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ABSTRACT: The human estrogen receptor (hER) is a ligand-activated transcription factor which, like many
other members of the nuclear receptor protein family, exhibits a dimerization-dependent transcriptional
activation. Several previous reports have provided evidence of the phosphorylation of the hER at tyrosine
537 (Y537). However, the exact function of a putative phosphorylation at this site remains controversial.
Using a yeast transactivation assay, and in vitro biochemical approaches, we show that phosphorylation
of tyrosine 537 is not required for the hER to bind hormone, or to activate transcription. An hER tyrosine
537 to phenylalanine (Y537F) mutant retains 70-75% of the transactivation potential of wild type hER
in a yeast reporter system. Furthermore, the mutated receptor exhibits wild type hormone and DNA binding
affinities. However, this mutation results in a decrease in receptor stability as measured by a decrease in
the extent of hormone binding over time. The most striking difference between the wild type and Y537F
hER is in the estradiol binding kinetics. Whereas the off-rate for estradiol exhibits a two-state binding
mechanism, the Y537F mutant hER exhibits a monophasic estradiol off-rate. On the basis of these data
and other reports describing the structure and activity of Y537 mutations, as well as knowledge of the
three-dimensional structure of the hER ligand binding domain, we propose an alternate model wherein
Y537F mutation favors an “open” pocket conformation, affecting the estrogen binding kinetics and stability
of the hormone-bound, transcriptionally active “closed” pocket conformation. Although its phosphorylation
is not essential for function of the hER, Y537 is nevertheless a critical residue intricately involved with
the conformational changes of the hER and its ability to activate transcription.

The human estrogen receptor (hER)1,2 is an essential
component of a variety of signal transduction pathways,
culminating in the transcription of estrogen-responsive genes
(1). Multiple signaling factors are involved in the regulation

of hER-mediated transcription, including the type of ligand
bound (2), the interaction of the receptor with other protein
coregulators (3), and the phosphorylation status of the
receptor (4, 5).

The hER, like all other members of the nuclear hormone
receptor superfamily, is composed of multiple structural and
functional domains (6). The ligand binding domain (LBD)
not only binds its target ligands but contains a large
dimerization interface, and a hormone-dependent transacti-
vation function, termed AF-2 (7). The transcriptionally active
hER is a homodimer. The AF-2 can be defined as the surface
generated by the conformation of the carboxy-terminal
R-helix (helix 12, hER amino acids 538-545) formed upon
ligand binding. Crystal structure analysis has shown that
different classes of ligands confer distinct and opposite
orientations of this helix, and hence generate different binding
surfaces for the transcription intermediary coactivator pro-
teins (8, 9).

Peptide mapping and Western blotting studies using
antiphosphotyrosine antibodies provide suggestive evidence
for Y537 phosphorylation (10, 11). Several hypotheses have
been developed for the function of Y537 phosphorylation.
In calf uterine cytosol and MCF-7 breast cancer cells, Y537
phosphorylation reportedly plays a role in the hormone
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binding activation of hER (12). Other studies have proposed
additional roles for Y537 phosphorylation in receptor ho-
modimerization, a prerequisite for DNA binding and trans-
activation (10, 13).

Recently, the physiological importance of hER Y537 was
suggested by the detection of a naturally occurring tyrosine
to asparagine mutation (Y537N) at this site in a metastatic
breast carcinoma (14). When transfected into mammalian
cell cultures, the resulting Y537N mutant hER exhibited a
potent estradiol-independent activation. This result was
corroborated by two independent reports characterizing
constitutively active mouse and human estrogen receptors
mutated at Y537 (15, 16). This ligand-independent activation
phenomenon has been directly correlated with the binding
of coactivators to the unliganded hER (17, 18). However, in
those studies, a tyrosine to phenylalanine mutant (Y537F)
did exhibit hormone-dependent transcriptional activation,
similar to that of the wild type (wt) protein (15, 16).

To resolve these apparently contradictory reports, we have
continued our study of hER Y537. We report here that the
Y537F mutation does not significantly alter the hER affinity
for either the estrogen response element (ERE) or estrogenic
ligands. The Y537F hER exhibits a modest 25-30%
decrease in the extent of hER-mediated transcription in a
yeast expression reporter assay. The recombinant Y537F hER
appears to be less stable than the wt in the presence and in
the absence of estradiol. These observations are partially
explained by the demonstration of altered estradiol binding
kinetics between the wt and Y537F hER. In summary, we
demonstrate that Y537 and its phosphorylation are not
essential for hER dimerization and function, but nevertheless
contribute to critical conformational changes and protein
stability.

EXPERIMENTAL PROCEDURES

Materials. [3H]Estradiol (50 Ci/mmol) and [γ-32P]ATP
(3000 Ci/mmol) were purchased from Dupont-NEN (Boston,
MA). The ICI 182,780 was kindly provided by A. E.
Wakeling (Zeneca Pharmaceuticals, Mereside, U.K.). Tamox-
ifen citrate was obtained from Stuart Pharmaceuticals
(Wilmington, DE). Glass beads, 0.5 mm in diameter, for
breaking yeast cell walls, were purchased from Biospec
(Bartesville, OK). Bio-Rad’s Muta-Gene in vitro mutagenesis
kit was used for site-directed mutagenesis, and the dideoxy
Sequenase kit from US Biochemical Corp. was used for
sequencing. Anti-hER polyclonal antibody 6, directed against
amino acids 259-278 (19), was affinity purified for use in
Western blotting, and reacted equivalently with all hER
mutants described in the text. Secondary antibodies were
purchased from Santa Cruz Biotech.

Site-Directed Mutagenesis.Oligo-directed mutagenesis of
the hER was performed by the method of Kunkel (20). The
hER cDNA (HEGO) was cloned into M13mp19 to produce
single-stranded DNA. The following oligonucleotides were
used for mutagenesis: oligo 1 (Y537F), 5′-CAG-CAG-CTC-
GAA-GAG-GGG-CAC-CAC-3′; and oligo 2 (L540Q), 5′-
CAT-CTC-CAG-CTG-CAG-CTC-ATA-GAG-GGG-5′.Y537F-
mutated DNA was used for the second round of mutagenesis
together with oligo 2 to synthesize the double mutant Y537F/
L540Q (dm). All mutations were verified by DNA sequenc-
ing. Mutated hER cDNA was cloned into theEcoRI site of

both the yeast expression vector pSCW231 (21) and the
baculovirus transfer vector pVL1393 (Invitrogen, San Diego,
CA). The orientation of cloned inserts was verified by
restriction enzyme digests withBglII and SmaI.

Preparation of Recombinant hERs. Spodptera frugipedra
(Sf9) cells were infected with baculovirus containing wt or
mutant hER cDNA, grown for 4 days at 27°C, and lysed
by repeated freeze-thaw cycles in a hypotonic buffer [20
mM Tris, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 1 mM
Na3VO4, 0.5 mM PefaBlock (Boehringer Manheim), and 80
µM leupeptin (pH 7.4)]. KCl was added to a final concentra-
tion of 500 mM, and extracts were incubated on ice for 30
min before centrifugation at 28000g. Supernatants were used
as soluble cell extracts, or the hER was partially purified by
40% ammonium sulfate precipitation. Protein extracts from
Saccharomyces cereVisiaewere prepared by the glass bead
method according to Kaiser et al. (22).

Hormone Binding Assays.Ammonium sulfate-precipitated
hERs were used with final hER concentrations of 2 or 10
nM in a TDEEK buffer [40 mM Tris-HCl (pH 7.4), 1 mM
DTT, 1 mM EDTA, 1 mM EGTA, 0.2 mM PefaBlock, 0.5
mM leupeptin, 15% glycerol, and 150 mM KCl]. Ovalbumin
was added to achieve a final protein concentration of 5 mg/
mL. For saturation binding experiments, the receptor prepa-
ration was incubated with various concentrations of [3H]-
estradiol (0.3-100 nM). The extent of nonspecific binding
was measured by a parallel incubation with a 200-fold molar
excess of unlabeled estradiol. Following incubation for 16
h on ice, an aliquot of each mixture was removed to
determine the total [3H]estradiol concentration. The unbound
hormone was removed by incubation with a dextran-coated
charcoal solution (0.03% and 0.3% final concentrations).
Following liquid scintillation counting, the extent of specific
binding was obtained by subtracting the extent of nonspecific
binding from that of total binding. TheKd was determined
by Scatchard analysis.

Electrophoretic Mobility Shift Assays.Whole cell extracts
or ammonium sulfate fractions ofSf9-produced hER were
prepared as described above. The gel mobility experiments
were performed by incubation of equivalent amounts (ap-
proximately 6 nM) of wt or mutant receptor extracts in
binding buffer [20 mM HEPES (pH 7.4), 1 mM EDTA, and
0.2 mM Na3VO4] with protease inhibitors (1 mM leupeptin
and 0.5 mM PefaBlock). Final concentrations of salt and
protein were maintained at 100 mM and 0.2 mg/mL,
respectively. A double-stranded 27 bp probe was end labeled
with [γ-32P]ATP and gel purified, and the specific activity
was determined using thin-layer chromatography and liquid
scintillation counting (1-10 fmol ) 20 000 cpm). One
microgram of poly(dI-dC) (Pharmacia Biotech) was used to
block nonspecific DNA binding. Following incubation for
1 h on ice, the samples were electrophoresed on a 5%
nondenaturing polyacrylamide gel for 2.5 h at 175 V and 4
°C in a 0.5× TBE running buffer. The gels were dried and
exposed to PhosphorImager plates. Band intensities were
quantified using ImageQuant software (Molecular Dynamics)
and saturation plots created and analyzed using Sigma Plot.
For Scatchard analysis, bands were excised and analyzed by
Cherenkov counting.

Yeast Strains, Growth Conditions, and Transfections.The
S. cereVisiae yeast strain 939 was used for all experiments
(23). Yeast cells were grown in minimal yeast medium
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[0.67% (w/v) yeast nitrogen base without amino acids and
2% (w/v) glucose] supplemented with the required amino
acids. Yeast cells were transformed by the lithium acetate
procedure (24). The cells were then plated on minimal yeast
medium supplemented with leucine (100 mg/mL). In these
transformations, plasmid DNA consisted of a 1:2 mixture
of the yeast expression vector pSCW231-hER or appropriate
mutant hER and the reporter plasmid YRPE2 (25). This
plasmid contains two copies of a consensus estrogen-
responsive element upstream of the cyc promoter linked to
a lacZ reporter gene. Successfully transformed yeast cells
were able to restore auxotrophy and grow on synthetic
glucose minimal plates without uracil and tryptophan
(SD/-ura-trp).

QuantitatiVe â-Galactosidase Assays.Yeast cells from a
single colony were grown overnight at 30°C to an OD600 of
1.0-1.5. Following dilution to an OD600 of 0.1, 2 mL aliquots
were transferred to 18 mm diameter glass tubes where 20
µL of the appropriate ligand solution was added. Incubation
was continued in an orbital shaker at 250 rpm for 16 h. The
ligand-treated cells were collected by centrifugation, and
â-galactosidase activity was assayed using whole, permea-
bilized cells. The values were expressed in Miller units as
previously described (21).

Western Blots.Western blots were created as described
previously (19), using a polyclonal antibody raised in our
laboratory for hER detection. Quantification of band intensi-
ties was carried out by densitometry using a range of protein
concentrations and multiple film exposures. For antiphos-
photyrosine blotting, the manufacturer’s recommended pro-
tocol was followed. Several antiphosphotyrsoine antibodies
were used, including the PY20 presented here, and PY66
antibodies from Santa Cruz Biotechnology (Santa Cruz, CA),
as well the 4G10 antibody from Upstate Biotechnology (Lake
Placid, NY).

Stability of the Hormone-Free Receptor.The wt and
mutant Y537F hER expressed as histidine-tagged fusions in
Sf9 insect cells were used for these experiments in addition
to the non-histidine-tagged receptor. Cell pellets were lysed
in TDEG buffer with 20 mg/mL ovalbumin and 0.4 mM
PMSF, 0.1 mM leupeptin, 1.5µM aprotinin, and 2µM E64
in a Dounce tissue homogenizer and centrifuged at 220000g
for 30 min. Soluble extracts were then incubated in the
absence of hormone at 25°C for up to 4 h with aliquots
being removed at the indicated times. Hormone binding
activity was measured after incubation for 1 h at 0°C with
labeled estradiol as described above.

Dissociation of [3H]Estradiol from the wt and Y537F
Mutant hER.Extracts fromSf9insect cells expressing either
the wt or Y537F mutant hER were prepared and incubated
with 20 nM [3H]estradiol for 60 min at 25°C. The unbound
steroid was removed by incubation with 0.5 volume of
dextran-coated charcoal suspension in TDE buffer for 10 min
on ice. The charcoal was pelleted by centrifugation (5 min
at 1000g). The supernatant was removed, and 10µM
unlabeled estradiol was added and the incubation continued
at 25 °C. At the indicated times, 0.2 mL aliquots were
removed and incubated with 0.1 mL of the dextran-coated
charcoal suspension for 10 min on ice. The charcoal was
pelleted with centrifugation, and 0.1 mL of the supernatant
was removed for measurement of bound [3H]estradiol using
liquid scintillation counting. The extent of inactivation of

the receptor was measured in parallel incubations in which
the first dextran-coated charcoal treatment was eliminated.

The data were analyzed using GraphPad PRISM, and were
fit to either a two-phase or a one-phase exponential decay
as indicated. The values of the fast dissociation component
were corrected by subtraction of the contribution of the slow
phase component. All values were plotted semilogarithmi-
cally, with theY-axis being the percentage of bound [3H]-
estradiol.

RESULTS

Estrogen Receptor Mutations in the AF-2 Core Region of
the Hormone Binding Domain.The mutation of tyrosine 537
to phenylalanine was initially introduced so that the putative
role of phosphorylation on this residue in receptor dimer-
ization and activation could be investigated (13). A second
mutation, L540Q, was also prepared, which has been
documented to disrupt transcriptional coactivator interactions
with the hER and exhibits a dominant negative phenotype
(26, 27). A third hER mutant, Y537F/L540Q, containing the
mutations at both residues was also prepared. Via study of
the Y537F mutation alone and in the context of a second
mutation not only close by but also with an established
phenotype, the role of this residue in receptor function can
be further dissected. Figure 1 shows the location of these
residues in relation to the known secondary structure
associated with the region.

Transcriptional ActiVation of wt and Mutant Estrogen
Receptors in Yeast.A yeast expression reporter system was
constructed so the transcriptional activation properties of the
wt and mutant hERs could be investigated (21). The hERs
expressed in yeast were transcriptionally active and hormone-
responsive (Figure 2). The relative transcriptional activities
of wt and mutant hERs were measured after treatment with
10 nM estradiol (Figure 2A). The Y537F, L540Q, and
Y537F/L540Q mutants (dm) exhibited approximately 25, 50,
and 75% decreases, respectively, in the level of transacti-
vation relative to that of wt. Yeast cells containing an
expression vector lacking the hER cDNA or those containing
a cDNA inserted in the opposite orientation (inverted)
showed no estradiol response.

A Western blot with a purified anti-hER polyclonal
antibody indicated a consistent and equivalent level of the

FIGURE 1: Sequence surrounding helix 12 of the hER ligand binding
domain. The boundaries of the structural and functional domains
of the hER are illustrated in relation to the helix 12-AF-2 core
region in the ligand binding domain. Amino acids mutated in this
study are shown as tall bold letters (Y537 and L540). The location
of helices 11 and 12 is also indicated by the underlined sequences
(8).
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hER protein in all strains (Figure 2B). Although random
deviations observed in yeast-expressed wt and mutant hERs
can be quantified by densitometry of Western blots (within
10-20%), the observed differences in the level of transac-
tivation remained consistent. No hER protein was detected
in yeast cells lacking the hER cDNA expression vector or
in the cDNA inverted strain. Thus, differences in transcrip-
tional activity were not due to differences in the levels of
expressed protein.

Maximal activation of transcription occurred near 10 nM
estradiol for each mutant (Figure 2C). Higher concentrations
of ligand had little effect, indicating that the mutant proteins,
even when stimulated maximally by estradiol, do not attain
the same levels of activation as wt.

Transcriptional ActiVation of hERs by Selected Agonists
and Antagonists.We compared the ligand specificity and
effectiveness of various hER agonists and antagonists in
intact yeast cells. As shown in Figure 3, the activation of
lacZ by both wt and mutants was strictly estrogen specific.
No induction ofâ-galactosidase activity was detected in the
presence of other steroids, such as progesterone, dexametha-
sone, or testosterone (data not shown). Estriol was able to
stimulate reporter expression at concentrations that were 10-
fold higher than those required for maximal induction with
estradiol. The antiestrogens ICI 182,780 and tamoxifen citrate
had no effect on wt or mutant hER transactivation when
added alone but were able to antagonize the estradiol-induced
transactivation. The responses to these compounds in yeast
are in good agreement with published mammalian cell culture
and in vivo data (28, 29). These data suggest that none of
the mutations significantly alters the ligand binding properties
of the hER.

FIGURE 2: Transcriptional activation of wt and mutant hER in yeast.
(A) The yeast strains containing either the wt or indicated mutant
hER and the ERE reporter plasmid were grown at 30°C for 18 h
in the presence or absence of 10 nM estradiol. Transcriptional
activities of hER were measured by theâ-galactosidase assay and
are shown as a percentage of the maximal response, measured in
Miller units. The data shown are the means( SEM for 8-20
individual samples from three to five different experiments. (B)
Western blot of yeast-expressed hERs. Yeast cells, prepared as
described above, were lysed in SDS sample buffer, boiled for 5
min, and subjected to Western blot analysis with anti-hER antibody.
A representative result from three experiments is shown. The
wt(inv) contains yeast extract in which the yeast expression vector
has an inverted orientation of the hER cDNA sequence, resulting
in no observable protein expression. (C) The ability of wt and
mutant hERs to activate transcription over a range of estradiol
concentrations was measured as described for panel A. Each curve
is the mean( SEM of three separate experiments, carried out in
triplicate.

FIGURE 3: Steroid specificity of the mutant and wt hERs. The yeast
cells expressing the wt and mutant hERs along with the reporter
plasmid YRPE2 were grown in medium containing the indicated
ligand at 30°C for 16 h. E2 is 17-â-estradiol and E3 estriol. The
ability of the antiestrogens tamoxifen citrate (TAM) and ICI 182,780
(ICI) to block estradiol-mediated transactivation of the hERs was
assessed at the concentration of E2 corresponding to an ap-
proximately half-maximal response: 5 nM for wt and Y537F or
50 nM (*) for L540Q and dm hERs.
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Estradiol Binding Analysis of wt and Mutant hERs.The
hER mutants studied here were also produced in baculovirus-
infectedSf9cells to obtain sufficient quantities of receptor
for binding analyses. Receptors produced inSf9and yeast
cells exhibit characteristics similar to those of the native hER
(19). The wt and mutant baculovirus hERs exhibited similar
[3H]estradiol binding affinities (Kd ) 0.8-2.0 nM) at both
low and high hER concentrations (Figure 4). We compared
the cooperativity of the mutants with that of wt hER to
address the question of either mutation affecting the neces-
sary site-site interactions attributed to the cooperative nature
of estradiol binding (30). At concentrations between 10 and
12 nM, all hERs exhibited maximum cooperativity with a
Hill coefficient of 1.4 ((0.02-0.05). At intermediate
concentrations (2-4 nM hER), the affinity and observed
partial cooperativity (Hill coefficient of 1.1-1.3) were also
similar. These experiments were repeated two or three times
with different receptor preparations under identical condi-
tions, with no significant deviations. Low concentrations of
hERs (<1 nM) yielded no cooperative estradiol binding and
did not vary significantly in relative affinities (Figure 4
insets).

The Y537F Mutation Alters the Capacity but Not the
Affinity of the hER for an Estrogen Response Element (ERE).
The Sf9-produced hERs were analyzed by electrophoretic
mobility shift assays to determine if the altered transcriptional

responses of the mutant hERs were a result of variations in
their DNA binding properties. Cell extracts were first
standardized for hER content by Western blotting and
densitometry to determine relative concentrations, to within
10% error, of total hER among the receptor preparations (data
not shown). Using equivalent amounts of total hER, the
apparent ERE affinity was estimated from saturation curves
with 32P-labeled ERE in both the presence and absence of
estradiol. Saturation and Scatchard plots for the wt and
mutants were generated by maintaining equivalent receptor
and protein concentrations and increasing the amount of ERE
added to the reaction mixture (Figure 5). The wt and mutant
hERs exhibited similar affinities for the ERE in either the
absence or presence of estradiol. It should be emphasized
that the amount of hER used in these experiments was
calibrated on the basis of the total number of receptors as
quantified by Western blotting, which will not necessarily
represent equivalent hormone binding sites. The exact
relationship between binding sites and receptor stability is
unclear, but it is likely that a mutation-induced loss of protein
stability would decrease the number of hormone binding
sites, and result in an apparent decrease in the concentration
of active (hormone-binding) receptor.

A distinct difference in DNA binding capacity was
observed between the wt and Y537F mutant proteins upon
treatment with estradiol. After preincubation of wt hER with

FIGURE 4: Saturation analyses of the [3H]estradiol binding of the mutant and wt hERs. Aliquots of extracts containing 0.8-12 nM receptors
were incubated for 16 h on ice with increasing concentrations of [3H]estradiol. The extent of specific ligand binding was determined by
subtraction of the extent of nonspecific binding in the presence of a 200-fold excess of radio inert estradiol from the total extent of binding
observed. The data were analyzed by the methods of Scatchard and Hill. The relative affinities were estimated from fitted saturation plots
and did not vary between wt and mutants more than 50% for any given measurement. The Hill coefficients (nH) are indicated for each
receptor with the SEM for three independent measurements. A representative Scatchard plot is shown for each mutant at both high and low
(inset) concentrations.
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estradiol, the maximum level of binding to the ERE increased
more than 2-fold compared to that of non-estradiol-treated
samples, while the apparentKd remained essentially un-
changed. An identical estradiol incubation with an equivalent
amount of Y537F receptor had only a small effect on ERE
binding (Figure 6). This result suggests the stabilizing effect
of estradiol on the hER is absent in the Y537F mutant.

Y537 Stabilizes the Hormone-Binding ActiVity of the hER.
The difference in protein stability between the wt and Y537F
was tested directly in two ways. First, cell extracts containing
the wt and Y537F mutant hER were prepared in the absence
and in the presence of carrier protein (ovalbumin, 20 mg/
mL). The presence or absence of carrier protein had little
effect on the binding of the wt hER to [3H]estradiol (Figure
7A). However, in the absence of the carrier protein, the
Y537F mutant hER exhibited little [3H]estradiol binding
activity; the activity was increased approximately 10-fold
by addition of the carrier (Figure 7A). Western blotting
revealed no differences in the recovery of hER protein, or
sensitivity to proteolysis (not shown).

Second, cell extracts expressing either wt or Y537F
receptor and containing the carrier protein were incubated
for up to 4 h at 25°C in the absence of hormone, followed
by measurement of the remaining hormone binding activity.
The wt hER retained its hormone binding activity essentially
unchanged for up to 4 h, whereas the Y537F hER lost 30%
of its binding activity during that time (Figure 7B). This
effect was most striking in extracts prepared using low-ionic
strength buffer. In contrast, when cells were prepared in the
presence of 300 mM KCl, the hormone binding activity of

both receptors increased approximately 3-fold during the first
hour of incubation (Figure 7C). The activity of the wt
receptor remained stable for up to 4 h. The hormone binding
activity of the Y537F hER remained near maximal for up to
2 h, but a small (approximately 15%) decrease from maximal
levels was observed at 4 h (Figure 7C). Western blotting
revealed no detectable differences in immunoreactivity
between aliquots taken at the beginning or the end of the
incubation (not shown).

Dissociation of [3H]Estradiol from the wt and Y537F
Mutant hER.The dissociation of [3H]estradiol from the wt
hER exhibited a biphasic or two-component dissocation curve
(Figure 8). The half-life of the first, fast component was 13.0
( 0.6 min, while the half-life of the second, slow component
was 118( 3 min. By contrast, the dissocation of [3H]-
estradiol from the Y537F mutant hER appeared to be linear,
with a half-life of 65( 9.8 min (Figure 8). Moreover, when
the data for dissocation from the Y537F mutant were fit to
equations for two-phase dissocation and one-phase dissocia-
tion, the equation for one-phase dissocation gave a better fit
(not shown). No effect of receptor concentration on the
dissocation kinetics of either the wt or the mutant was
observed under these conditions.

DISCUSSION

Tyrosine 537 of the hER is located in a flexible loop region
at the base of the amphipathicR-helix (H12) of the ligand
binding domain which undergoes extreme conformational
changes in response to hormone binding (8, 9). We have
studied the function of Y537 by biochemical analysis of

FIGURE 5: DNA binding analysis of wt and mutant hERs Relative expression levels of the wt and mutants were calibrated by titrating cell
extracts over a range of hER concentrations on a Western blot. Equivalent amounts of the indicated hERs were then subjected to electrophoretic
mobility shifts assays (EMSAs). To obtain affinity measurements, constant amounts of cell extract were incubated with increasing
concentrations of32P-labeled ERE probe. Following electrophoresis, hER-ERE and free ERE bands were excised and analyzed by Cherenkov
counting. Affinity constants were derived as described by the method of Scatchard. A representative analysis is shown with the calculated
affinity constants for that experiment. The meanKd values obtained from three different experiments ranged from 1 to 5 nM and were not
significantly different.
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specific mutations, and provide a comparison with studies
of other relevant mutations within this region (Table 1). We
find that a tyrosine to phenylalanine mutation reduces hER
stability, alters the hormone binding kinetics, and attenuates
receptor-mediated transcriptional response in yeast by ap-
proximately 25%. Furthermore, in combination with the
dominant negative L540Q hER mutant, the effect on
transcription is additive. These data support a hypothesis in
which hER Y537 is an important component of the intricate
protein structure-function mechanism of hER activation.

Yeast TransactiVation Assays and hER Mutants.Yeast-
based transcription assays are common approaches to study-
ing mammalian hormone receptors (31). Yeast-expressed

hER has been shown to exhibit DNA and hormone binding
affinities similar to those of the mammalian expressed
receptor (32-34). We have established a transactivation
assay for the hER inS. cereVisae which is completely
hormone-dependent and responds to steroids in a manner
comparable to those of other reported yeast and mammalian
expression systems (21, 35). Yeast expressing the receptor
exhibit no measurable basal transcriptional activation in the
absence of estrogen treatment. Another distinction of the
yeast system is that unlike transient transfection assays, a
relatively low and consistent amount of hER protein is
expressed, estimated to be around 5-10 nM (A. Notides,
unpublished data).

FIGURE 6: DNA binding capacity of the hER is compromised in Y537F.(A) Equivalent amounts of wt and Y537F hER cell extracts were
incubated overnight on ice in both the absence and presence of 10 nM estradiol before incubation with increasing concentrations of32P-
labeled ERE probe. The overnight incubation of wt hER in the absence of hormone did not decrease the level of ERE binding as compared
with the same receptor used immediately in a gel shift (data not shown). (B) The data presented in panel A were plotted as a function of
ERE concentration. The ordinate is relative units as measured on the PhosphorImager from an equal exposure time for each gel. The
relative affinities of wt and Y537F hER do not vary more than 2-fold from experiment to experiment. A representative graph from three
separate experiments is shown, with the smooth line indicating the data fit to a hyperbolic equation.
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The yeast expressing Y537F hER exhibited a small but
measurable decrease in the maximum level of transactivation
which was further diminished in combination with the L540Q
AF-2 mutant. In our system, the mutant and wt receptors
were expressed at equivalent levels (within 10%) independent

of added estradiol, and all responded to agonists and
antagonists in a manner consistent with mammalian cell
cultures or in vivo systems (36). Although several yeast
studies show a lack of estradiol antagonsim using tamoxifen
and ICI 182,780, and in fact report of a partial agonist
response with these compounds, we and others have observed
estradiol antagonism with these compounds in yeast (refs
21and52and references therein). Several explanations have
been proposed to account for these differences, including
yeast strain and promoter specificity, different uptake ratios

FIGURE 7: Stability of the wt and Y537F mutant ERs.(A) Cell
extracts were prepared with and without 20 mg/mL ovalbumin
carrier protein. The extracts were incubated with 20 nM [3H]-
estradiol for 1.5 h in an ice/water bath. A parallel incubation
containing 20 nM [3H]estradiol and a 200-fold molar excess of
unlabeled estradiol was carried out to determine the level of specific
binding. Free and bound steroids were separated with the dextran-
coated charcoal assay, and the amounts were measured using liquid
scintillation counting. These data are typical of four independent
experiments. (B) Cell extracts were prepared fromSf9 cells
expressing the wt or Y537F hER, in a low-ionic strength TDEG
buffer containing 20 mg/mL ovalbumin. The extracts were incu-
bated without hormone at 25°C for up to 4 h, and the remaining
hormone binding activity was measured as described in Experi-
mental Procedures. The data are expressed relative to the initial
concentration of specifically bound [3H]estradiol. The initial
concentrations of bound [3H]estradiol were 3.7 and 3.8 nM (wt),
and 6.7 and 7.3 nM (Y537F). The data are the average of two
independent experiments. (C) Cell extracts were prepared as
described for panel B, with the addition of 0.3 M KCl. The initial
concentrations of bound [3H]estradiol were 1.6 and 3.2 nM (wt),
and 1.1 and 2.6 nM (Y537F). The data are the average of two
independent experiments.

FIGURE 8: Dissociation of [3H]estradiol from the wt and Y537F
mutant hER. Extracts fromSf9 insect cells expressing either wt
(b) or Y537F hER (9) were prepared, and the dissociation of [3H]-
estradiol from the receptors was assessed as described. Receptor
concentrations were between 1.05 and 2.67 nM for wt and 0.86
and 5.1 nM for the Y537F hER. The values that are shown are the
mean and SEM of four independent experiments. The lines represent
the best fit to two-phase exponential decay (wt) or one-phase
exponential decay (Y537F). Inactivation of the wt (O) and Y537F
hERs (0) was assessed in parallel incubations and was less than
5%.

Table 1: Summary of hER Y537 and Helix 12 Mutations and Their
Effects on Hormone-Induced Transcription and the Observed
Phenotypea

hER transcriptional response phenotype ref

wt hormone-dependent wt protein
Y537F hormone-dependent decreased stability10-16
L540Q hormone-dependent dominant negative26, 27

Y537S
Y537A
Y537E hormone-independent constitutively active14-18
Y537D
Y537N
L536P

L539A/L540A none transactivation 47-49
M543A/L544A (AF-2) deficient

D538V hormone-dependent reduced response 51
a Receptors were studied in various systems. Refer to the indicated

references for each mutant. The Y537 mutants exhibit various degrees
of constitutive activity. Where appropriate, mouse ER residues are
indicated as the corresponding human sequences.
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and metabolism of antiestrogen compounds in yeast, and the
presence or absence of specific factors associated with
transcriptional activation of the hER.

Despite the known tyrosine kinase and phosphatase activity
in S. cereVisiae (37, 38), we have not determined whether
in fact the Y537 site of the hER expressed in yeast was
phosphorylated. On the other hand, the differences between
wt and Y537F obtained with the yeast transcription assay
(Figure 2A) were quantitatively similar to those obtained in
mammalian cell transcription assays performed by us and
others (D. Vorojeikina, unpublished data, and refs15 and
16). This suggests that the role of Y537 phosphorylation in
transcriptional activation is probably insignificant.

Tyrosine 537 Phosphorylation.Tyrosine phosphorylation
of the hER was first reported 14 years ago where it was
found that32P-labeling of the rat uterine estrogen receptors
occurred on tyrosine residues (39). This receptor also reacted
with antiphosphotyrosine antibodies (40). It was shown by
deletion and mutational analysis that tyrosine 537 was
required for maximal hormone binding activity of in vitro-
synthesized ER (41). These authors proposed that tyrosine
537 phosphorylation was required for estradiol activation of
the hER.

An alternative role for Y537 phosphorylation was proposed
in which tyrosine phosphorylation not only regulates hor-
mone binding activity (42) but also is required for the DNA
binding and dimerization of the hER (13). In this model,
Y537 phosphorylation is essential for the interaction of one
monomer with another tyrosine-phosphorylated monomer to
constitute an active hER dimer. The data presented here,
which were verified with multiple preparations of sequence-
verified recombinant hER mutants, as well as similar data
presented by others (15, 16), do not support this hypothesis.
Several explanations for the differences from earlier observa-
tions exist. The observed decrease in the stability of the
Y537F hER described here may have been interpreted as an
effect of phosphorylation state. Additionally, differences in
expression levels during the original preparation of the
Y537F mutant could have resulted in an apparent loss of
activity when compared to that of the wt. Since we do
observe a decrease in receptor stability with the Y537F
mutant, small changes in sample handling and preparation
could magnify differences with the wt hER.

Several attempts were made in our laboratories to distin-
guish the Y537F mutation from wt by Western blotting with
antiphosphotyrosine antibodies. Although the phosphoty-
rosine antibodies do react with the hER (Figure 9), no
significant differences were observed between wt or Y537F
receptors expressed inSf9 insect cells, suggesting either a
lack of tyrosine 537 phosphorylation in the recombinant hER
or the presence of alternative tyrosine-phosphorylated sites.
Interestingly, the possibility of alternative tyrosine phospho-
rylation sites on the hER has recently been suggested (43).
To date, the only direct evidence of Y537 phosphorylation
that has been reported was a result of radiolabel sequencing
of the hER tryptic peptides fromSf9and MCF-7 cells (10).
However, the amount of phosphorylation on Y537 was only
5-6% of the total amount of hER phosphorylation. Thus,
the extent and the functional role of tyrosine 537 phospho-
rylation therefore remain unclear.

The decreased stability of the Y537F hER can be explained
by several lines of reasoning which do not involve phos-

phorylation. As seen in Figure 10, the hydroxyl group of
Y537 forms a hydrogen bond with asparagine 348, within
helix 3 on the estradiol-bound hER (8). The potentially
stabilizing effect of this interaction in the hormone-bound
hER is obviously absent in the phenylalanine mutant.
Furthermore, phenylalanine itself is known to have a helix
destabilization effect when studied in relation to other
hydrophobic amino acids (44).

The wt hER, expressed inSf9insect cells, exhibits biphasic
dissocation kinetics, as has previously been reported for the
calf uterine hER (45). The values of the half-lives of the

FIGURE 9: Reactivity of hER to antiphosphotyrosine antibodies.
To analyze the wt and Y537F hER for reactivity to antiphospho-
tyrosine antibodies, increasing amounts of total cell extracts
containing approximately equivalent amounts of both wt and Y537F
hER were run on SDS-PAGE and transferred to PVDF membranes.
The blots were first probed with the PY20 antiphosphotyrosine
antibody from Santa Cruz Biotech (Anti-PY) according to the
manufacturer’s protocol. The membrane was then stripped and
reprobed with the anti-hER antibody (Ab 6). Similar results were
obtained when the order of probing was reversed. Other antiphos-
photyrosine antibodies also reacted with the hER (see Experimental
Procedures). The raised triangle corresponds to increasing amounts
of total protein in each lane corresponding to approximately 2.5,
10, and 25µg of total protein, respectively. The hER band at 66
kDa is denoted to the right along with the positions of the molecular
mass markers (MW, kilodaltons).

FIGURE 10: Potential hydrogen bond between Y537 and N348.
Residues Y537 and N348 are shown in magenta; estradiol is shown
in yellow. The potential hydrogen bond is represented by a dotted
green line and is highlighted by an arrow. This figure was generated
using the coordinates of the hER ligand-binding domain deposited
in the PDB (1ere) (8) using Molecular Images software.
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two phases are somewhat different for the two receptors,
5.8 and 173 min for the calf ER versus 14.9 and 118 min
for the recombinant hER, respectively. We do not know
whether this variance is due to differences in the solution
conditions between experiments, or reflects actual differences
between the bovine and human receptors. The biphasic
dissocation kinetics for the wt hER and positive cooperative
equilibrium binding reported here for both the wt and Y537F
mutant are consistent with the ERs being in the dimeric state.

In contrast with the wt hER, the Y537F mutant exhibited
monophasic dissocation kinetics, with a half-life of ap-
proximately 70 min. These results were surprising, since the
equilibrium studies demonstrated that the wt and Y537F
mutant hER bound [3H]estradiol with the same affinity. The
results suggest that mutation of Y537 affected the association
rate, as well as the dissocation rate, of the interaction between
estradiol and the ER. This observation is consistent with the
conclusions of Carlson et al. (46), who studied deletion
mutants of the hER and the Y537S mutant of the hER.
However, in their report, neither cooperative binding of
estradiol to the receptor nor biphasic dissocation kinetics for
dissociation of estradiol from the receptors were observed.
Overall, the data are consistent with the idea that the loss of
the predicted hydrogen bond between Y537 and N348
dramatically alters the kinetics of the receptor-hormone
interaction. The ability of the Y537 to form a hydrogen bond
is also important in the stability of the hormone-free receptor.

Analysis of Y537 and H12 Mutations.Several constitu-
tively active Y537 mutant hERs have been identified in
which serine, alanine, glutamic acid, and asparagine replace
the tyrosine (14-16). The degree of constitutive activity has
been correlated with the formation of a stabilized interface
for receptor coactivators or transcription factors (16). These
receptors apparently gain hormone-independent function by
folding into a “closed” position where H12 covers the ligand
binding pocket (46). Our data indicate that the phenylalanine
substitution has a small, but opposite, destabilizing effect.
We propose a model in which the tyrosine to phenylalanine
change favors a more “open”, or “loose”, conformation in
both the presence and absence of hormone (Figure 11). The
change in hydrogen bonding and the increased hydrophobi-

city of the phenylalanine could account for the difference
between phenylalanine and tyrosine at this position by
preventing a stable conformation of the hER. Similarly, the
increased size of phenlylalanine, relative to serine and
alanine, could explain the lack of Y537F constitutive activity
as observed for Y537S and Y537A hER. This model assumes
a two-state mechanism for hormone binding for both wt and
mutant hERs. Alternatively, the Y537F hER could adopt a
distinct conformation in the hormone-free state. While the
Y537 mutants are able to bind coactivators (16), the L540Q
and other helix 12 AF-2 AD mutations, such as the double
mutants L539A/L540A and M543A/L544A, do not (47-
49). Mutations of other neighboring amino acids have been
found to affect hER function as well. Constitutive activity
has been demonstrated for an L536P hER mutant (50), and
another mutation, D538V, exhibits a muted transcriptional
response to estradiol in yeast, similar to that of the L540Q
hER (51). These mutations are summarized in Table 1 and
suggest a dual role for the helix 12 region in providing both
a stable and a specific surface for coactivators, since these
mutations can apparently affect either function (Figure 11).

The analyses presented here are intended to clarify the
role of tyrosine 537 in hER function. Although the possible
phosphorylation of Y537 and the dimerization of the hER
are apparently not directly related, mutations at this site do
have significant consequences on receptor function. These
effects, as well as those seen in mutations nearby, can be
partially explained with an understanding of the structure of
the LBD and the role of helix 12 in activation.
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