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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—7®% 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)s an essential  of hER-mediated transcription, including the type of ligand
component of a variety of signal transduction pathways, bound @), the interaction of the receptor with other protein
culminating in the transcription of estrogen-responsive genescoregulators §), and the phosphorylation status of the
(1). Multiple signaling factors are involved in the regulation receptor 4, 5).

The hER, like all other members of the nuclear hormone
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binding activation of hERX2). Other studies have proposed both the yeast expression vector pSCW221) (and the
additional roles for Y537 phosphorylation in receptor ho- baculovirus transfer vector pVL1393 (Invitrogen, San Diego,
modimerization, a prerequisite for DNA binding and trans- CA). The orientation of cloned inserts was verified by
activation (0, 13). restriction enzyme digests witBglll and Smd.

Recently, the physiological importance of hER Y537 was  Preparation of Recombinant hERSpodptera frugipedra
suggested by the detection of a naturally occurring tyrosine (Sf9 cells were infected with baculovirus containing wt or
to asparagine mutation (Y537N) at this site in a metastatic mutant hER cDNA, grown for 4 days at 2T, and lysed
breast carcinomalé). When transfected into mammalian by repeated freezethaw cycles in a hypotonic buffer [20
cell cultures, the resulting Y537N mutant hER exhibited a MM Tris, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 1 mM
potent estradiol-independent activation. This result was NaVO,, 0.5 mM PefaBlock (Boehringer Manheim), and 80
corroborated by two independent reports characterizing «M leupeptin (pH 7.4)]. KCl was added to a final concentra-
constitutively active mouse and human estrogen receptorstion of 500 mM, and extracts were incubated on ice for 30
mutated at Y53715, 16). This ligand-independent activation ~min before centrifugation at 280g0Supernatants were used
phenomenon has been directly correlated with the binding as soluble cell extracts, or the hER was partially purified by
of coactivators to the unliganded hER7( 18). However, in 40% ammonium sulfate precipitation. Protein extracts from
those studies, a tyrosine to phenylalanine mutant (Y537F) Saccharomyces cerisiae were prepared by the glass bead
did exhibit hormone-dependent transcriptional activation, method according to Kaiser et ak3).
similar to that of the wild type (wt) proteinlg, 16). Hormone Binding_Ass_ayAmmonium sulfat(_a—precipitated

To resolve these apparently contradictory reports, we have"ERS were used with final hER concentrations of 2 or 10
continued our study of hER Y537. We report here that the "M in a TDEEK buffer [40 mM Tris-HCI (pH 7.4), 1 mM
Y537F mutation does not significantly alter the hER affinity DTT, 1 mM EDTA, 1 mM EGTA, 0.2 mM PefaBlock, 0.5

for either the estrogen response element (ERE) or estrogeni¢"M leupeptin, 15% glycerol, and 150 mM KCI]. Ovalbumin
ligands. The Y537F hER exhibits a modest-Z0% was added to achieve a final protein concentration of 5 mg/
decrease in the extent of hER-mediated transcription in amML- For saturation binding experiments, the receptor prepa-
yeast expression reporter assay. The recombinant Y537F hERation was incubated with various concentrations f]{
appears to be less stable than the wt in the presence and igstradiol (0.3-100 nM). The extent of nonspecific binding
the absence of estradiol. These observations are partiallyvas measured by a parallel incubation with a 200-fold molar
explained by the demonstration of altered estradiol binding €xc€ss of unlabeled estradiol. Following incubation for 16
kinetics between the wt and Y537F hER. In summary, we N On ice, an aliquot of each mixture was removed to
demonstrate that Y537 and its phosphorylation are not determine the totaPH]estradiol concentration. The unbound
essential for hER dimerization and function, but nevertheless hormone was removed by incubation with a dextran-coated
contribute to critical conformational changes and protein charcoal solution (0.03% and 0.3% final concentrations).

stability. Following liquid scintillation counting, the extent of specific
binding was obtained by subtracting the extent of nonspecific
EXPERIMENTAL PROCEDURES binding from that of total binding. Th&y was determined
by Scatchard analysis.
Materials. [*H]Estradiol (50 Ci/mmol) and-**P]ATP Electrophoretic Mobility Shift Assay#/hole cell extracts

(3000 Ci/mmol) were purchased from Dupont-NEN (Boston, or ammonium sulfate fractions &f3produced hER were
MA). The ICI 182,780 was kindly provided by A. E. prepared as described above. The gel mobility experiments
Wakeling (Zeneca Pharmacedticals, Mereside, U.K.). Tamox- were performed by incubation of equivalent amounts (ap-
ifen citrate was obtained from Stuart Pharmaceuticals proximately 6 nM) of wt or mutant receptor extracts in
(Wilmington, DE). Glass beads, 0.5 mm in diameter, for binding buffer [20 mM HEPES (pH 7.4), 1 mM EDTA, and
breaking yeast cell walls, were purchased from Biospec 0.2 mM NaVO,] with protease inhibitors (1 mM leupeptin
(Bartesville, OK). Bio-Rad’s Muta-Gene in vitro mutagenesis and 0.5 mM PefaBlock). Final concentrations of salt and
kit was used for site-directed mutagenesis, and the dideoxyprotein were maintained at 100 mM and 0.2 mg/mL,
Sequenase kit from US Biochemical Corp. was used for respectively. A double-stranded 27 bp probe was end labeled
sequencing. Anti-hER polyclonal antibody 6, directed against with [y-32P]JATP and gel purified, and the specific activity
amino acids 259278 (19), was affinity purified for use in  was determined using thin-layer chromatography and liquid
Western blotting, and reacted equivalently with all hER scintillation counting (310 fmol = 20 000 cpm). One
mutants described in the text. Secondary antibodies weremicrogram of poly(dl-dC) (Pharmacia Biotech) was used to
purchased from Santa Cruz Biotech. block nonspecific DNA binding. Following incubation for
Site-Directed Mutagenesi®ligo-directed mutagenesisof 1 h on ice, the samples were electrophoresed on a 5%
the hER was performed by the method of Kunk)( The nondenaturing polyacrylamide gel for 2.5 hat 175V and 4
hER cDNA (HEGO) was cloned into M13mp19 to produce °C in a 0.5« TBE running buffer. The gels were dried and
single-stranded DNA. The following oligonucleotides were exposed to Phosphorlmager plates. Band intensities were
used for mutagenesis: oligo 1 (Y537F)GAG-CAG-CTC- guantified using ImageQuant software (Molecular Dynamics)
GAA-GAG-GGG-CAC-CAC-3; and oligo 2 (L540Q), 5 and saturation plots created and analyzed using Sigma Plot.
CAT-CTC-CAG-CTG-CAG-CTC-ATA-GAG-GGG-5Y537F- For Scatchard analysis, bands were excised and analyzed by
mutated DNA was used for the second round of mutagenesisCherenkov counting.
together with oligo 2 to synthesize the double mutant Y537F/  Yeast Strains, Growth Conditions, and Transfectidite
L540Q (dm). All mutations were verified by DNA sequenc- S. cereisiae yeast strain 939 was used for all experiments
ing. Mutated hER cDNA was cloned into tl&eadR| site of (23). Yeast cells were grown in minimal yeast medium
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[0.67% (w/v) yeast nitrogen base without amino acids and Ligand Binding, Dimerization,
2% (w/v) glucose] supplemented with the required amino B‘?"é’f\ and Transcriptional Activation
acids. Yeast cells were transformed by the lithium acetate incing

procedure Z4). The cells were then plated on minimal yeast omain f
E §

medium supplemented with leucine (100 mg/mL). In these
transformations, plasmid DNA consisted of a 1:2 mixture
of the yeast expression vector pPSCW231-hER or appropriate N
mutant hER and the reporter plasmid YRPEZ)( 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 helix 10/11 helix 12

were able to restore auxotrophy and grow on synthetic fyre1: Sequence surrounding helix 12 of the hER ligand binding
glucose minimal plates without uracil and tryptophan domain. The boundaries of the structural and functional domains
(SD/-ura-trp). of the hER are illustrated in relation to the helix-1&F-2 core

ot . i region in the ligand binding domain. Amino acids mutated in this
G antiatve § e?ealaﬁﬁtv?ﬁ'gsffnf\f{ﬁ%afé ;ﬁ'ggorgfa study are shown as tall bold letters (Y537 and L540). The location
g y were gro g 600 of helices 11 and 12 is also indicated by the underlined sequences
1.0-1.5. Following dilution to an Ok, of 0.1, 2 mL aliquots (8).

were transferred to 18 mm diameter glass tubes where 20
uL of the appropriate ligand solution was added. Incubation the receptor was measured in parallel incubations in which
was continued in an orbital shaker at 250 rpm for 16 h. The the first dextran-coated charcoal treatment was eliminated.
Ilgand-trea_ted cells_V\_/ere collected by c_entnfugatlon, and  The data were analyzed using GraphPad PRISM, and were
p-galactosidase activity was assayed using whole, permeasit o eijther a two-phase or a one-phase exponential decay
bilized cells. The values were expressed in Miller units as 45 jngdicated. The values of the fast dissociation component
previously described2(1). _were corrected by subtraction of the contribution of the slow
Western BlotsWestern blots were created as described phase component. All values were plotted semilogarithmi-
previously @9), using a polyclonal f'i_ntlb_ody raised Inour caly, with the Y-axis being the percentage of bourféiJ
laboratory for hER detection. Quantification of band intensi- astradiol.
ties was carried out by densitometry using a range of protein
concentrations and multiple film exposures. For antiphos- RESULTS
photyrosine blotting, the manufacturer's recommended pro- ) ) )
tocol was followed. Several antiphosphotyrsoine antibodies ~EStrogen Receptor Mutations in the AF-2 Core Region of
were used, inc|uding the PY20 presented here, and PY66the Hormone Blndlng Domaihe mutation of terSIne 537
antibodies from Santa Cruz Biotechnology (Santa Cruz, CA), to phenylalanine was initially introduced so that the putative
as well the 4G10 antibody from Upstate Biotechnology (Lake ole of phosphorylation on this residue in receptor dimer-
Placid, NY). ization and activation could be investigateiB), A second
Stability of the Hormone-Free Receptdfhe wt and ~ Mutation, L540Q, was also prepared, which has been
mutant Y537F hER expressed as histidine-tagged fusions indocumented to disrupt transcriptional coactivator interactions
Sf9insect cells were used for these experiments in addition With the hER and exhibits a dominant negative phenotype
to the non-histidine-tagged receptor. Cell pellets were lysed (26, 27). A third hER mutant, Y537F/L540Q, containing the
in TDEG buffer with 20 mg/mL ovalbumin and 0.4 mM mutations at both residues was also prepared. Via study of
PMSF, 0.1 mM leupeptin, 1.6M aprotinin, and 2«:M E64 the Y537F mutation alone and in the context of a sgcond
in a Dounce tissue homogenizer and centrifuged at 229000 Mutation not only close by but also with an established
for 30 min. Soluble extracts were then incubated in the Phenotype, the role of this residue in receptor function can
absence of hormone at 2& for up to 4 h with aliquots e further dissected. Figure 1 shows the location of these
being removed at the indicated times. Hormone binding residues in relation to the known secondary structure
activity was measured after incubatiorr foh at 0°C with associated with the region.
labeled estradiol as described above. Transcriptional Actiation of wt and Mutant Estrogen
Dissociation of PH]Estradiol from the wt and Y537F  Receptors in YeasA yeast expression reporter system was
Mutant hER Extracts fromSf9insect cells expressing either ~ constructed so the transcriptional activation properties of the
the wt or Y537F mutant hER were prepared and incubated Wt and mutant hERs could be investigat@d)( The hERs
with 20 nM BH]estradiol for 60 min at 28C. The unbound  expressed in yeast were transcriptionally active and hormone-
steroid was removed by incubation with 0.5 volume of responsive (Figure 2). The relative transcriptional activities
dextran-coated charcoal suspension in TDE buffer for 10 min of wt and mutant hERs were measured after treatment with
on ice. The charcoal was pelleted by centrifugation (5 min 10 nM estradiol (Figure 2A). The Y537F, L540Q, and
at 100@). The supernatant was removed, and ARl Y537F/L540Q mutants (dm) exhibited approximately 25, 50,
unlabeled estradiol was added and the incubation continuedand 75% decreases, respectively, in the level of transacti-
at 25 °C. At the indicated times, 0.2 mL aliquots were Vvation relative to that of wt. Yeast cells containing an
removed and incubated with 0.1 mL of the dextran-coated expression vector lacking the hER cDNA or those containing
charcoal suspension for 10 min on ice. The charcoal wasa CDNA inserted in the opposite orientation (inverted)
pelleted with centrifugation, and 0.1 mL of the supernatant showed no estradiol response.
was removed for measurement of boufid]gstradiol using A Western blot with a purified anti-hER polyclonal
liquid scintillation counting. The extent of inactivation of antibody indicated a consistent and equivalent level of the




hER Tyrosine 537 and Helix 12 Mutations

A
100 7 =

g

: ;

S 75

-

m

2

8 50+ T

[}

&

OL-‘ -

S 25

s

[T]

o

0 1 1 ] 1 1 ] 1 T 1 1

-+ +|- +]- +|- + E2
“wt |YS37F L540Q| dm | wt(inv)
Treatment conditions

B =)
X, 4§Q 5SF> \F§~
& OO S
7—

(@]

Relative transactivation (%)

log

[Estradiol]

Ficure 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 af@for 18 h

in the presence or absence of 10 nM estradiol. Transcriptional
activities of hER were measured by {hegalactosidase assay and
are shown as a percentage of the maximal response, measured i
Miller units. The data shown are the meattsSEM for 8-20
individual samples from three to five different experiments. (B)
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FiIGURE 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 173-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.

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 wit.

Transcriptional Actiation of hERs by Selected Agonists
and AntagonistsWe 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 off3-galactosidase activity was detected in the

Rresence 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-

Western blot of yeast-expressed hERs. Yeast cells, prepared agold higher than those required for maximal induction with

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 curv
is the meant SEM of three separate experiments, carried out in
triplicate.

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.
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FIGURE 4: Saturation analyses of th#H]estradiol binding of the mutant and wt hERs. Aliquots of extracts containingI2&M receptors

were incubated for 16 h on ice with increasing concentrationsHjeftradiol. 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 coefiigjeate (ndicated 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.

Estradiol Binding Analysis of wt and Mutant hER=he responses of the mutant hERs were a result of variations in
hER mutants studied here were also produced in baculovirus-their DNA binding properties. Cell extracts were first
infectedSf9cells to obtain sufficient quantities of receptor standardized for hER content by Western blotting and
for binding analyses. Receptors producedsi® and yeast densitometry to determine relative concentrations, to within
cells exhibit characteristics similar to those of the native hER 10% error, of total hER among the receptor preparations (data
(19). The wt and mutant baculovirus hERs exhibited similar not shown). Using equivalent amounts of total hER, the
[®H]estradiol binding affinitiesi{q = 0.8—2.0 nM) at both apparent ERE affinity was estimated from saturation curves
low and high hER concentrations (Figure 4). We compared with 3?P-labeled ERE in both the presence and absence of
the cooperativity of the mutants with that of wt hER to estradiol. Saturation and Scatchard plots for the wt and
address the question of either mutation affecting the neces-mutants were generated by maintaining equivalent receptor
sary site-site interactions attributed to the cooperative nature and protein concentrations and increasing the amount of ERE
of estradiol binding 30). At concentrations between 10 and added to the reaction mixture (Figure 5). The wt and mutant
12 nM, all hERs exhibited maximum cooperativity with a hERs exhibited similar affinities for the ERE in either the
Hill coefficient of 1.4 &0.02-0.05). At intermediate  absence or presence of estradiol. It should be emphasized
concentrations (24 nM hER), the affinity and observed that the amount of hER used in these experiments was
partial cooperativity (Hill coefficient of 1.£1.3) were also calibrated on the basis of the total number of receptors as
similar. These experiments were repeated two or three timesquantified by Western blotting, which will not necessarily
with different receptor preparations under identical condi- represent equivalent hormone binding sites. The exact
tions, with no significant deviations. Low concentrations of relationship between binding sites and receptor stability is
hERs (<1 nM) yielded no cooperative estradiol binding and unclear, but it is likely that a mutation-induced loss of protein
did not vary significantly in relative affinities (Figure 4 stability would decrease the number of hormone binding
insets). sites, and result in an apparent decrease in the concentration

The Y537F Mutation Alters the Capacity but Not the of active (hormone-binding) receptor.

Affinity of the hER for an Estrogen Response Element (ERE). A distinct difference in DNA binding capacity was
The Sf9produced hERs were analyzed by electrophoretic observed between the wt and Y537F mutant proteins upon
mobility shift assays to determine if the altered transcriptional treatment with estradiol. After preincubation of wt hER with
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Ficure 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 ofP-labeled ERE probe. Following electrophoresis, REEFRE 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 md&nvalues obtained from three different experiments ranged from 1 to 5 nM and were not
significantly different.

estradiol, the maximum level of binding to the ERE increased both receptors increased approximately 3-fold during the first
more than 2-fold compared to that of non-estradiol-treated hour of incubation (Figure 7C). The activity of the wt
samples, while the apparely remained essentially un-  receptor remained stable for up to 4 h. The hormone binding
changed. An identical estradiol incubation with an equivalent activity of the Y537F hER remained near maximal for up to
amount of Y537F receptor had only a small effect on ERE 2 h, but a small (approximately 15%) decrease from maximal
binding (Figure 6). This result suggests the stabilizing effect levels was observedt & h (Figure 7C). Western blotting
of estradiol on the hER is absent in the Y537F mutant. revealed no detectable differences in immunoreactivity
Y537 Stabilizes the Hormone-Binding Aiti of the hER. between aliquots taken at the beginning or the end of the
The difference in protein stability between the wt and Y537F incubation (not shown).
was tested directly in two ways. First, cell extracts containing ~ Dissociation of fH]Estradiol from the wt and Y537F
the wt and Y537F mutant hER were prepared in the absenceMutant hER.The dissociation of*H]estradiol from the wt
and in the presence of carrier protein (ovalbumin, 20 mg/ hER exhibited a biphasic or two-component dissocation curve
mL). The presence or absence of carrier protein had little (Figure 8). The half-life of the first, fast component was 13.0
effect on the binding of the wt hER téH]estradiol (Figure =+ 0.6 min, while the half-life of the second, slow component
7A). However, in the absence of the carrier protein, the was 118+ 3 min. By contrast, the dissocation ofH]-
Y537F mutant hER exhibited little®ff]estradiol binding  estradiol from the Y537F mutant hER appeared to be linear,
activity; the activity was increased approximately 10-fold Wwith a half-life of 654 9.8 min (Figure 8). Moreover, when
by addition of the carrier (Figure 7A). Western blotting the data for dissocation from the Y537F mutant were fit to
revealed no differences in the recovery of hER protein, or €quations for two-phase dissocation and one-phase dissocia-
sensitivity to proteolysis (not shown). tion, the equation for one-phase dissocation gave a better fit
Second, cell extracts expressing either wt or Y537F (r_10t sho_wn). _No_effect o_f receptor concentration on the
receptor and containing the carrier protein were incubated dissocation kinetics of either the wt or the mutant was
for up to 4 h at 25°C in the absence of hormone, followed ©bserved under these conditions.
by measurement of the remaining hormone binding activity.
The wt hER retained its hormone binding activity essentially DISCUSSION
unchanged for up to 4 h, whereas the Y537F hER lost 30% Tyrosine 537 of the hER is located in a flexible loop region
of its binding activity during that time (Figure 7B). This at the base of the amphipathichelix (H12) of the ligand
effect was most striking in extracts prepared using low-ionic binding domain which undergoes extreme conformational
strength buffer. In contrast, when cells were prepared in the changes in response to hormone bindiBg9). We have
presence of 300 mM KCI, the hormone binding activity of studied the function of Y537 by biochemical analysis of
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Ficure 6: DNA binding capacity of the hER is compromised in Y537&) 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 concentf@tions of
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 Phosphorlmager 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.

specific mutations, and provide a comparison with studies hER has been shown to exhibit DNA and hormone binding
of other relevant mutations within this region (Table 1). We affinities similar to those of the mammalian expressed
find that a tyrosine to phenylalanine mutation reduces hER receptor 82—34). We have established a transactivation
stability, alters the hormone binding kinetics, and attenuatesassay for the hER irS. cereisae which is completely
receptor-mediated transcriptional response in yeast by ap-hormone-dependent and responds to steroids in a manner
proximately 25%. Furthermore, in combination with the comparable to those of other reported yeast and mammalian
dominant negative L540Q hER mutant, the effect on expression system7, 35). Yeast expressing the receptor
transcription is additive. These data support a hypothesis inexhibit no measurable basal transcriptional activation in the
which hER Y537 is an important component of the intricate absence of estrogen treatment. Another distinction of the
protein structurefunction mechanism of hER activation.  yeast system is that unlike transient transfection assays, a
Yeast Transactation Assays and hER Mutantgeast- relatively low and consistent amount of hER protein is
based transcription assays are common approaches to studyexpressed, estimated to be aroundl® nM (A. Notides,
ing mammalian hormone receptor8l). Yeast-expressed unpublished data).
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S o and 5.1 nM for the Y537F hER. The values that are shown are the
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& Table 1: Summary of hER Y537 and Helix 12 Mutations and Their
0 Effects on Hormone-Induced Transcription and the Observed
0 50 100 150 200 250 Phenotype
. hER transcriptional response phenotype ref
Time, min
’ wt hormone-dependent  wt protein
FiGURe 7: Stability of the wt and Y537F mutant ERE\) Cell Y537F hormone-dependent  decreased stabilityp—16
extracts were prepared with and without 20 mg/mL ovalbumin L540Q hormone-dependent  dominant negativ6, 27

carrier protein. The extracts were incubated with 20 ri]{
estradiol for 1.5 h in an ice/water bath. A parallel incubation
containing 20 nM JH]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 liqui 536P
scintillation counting. These data are typical of four independent

experiments. (B) Cell extracts were prepared fr@f cells L539A/L540A none transactivation ~ 47—49
expressing the wt or Y537F hER, in a low-ionic strength TDEG M543A/L544A (AF-2) deficient

buffer containing 20 mg/mL ovalbumin. The extracts were incu-

bated without hormone at 2% for up to 4 h, and the remaining D538V hormone-dependent  reduced response 51
hormone binding activity was measured as described in Experi- 2 Receptors were studied in various systems. Refer to the indicated
mental Procedures. The data are expressed relative to the initialreferences for each mutant. The Y537 mutants exhibit various degrees
concentration of specifically bound®H]estradiol. The initial of constitutive activity. Where appropriate, mouse ER residues are
concentrations of boundHl]estradiol were 3.7 and 3.8 nM (wt), indicated as the corresponding human sequences.

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 KCI. The initial ©f added estradiol, and all responded to agonists and

concentrations of boundHi]estradiol were 1.6 and 3.2 nM (wt), @ntagonists in a manner consistent with- mammalian cell
and 1.1 and 2.6 nM (Y537F). The data are the average of two cultures or in vivo systems36). Although several yeast

independent experiments. studies show a lack of estradiol antagonsim using tamoxifen

and ICI 182,780, and in fact report of a partial agonist
The yeast expressing Y537F hER exhibited a small but response with these compounds, we and others have observed

measurable decrease in the maximum level of transactivationestradiol antagonism with these compounds in yeast (refs
which was further diminished in combination with the L540Q 21 and52 and references therein). Several explanations have
AF-2 mutant. In our system, the mutant and wt receptors been proposed to account for these differences, including
were expressed at equivalent levels (within 10%) independentyeast strain and promoter specificity, different uptake ratios

Y537S
Y537A
Y537E hormone-independent constitutively actité—18
Y537D




14154 Biochemistry, Vol. 38, No. 43, 1999 Yudt et al.

and metabolism of antiestrogen compounds in yeast, and the
presence or absence of specific factors associated with

wT
MW
transcriptional activation of the hER. Blot A M (kDa)

Despite the known tyrosine kinase and phosphatase activity AM-hER .8
“ag -
-

Y537F

Ab6
in S. cereisiae (37, 38), we have not determined whether (AbS)

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 ré&fand Antl-pY

16). This suggests that the role of Y537 phosphorylation in ~ (PY20) (

transcriptional activation is probably insignificant. - . "
Tyrosine 537 Phosphorylatioityrosine phosphorylation , -

of the hER was first reported 14 years ago where it was ‘

found that®?P-labeling of the rat uterine estrogen receptors o .

occurred on tyrosine residuedj. This receptor also reacted

with antiphosphotyrosine antibodie40j. It was shown by FiGUrRe 9: Reactivity of hER to antiphosphotyrosine antibodies.

deletion and mutational analysis that tyrosine 537 was T0 analyze the wt and Y537F hER for reactivity to antiphospho-

required for maximal hormone binding activity of in vitro- ~ Yrosine antibodies, increasing amounts of total cell extracts

- : containing approximately equivalent amounts of both wt and Y537F

synthesized ERA(1). These authors proposed that tyrosine peg were run on SDSPAGE and transferred to PVDF membranes.

537 phosphorylation was required for estradiol activation of The blots were first probed with the PY20 antiphosphotyrosine

the hER. antibody from Santa Cruz Biotech (Anti-PY) according to the
An alternative role for Y537 phosphorylation was proposed Manufacturer's protocol. The membrane was then stripped and

: : : : _ reprobed with the anti-hER antibody (Ab 6). Similar results were
in which tyrosine phosphorylation not only regulates hor obtained when the order of probing was reversed. Other antiphos-

mone binding activity42) but also is required for the DNA  photyrosine antibodies also reacted with the hER (see Experimental
binding and dimerization of the hERLY). In this model, Procedures). The raised triangle corresponds to increasing amounts
Y537 phosphorylation is essential for the interaction of one of total protein in each lane corresponding to approximately 2.5,
monomer with another tyrosie:posphorylated moromer to 01 250  (al et especihelr e 128 bend o5
constitute an active hER dlr_‘ner. The da_ta presented here, o< markers (MW, kilodaltons).

which were verified with multiple preparations of sequence-

verified recombinant hER mutants, as well as similar data » helix 12 L &

presented by otherd’, 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- FIGURE 10: Potential hydrogen bond between Y537 and N348.
rosine antibodies do react with the hER (Figure 9), no Residues Y537 and N348 are shown in magenta; estradiol is shown

L . in yellow. The potential hydrogen bond is represented by a dotted
significant differences were observed between wt or YS37F ;o jine and is highlighted by an arrow. This figure was generated

receptors expressed Bf9insect cells, suggesting either a ysing the coordinates of the hER ligand-binding domain deposited
lack of tyrosine 537 phosphorylation in the recombinant hER in the PDB (lere)) using Molecular Images software.

or the presence of alternative tyrosine-phosphorylated sites.
Interestingly, the possibility of alternative tyrosine phospho- phorylation. As seen in Figure 10, the hydroxyl group of
rylation sites on the hER has recently been suggedt®d (Y537 forms a hydrogen bond with asparagine 348, within
To date, the only direct evidence of Y537 phosphorylation helix 3 on the estradiol-bound hERB)( The potentially
that has been reported was a result of radiolabel sequencingstabilizing effect of this interaction in the hormone-bound
of the hER tryptic peptides fror8f9and MCF-7 cells 10). hER is obviously absent in the phenylalanine mutant.
However, the amount of phosphorylation on Y537 was only Furthermore, phenylalanine itself is known to have a helix
5—6% of the total amount of hER phosphorylation. Thus, destabilization effect when studied in relation to other
the extent and the functional role of tyrosine 537 phospho- hydrophobic amino acids}4).
rylation therefore remain unclear. The wt hER, expressed Bf9insect cells, exhibits biphasic
The decreased stability of the Y537F hER can be explaineddissocation kinetics, as has previously been reported for the
by several lines of reasoning which do not involve phos- calf uterine hER 45). The values of the half-lives of the

45
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vears, ysaza | -S40%: city of the phenylalanine could account for the difference

L536P h‘r},ﬁi’/ﬁ%’, between phenylalanine and tyrosine at this position by

hormone ¢ / D538V preventing a stable conformation of the hER. Similarly, the

binding increased size of phenlylalanine, relative to serine and

‘open’ | ——> @ —p —p  gene alanine, could explain the lack of Y537F constitutive activity
dimer - dimer f;:r:té\{litnzr transcription as observed for Y537S and Y537A hER. This model assumes

. . a two-state mechanism for hormone binding for both wt and
Ficure 11: Model illustrating the effects of various helix 12 region  mutant hERs. Alternatively, the Y537F hER could adopt a

mutations on a hypothetical pathway of hER activation. The . .. —_ :
activation of the dimeric wt hER proceeds through a hormone distinct conformation in the hormone-free state. While the

binding event which results in a conformational change of the helix Y237 mutants are able to bind coactivatat§)( the L540Q

12 region and the conversion from an open to a closed hormoneand other helix 12 AF-2 AD mutations, such as the double
binding pocket. The indicated mutations of Y537 and the neighbor- mutants L539A/L540A and M543A/L544A, do not{—

ing helix 12 amino acids are proposed to affect either the formation 49). Mutations of other neighboring amino acids have been

of the closed complex (left half-reaction) or the interaction with . oo S
coactivators (right half-reaction). The constitutively active Y537s, found to affect hER function as well. Constitutive activity

Y537A, and L536P mutants are shown in a closed pocket has been demonstrated for an L536P hER muts@)t @nd
conformation, independent of hormone binding. The Y537F muta- another mutation, D538V, exhibits a muted transcriptional
tion is shown to affect the opertlosed conformational equilibrium response to estradiol in yeast, similar to that of the L540Q

or form a third distinct conformation. The mutations that are shown hER (51). These mutations are summarized in Table 1 and
are discussed in the text. In this model, specific amino acids can ’

easily be understood as having a role in either or both activation SU99€st a dual role for the helix 12 region in providing both
steps. a stable and a specific surface for coactivators, since these

mutations can apparently affect either function (Figure 11).
two phases are somewhat different for the two receptors, The analyses presented here are intended to clarify the
5.8 and 173 min for the calf ER versus 14.9 and 118 min role of tyrosine 537 in hER function. Although the possible
for the recombinant hER, respectively. We do not know phosphorylation of Y537 and the dimerization of the hER
whether this variance is due to differences in the solution are apparently not directly related, mutations at this site do
conditions between experiments, or reflects actual differenceshave significant consequences on receptor function. These
between the bovine and human receptors. The biphasiceffects, as well as those seen in mutations nearby, can be
dissocation kinetics for the wt hER and positive cooperative partially explained with an understanding of the structure of
equilibrium binding reported here for both the wt and Y537F the LBD and the role of helix 12 in activation.
mutant are consistent with the ERs being in the dimeric state.
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