 2H, J1 = Jz 

Hz, 8‘-CHz), 6.54 (d, lH, J = 8.3 Hz, 4-CH), 6.60 (q, lH, J1= 2.7 
Hz, J z  = 8.3 Hz, 2-CH), 7.14 (d, lH, J = 8.3 Hz, 1-CH); MS (20 

Ef-4 E 

” 
where Et* is the total concentration of [SH]estradiol, Eb* and 
Elb* are the respective concentrations of bound and specifically 
bound [aHlestradiol at 50% inhibition; Et* - Eb* was assumed 
to be the unbound [aHlestradiol concentration at 50% inhibition. 

Standard Irreversible Binding Assay. Cytosol was fiist 
incubated for 1 hat 0 OC with estradiol 17a-derivatives or without 
steroid. Samples were then treated with an equal volume of 
charcoal suspension for 30 min at 0 OC. Thereafter charcoal was 
removed by centrifugation, and supernatant aliquota were 
incubated under “exchange conditions” (16 h at 20 OC) with 20 
nM [aHlestradiol either in the absence (to measure total 
[aHlestradiol binding) or presence (to measure nonspecific 
[aHlastradiol binding) of 5 pM nonradioactive estradiol. Binding 
of [aHJestradiol was determined by a 30 min-0 OC charcoal assay 
(cf “competitive binding away”). 

Sucrose Gradient Analyses. Cytosol aliquota (pH 9.0), 
incubated with or without steroids, treated with charcoal, then 
incubated with [aHJestradiol for 16 h at 20 OC, and finally 
submitted to a second charcoal treatment (cf “irreversible binding 
assay”) were added with 1%-labeled ovalbumin. Then 200 pL of 
the mixture was layered onto 10-30% aucrose gradient (4.8 mL) 
prepared in T m  and containing 400 mM KCl. Gradients were 
centrifuged in a Beckman SW 50.1 rotor for 14 h at 216 OOO gaV 
(48 000rpm). Thirty-two successive fractions were collected from 
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the bottom of the tube, and their radioactivity measured. In 
some experiments, before centrifugation aliquots were incubated 
for 3 h at 0 O C  with 1 % control serum from nonimmunized mouse 
or with serum from mouse immunized with purified preparations 
of lamb uterine estrogen receptor.29 

Radioactivity Determinations. The radioactivity of gra- 
dients fractions (-160 pL), and of the various cytosol samples 
(100 or 200 pL) was counted in 4 mL of Emulsifier Safe (Packard). 

Acknowledgment. The authors thank Dr. D. Poirier 
(Centre Hospitalier de l’Universit.4 Laval, QuBbec, Canada) 
for his kind gift of l7a-hydroxyalkynyl derivatives of 
estradiol. This work was supported by the ‘Institut 
National de la Sant6 et de la Recherche MBdicale” and the 
University of Montpellier I. 

References 

(1) Wahli, W.; Martinez, E. Superfamily of steroid nuclear receptors: 
positive and negative regulators of gene expression.FASEB J. 1991, 

(2) Krust, A.; Green, S.; Argos, P.; Kumar, V.; Walter, P.; Bornet, J. 
M.; Chambon, P. The chicken oestrogen receptor sequence: 
homology with v-erbA and the human oestrogen and glucocorticoid 
receptors. EMBO J. 1986,5,891-897. 

(3) Kumar, V.; Green, S.; Staub, A.; Chambon P. Localisation of the 
oestradiol-binding and putative DNA-binding domains of the 
human oestrogen receptor. EMBO J. 1986,5,2231-2236. 

(4) Koike, S.; Sakai, M.; Muramatsu M. Molecular cloning and 
characterization of rat estrogen receptor cDNA. Nucleic Acids Res. 
1987,15, 2499-2513. 

(5) Kumar, V.; Green, S.; Stack, G.; Berry, M.; Jin, J. R.; Chambon, 
P. Functional domains of the human estrogen receptor. Cell 1987, 

(6) Pakdel, F.; Katzenellenbogen, B. S. Human estrogen receptor 
mutants with altered estrogen and antiestrogen ligand discrimi- 
nation. J. Biol. Chem. 1992,267, 3429-3437. 

(7) Muldoon, T. G.; Watson, G .  H.; Evans, A. C., Jr.; Steinsapir, J. 
Microsomal receptor for steroid hormones: functional implications 
for nuclear activity. J. Steroid Biochem. 1988,30,23-31. 

(8) Swaneck, G. E.; Fishman, J. Covalent binding of the endogenous 
estrogen Ea-hydroxyestrone to estradiol receptor in human breast 
cancer cells: characterization and intracellular localization. hoc .  
Natl. Acad. Sci. U.S.A. 1988,85, 7831-7835. 

(9) Ikeda, M. Identification of thiol group at  the estrogen binding site 
on the cytoplasmic receptor from rabbit uterus by affinity labeling. 
Biochim. Biophys. Acta 1982, 718,66-73. 

(10) VessiBres, A.; Vaillant, C.; Salmain, M.; Jaouen G. Organometallic 
derivatives of estradiol as bioligands: targetted binding of the 
estradiol receptor. J. Steroid Biochem. 1989,34, 301-305. 

(11) VessiPres, A.; Top, S.; Vaillant, C.; Osella, D.; Mornon, J. P.; Jaouen, 
G. Estradiols modified by metal carbonyl clusters as suicide 
substrates for the study of receptor protein: application to the 
estradiol receptor. Angezu. Chem. 1992,31, 753-755. 

5,2243-2249. 

51,941-951. 

Journal of Medicinal Chemistry, 1993, Vol. 36, No. 20 2983 

(12) Robertson, D. W.; Wei, L. L.; Hayes, J. R.; Carlson, K. E.; 
Katzenellenbogen, B.S.; Katzenellenbogen, J. A. Tamoxifen 
aziridinee: effective inactivators of the estrogen receptor. Endo- 
cn’nol. 1981,109, 1298-1300. 

(13) Katzenellenbogen, J. A.; Carlson, K. E.; Heiman, D. F.; Robertson, 
D. W.; Wei, L.L.; Katzenellenbogen, B. S. Efficient and hqhly 
selective covalent labeling of the estrogen receptor with [*H]ta- 
moxifen aziridine. J. Biol. Chem. 1983,258, 3487-3495. 

(14) Zablocki, J. A.; Katzenellenbogen, J. A.; Carlson, K. E.; Norman, 
M. J. Estrogenic affinity labels: synthesis, irreversible receptor 
binding, and bioactivity of aziridine substituted hexestrol deriv- 
atives. J. Med. Chem. 1987,30,829-838. 

(15) Harlow, K. W.; Smith, D. N.; Katzenellenbogen, J. A,; Greene, G. 
L.; Katzenellenbogen, B. S. Identification of cysteine 530 as the 
covalent attachment site of an affinity-labeling estrogen (ketonon- 
eatrolaziridine) and antiestrogen (tamoxifen aziridine) in the human 
estrogen receptor. J. Biol. Chem. 1989,264,17476-17485. 

(16) Salman, M.; Reddy, B. R.; Ray, S.; Stotter, P. L.; Chamness, G. C. 
l7a-allyleetradiol analogues as candidates for development of high- 
affiiity fluorescein estradiol conjugates. J. Steroid Biochem. 1986, 
53+548. 

(17) VessiBres, A.; Jaouen, G.; Gmelle, M.; Roesignol, J. L.; Savignac, 
M.; Top, S.; Greenfield, S. Synthesis and receptor binding of 
polynuclear organometallic estradiol derivatives. J. Steroid Bio- 
chern. 1988,30,301-305. 

(18) Belanger, A.; Philibert, D.; Teutsch, G. Regio and stereospecific 
synthesis of 118-substituted 19-nor steroids. Steroids 1981,37,361- 
382. 

(19) Weatherill, P. J.; Wilson, A. P. M.; Nicholson, R. I.; Davies, P.; 
Wakeling, A. E. Interaction of the antioestrogen IC1 164,384 with 
the estrogen receptor. J. Steroid Biochem. 1988,30, 263-266. 

(20) Counsell,R. E.;Kliistra,P. D.;Elton,R. L.;Nutting,E. F. Chemical 
and biological properties of some 17-substituted estradiol deriv- 
atives. J. Med. Chem. 1966, 9, 689-692. 

(21) Rochefort, H.; Borgna, J. L. Differences between oestrogen receptor 
activation by oestrogen and antioestrogen. Nature 1981,257-259. 

(22) Borgna, J. L.; Scali, J. Differential inhibition of estrogen and 
antiestrogen binding to the estrogen receptor by diethylpyrocar- 
bonate. J. Steroid Biochem. 1988,31,427-436. 

(23) Borgna, J. L.; Scali, J. Differential interactions of estrogens and 
antiestrogens at  the 178-hydroxy or counterpart function with the 
estrogen receptor. Eur. J. Biochem. 1991,199, 575-585. 

(24) Miller, N. R.; Simons, S. S., Jr. Steroid binding to hepatoma tissue 
culture cell glucocorticoid receptors involves at  least two sulfhydryl 
groups. J. Biol. Chem. 1988,263, 15217-15225. 

(25) Reese, J. C.; Katzenellenbogen, B. S. Mutagenesis of cysteines in 
the hormone binding domain of the human estrogen receptor. J. 
Biol. Chem. 1991,266,10880-10887. 

(26) Borgna, J. L.; Rochefort, H. High affinity binding to the estrogen 
receptor of [SH14-hydroxytamoxifen, an active antiestrogen me- 
tabolite. Mol. Cell. Enaocrinol. 1980,20, 71-85. 

(27) Layne E. Spectrophotometric and turbidimetric methods for 
measuring proteins. Methods Enzymol. 1957,3,444-454. 

(28) Korenman, S. G. Relation between estrogen inhibitory activity and 
binding to cytosol of rabbit and human uterus. Endocrinol. 1970, 
87,1119-1123. 


