that has been identified in yeast as playing a
crucial role in the control of growth (26,
32).
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Estrogen Receptor—Associated Proteins: Possible
Mediators of Hormone-Induced Transcription

Shlomit Halachmi, Emily Marden, Glover Matrtin,
Heather MacKay, Ciro Abbondanza, Myles Brown*

The estrogen receptor is a transcription factor which, when bound to estradiol, binds DNA
and regulates expression of estrogen-responsive genes. A 160-kilodalton estrogen re-
ceptor—associated protein, ERAP160, was identified that exhibits estradiol-dependent
binding to the receptor. Mutational analysis of the receptor shows that its ability to activate
transcription parallels its ability to bind ERAP160. Antiestrogens are unable to. promote
ERAP160 binding and can block the estrogen-dependent interaction of the receptor and
ERAP160 in a dose-dependent manner. This evidence suggests that ERAP160 may
mediate estradiol-dependent transcriptional activation by the estrogen receptor. Further-
more, the ability of antiestrogens to block estrogen receptor—-ERAP160 complex formation
could account for their therapeutic effects in breast cancer.

The estrogen receptor (ER) is a member
of a superfamily of nuclear receptors for
small hydrophobic ligands including the
steroid hormones, thyroid hormone, vita-
min D, and the retinoids (I). As a class,
these receptors are transcription factors
that are regulated allosterically by ligand
binding. Extracellular estradiol freely dif-
fuses across the cell membrane and binds
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ER, leading to ER dimerization and to
tight binding of ER to its specific DNA
target, the estrogen responsive element
(ERE). After ERE binding, the liganded
ER activates transcription by as yet un-
known mechanisms. Although the targets
of ER activation in breast cancer are
unknown, they are believed to be critical
for cellular proliferation because a large
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percentage of tumors that express ER de-
pend on estrogen for growth.

Amino acid sequence comparison of the
ER with other nuclear receptors has shown
that the receptor is composed of six regions
(Fig. 1A, regions A through F) (2). The
central C region encodes a zinc-nucleated
DNA binding domain (DBD) (3) and is
flanked on either side by two independent
nonacidic activation domains (AF-1 and
AF-2) (2). The AF-1 domain in the NH,-
terminal region can activate transcription
constitutively when bound to DNA
through the DBD of ER or through a
heterologous DBD (4—10). In contrast, the
AF-2 domain in the E region of ER overlaps
the hormone binding domain (HBD) and
activates transcription only when it is
bound by estradiol or another estrogen ago-
nist (4, 5, 7, 9, 11). The individual trans-
activating abilities of AF-1 and AF-2 de-
pend on the promoter and cell context (7,
12), suggesting that the different activities
of AF-1 and AF-2 may be mediated by
adaptors or coactivators that are specific to
one or the other of the domains (I13).
Tamoxifen acts as an agonist of ER in some
tissues, such as uterus, and as an antagonist
in other tissues, notably breast. Tamox-
ifen’s agonistic character has been attribut-
ed to its ability to stabilize DNA binding
and to activate AF-1; its antagonist activity
is due to competitive inhibition of the
estradiol-dependent activation of AF-2 (7,
12). Various studies have shown that estra-
diol and tamoxifen induce different confor-
mations of the HBD/AF-2 region of ER (8,
14-16). This may account for the differen-
tial ability of estrogens and antiestrogens to
activate the AF-2 transactivation function.

We hypothesized that the ligand-in-
duced alterations in the conformation of
the HBD/AF-2 domain might be sensed by
cellular factors that could mediate the acti-
vation function of AF-2. This was tested in
a protein-protein interaction assay. We
constructed a bacterial fusion protein ex-
pression vector in which the HBD/AF-2
region of the wild-type human ER comple-
mentary DNA (cDNA) was cloned down-
stream of the glutathione-S-transferase
(GST) gene (17, 18) (Fig. 1A). The result-
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ing GST-HBD fusion proteins were ex-
pressed in Escherichia coli and purified by
adsorption onto glutathione Sepharose
(19). The affinity of the GST-HBD fusion
proteins for estradiol [dissociation constant
(Ky) = 0.1 to 0.3 nM] was comparable with
previously reported values measured for
wild-type MCF-7 ER expressed in vivo (9,
20). The GST-HBD protein was immobi-
lized on glutathione Sepharose for use as an
affinity reagent. Whole cell extracts of met-
abolically 3*S-labeled MCF-7 cells were in-
cubated with the HBD column in either the
absence or presence of 1 pM 17B-estradiol

An ER-associated protein of ~160 kD,
ERAP160, bound specifically to the HBD/
AF-2 region of the ER fusion protein in the
presence of estradiol, but not in its absence,
and did not bind control GST under any
conditions (Fig. 1B). Binding to GST-HBD
was observed at estradiol concentrations as
low as 1 nM. ERAP160 was detectable in a
variety of cell lines including the ER-nega-
tive breast line MDA-MB-231 and non-
breast cell lines. A protein of 140 kD was
also found to bind GST-HBD, and the
abundance of this protein varied widely
among different cell lines. Pulse-chase ex-

(21). Specifically bound proteins were  periments and partial proteolytic digestion
eluted and resolved by electrophoresis. revealed that the 140-kD protein is not a
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Fig. 1. Ligand-dependent association of ERAP160 with GST-HBD/ ¢

AF-2. (A) The HBD/AF-2 domain of the wild-type human ER was 4 o410 o0
cloned downstream of the GST gene. The GST-HBD3 plasmid

110 100
E2 DR TSR TR S

included a kinase recognition peptide (HMK) incorporated into the
pGEX2TK vector (17). In the GST-ERF plasmid this peptide was

replaced by a (gly)s linker.

either the absence of hormone (-
of 17B-estradiol (E2, lanes 1, 2, 5, and 6),

The fusion proteins GST-ERF and
GST-HBDS are biochemically identical with the exception that the
HBD3 protein can be specifically labeled in vitro. AMP, ampicillin.
(B) MCF-7 cells were metabolically labeled with [**S]methionine
and lysed as described (21). The lysates were incubated at 4°C with
GST or GST-HBD protein immobilized on glutathione Sepharose in
, lanes 3 and 4) or in the presence
4-hydroxytamoxifen

200 —

16—
97 —

66 —

(4-OHT, lanes 7 and 8), ICI 164,384 (lanes 9 and 10), ICI 182,780
(lanes 11 and 12), or diethylstilbestrol (DES, lanes 13 and 14) at the &4 8 ‘

concentration (wM) indicated above each lane.

(C) MCF-7 cells

15— e — o

were metabolically labeled with [**S]methionine and lysed as de-

scribed (21

). The lysates were incubated at 4°C with a GST-HBD
protein immobilized on glutathione Sepharose in either the absence

- —
1 2 3 4 B

of ligand (lane 1) or in the presence of 1 uM estradiol (lanes 2 to 5) and increasing amounts of
4-OHT (lanes 3 to 5) at the concentrations in micromoles indicated above each lane. Molecular

sizes in (B) and (C) are indicated in kilodaltons.

Fig. 2. Direct interaction of ER with ERAP160
and ERAP140. (A) Unlabeled MCF-7 cells were
lysed as described (27) and incubated at 4°C
with GST-HBD protein immobilized on glu-
tathione Sepharose in either the absence (—,
lane 1) or presence (+, lane 2) of 1 uM estra-
diol. Specifically bound proteins were eluted in
sample buffer, resolved by electrophoresis,
and transferred to nitrocellulose by electroblot-
ting. Unfractionated Hela nuclear extract (30)

IR B NuS AERSI
S0 E2. E2 T
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116 — [
77— 80 — X
{9 3 s i )
1 2 3

was also tested (lane 3). The GST-HBD3 protein was 32P-labeled in vitro and used as a probe (25).
The probe was incubated with 1 uM estradiol throughout the procedure. (B) Lysates of MCF-7 cells
grown for 3 hours in the presence of 1 uM estradiol (E2) (lanes 1 and 2) or 1 uM 4-OHT (T) (lane
3) were immunoprecipitated with normal mouse serum (NMS) or monoclonal antibody to ER
(AER314) (37) and analyzed with the HBD3 probe. Molecular sizes are indicated in kilodaltons.
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degradative product of ERAP160 (22), sug-
gesting that there may be multiple ERAPs.
Thus, cellular factors can bind ER in a
ligand-dependent manner, presumably by
recognition of a particular conformational
state.

We next tested a variety of estrogenic
and antiestrogenic compounds for their
ability to affect the formation of the ER-
ERAP160 complex. Both 17B-estradiol,
the natural ligand of ER, and the synthetic
estrogen diethylstilbestrol (DES) were able
to promote this association (Fig. 1B). In
contrast, the pure antiestrogens ICI
164,384 and ICI 182,780 were unable to
promote ER-ERAP160 complex formation
(Fig. 1B). These compounds have been
proposed to block receptor activation by
preventing its dimerization (23) or by pro-
moting its degradation (24). The tamoxifen
derivative 4-hydroxytamoxifen (4-OHT)
also failed to induce the association of
ERAP160 and the HBD/AF-2 region of ER
(Fig. 1B). Furthermore, 4-OHT was able to
interfere with the estradiol-dependent in-
teraction of the HBD/AF-2 domain and
ERAP160 in a dose-dependent manner
(Fig. 1C). Because tamoxifen induces ER
dimerization (15), receptor dimerization is
not sufficient for ERAP160 binding. To-
gether, these results suggest that the anti-
estrogenic activity of tamoxifen is due at
least in part to its ability to block the
association of ER with ERAP160.

To test whether the interaction between
the HBD/AF-2 domain and ERAP160 is
direct, we labeled the GST-HBD3 protein
with 32P in vitro and used it as a probe in far
Western blot analysis (25). The GST-
HBD3 probe failed to detect any protein
when the incubation was carried out in the
absence of estradiol (22). When the incu-
bation was carried out in the presence of

estradiol, the GST-HBD3 probe recognized
a prominent protein of 160 kD as well as a
protein of 140 kD in Hela cell nuclear
extract (Fig. 2A, lane 3), demonstrating
that the interaction between the HBD/
AF-2 domain and these proteins was direct.
Furthermore, the detection of these pro-
teins in HeLa nuclear extracts reveals that
these ERAPs are present in the nucleus and
confirms that their expression is not limited
to ER-expressing cell lines or to breast-
derived cell lines. In parallel experiments,
unlabeled MCF-7 whole-cell extracts were
first bound to GST-HBD in either the
absence or presence of 1 pM estradiol;
specifically bound proteins were eluted, re-
solved by electrophoresis, and visualized
with the 3?P-labeled GST-HBD3 probe.
The probe detected a protein of 160 kD and
a protein of 140 kD that comigrated with
the proteins seen in 3°S-labeled extracts.
Both proteins were present only in samples
eluted from the estradiol-containing GST-
HBD affinity column (Fig. 2A, lanes 1 and
2). The HBD probe also recognized
ERAP160 and ERAP140 which were coim-
munoprecipitated with ER from MCF-7
cells treated with estradiol but not from
cells treated with tamoxifen (Fig. 2B), sug-
gesting that these proteins can associate
with the endogenous ER in vivo in a ligand-
dependent manner.

To define further the requirements for
ERAP160 binding to HBD/AF-2, we pro-
duced several mutant ER HBDs as GST
fusion proteins. A glycine to valine substi-
tution at amino acid 400, which is temper-
ature-sensitive for hormone binding (20),
exhibited reduced binding to ERAP160 at
the nonpermissive temperature (Fig. 3A,
lanes 5 and 6). In contrast, cysteine to
alanine mutations at either position 447 or

530 in the HBD, which have only minor

Fig. 3. Disruption of A B WT  A534
ERAP160 binding by  gor wr  400v 4478 530A i Lole
mutations in the hor- _—— — ——_—

St - + - + - + + -+
mone binding domain e
(A) Point mutations g ~==p160
were introduced into ' ki i - 4C q;
the GST-HBD/AF-2 do- - 116.5—
main (78). Unmodified T
GST protein (lanes 1 B 0 37°C 80—
and 2), wild-type GST- Wy "
HBD (lanes 3 and 4), ' . g__
and mutant proteins 12 Sesh L 495— 3 £ 5
GST-400V (lanes 5 and 6), GST-447A (lanes 7 and 8), and GST- ‘ L
530A (lanes 9 and 10) were tested for ERAP160 binding at either T2n 2

4°C or 37°C. MCF-7 cells were metabolically labeled with [*3S]methionine and lysed as described
(21). The lysates were incubated with the indicated GST-HBD protein immobilized on glutathione
Sepharose in either the absence of ligand (=) or in the presence of 1 uM estradiol (+). (B) The
wild-type human HBD/AF-2 domain was truncated at residue 534 by site-directed mutagenesis of
the GST-ERF plasmid to yield GST-A534 (78). MCF-7 cells were metabolically labeled with
[35S]methionine and lysed as described (27). The lysates were incubated at 4°C with wild-type
GST-ERF (lanes 1 and 2) or A534 (lanes 3 and 4) protein immobilized on glutathione Sepharose in
either the absence of hormone (=) or in the piesence of 10 uM estradiol (+). Molecular sizes are

indicated in kilodaltons.
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effects on ER function in vivo (26), had little
or no effect on ERAP160 binding (Fig. 3A,
lanes 7 to 10). Thus, the ability of ER to bind
ERAP160 correlates with its ability to bind
estradiol and to transactivate.

An important activation domain, from
amino acid 535 to 550 of the human ER, is
conserved among many members of the
nuclear receptor superfamily. In ER this
domain is necessary for activation but not
for hormone binding (9, 27). A COOH-
terminal truncation mutant (A534) lacking
this domain has wild-type affinity for estra-
diol but is defective for activation in vivo
(9). This finding reveals that HBD and
AF-2 are overlapping yet distinct functional
domains. We produced a GST-HBD/AF-2
fusion protein with the A534 truncation
and confirmed that it binds estradiol with
wild-type affinity (K; < 1 nM). This mu-
tant failed to bind ERAP160 (Fig. 3B).
Thus, hormone binding is necessary but not
sufficient to induce ERAP160 binding. Fur-
thermore, the A534 truncation mutant re-
tains an intact dimerization domain, again
demonstrating that dimerization is not suf-
ficient for ERAP binding. We have recently
found that ERAP160 binds to two other
members of the nuclear receptor family that
contain this activation domain, RARP and
RXRa (28). Potential competition for
ERAP160 may explain the cross-inhibition
between nuclear receptors and the augmen-
tation by retinoic acid of the response of
breast tumors to tamoxifen (29). ERAP160
does not bind to two unrelated transcrip-
tional regulators, Rb and Pit-1 (22), sup-
porting the possibility that ERAP160 may
be an adaptor specific to nuclear receptors.

It appears that ERAP160 recognizes only
an activated conformation of ER. Further-
more, ERAP160 binding correlates with the
ability of ER to activate transcription in
vivo. These findings suggest that ERAP160
may be a mediator of the estrogen-depen-
dent AF-2 transactivation by ER. Our results
support a model in which tamoxifen and the
pure antiestrogens do not activate through
AF-2 because the conformation they induce
does not allow binding of ERAP160. Fur-
thermore, tamoxifen’s competitive inhibi-
tion of estradiol-induced ERAP160 binding
suggests that its growth-inhibitory effects in
breast cancer may be explained at least in
part by its ability to disrupt a complex
between ER, ERAP160, and other factors

necessary for transactivation.
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Tetrad Analysis Possible in Arabidopsis with
Mutation of the QUARTET (QRT) Genes

Daphne Preuss,* Seung Y. Rhee, Ronald W. Davis

Two Arabidopsis thaliana genes, QRT1 and QRT2, are required for pollen separation
during normal development. In grt mutants, the outer walls of the four meiotic products of
the pollen mother cell are fused, and pollen grains are released in tetrads. Pollen is viable
and fertile, and the cytoplasmic pollen contents are discrete. Pollination with a single tetrad
usually yields four seeds, and genetic analysis confirmed that marker loci segregate in a
2:2 ratio within these tetrads. These mutations allow tetrad analysis to be performed in
Arabidopsis and define steps in pollen cell wall development.

Tn most higher fungi and in many algae and
bryophytes, all four products of each meio-
sis are viable and are either encased in a
single structure or remain adherent so that
they can be recovered as a group (a tetrad).
This feature provides the means to analyze
allele segregation through individual mei-
oses and is tremendously advantageous for
genetic studies. Only with tetrad analysis is
it possible to map centromeres genetically
with high precision, to measure chromo-
somal gene conversion frequencies, and to
detect every genetic exchange between
chromatids (1). In addition, tetrad analysis
expedites the construction of multiply
marked strains, simplifies the creation of
genetic maps, provides a simple method for
distinguishing between nuclear and cyto-
plasmic forms of inheritance, and allows
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rapid identification of strains with lethal
mutations or chromosomal rearrangements,
such as reciprocal translocations, inver-
sions, deletions, or duplications (2). Tetrad
analysis is not possible in most higher eu-
karyotes; only one of the four products of
female meioses typically survives, and al-
though all four products of male meioses
usually reach maturity, they are rarely pack-
aged together. This report describes two A.
thaliana mutations (gqrtl and grt2) that result
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in the release of viable pollen tetrads, per-
mitting tetrad analysis to be performed in
this flowering plant.

A visual screen of mutagenized plants of
the Landsberg ecotype identified two muta-
tions that dramatically affect pollen devel-
opment (3). Unlike wild-type plants,
which release single pollen grains, these
quartet (qrt) mutants produce pollen that is
arranged in a tetrahedron of four grains
(Fig. 1, A and B). Examination of the
fusion junction (Fig. 1C) indicated that
portions of the outermost layer (exine) of
the pollen wall are aberrant, extending be-
tween the pollen grains within each tetrad.

Although the grt mutations result in fu-
sion of the outer pollen wall, the cytoplas-
mic contents of each pollen grain remain
separated. Sections of mature pollen grains
showed no evidence of fusion of the cyto-
plasm or of the inner pollen wall (intine),
and mechanical separation of the members
of a tetrad typically did not affect pollen
viability (4). When a single grtl pollen
tetrad was placed on the stigma surface such
that only one pollen grain was in contact
with a stigma cell (Fig. 1, D and E), only the

Table 1. Penetrance of the grt phenotypes. Pollen from open flowers was dispersed on a glass slide,
and the number of pollen tetrahedrons (tetrads), clusters of three (triads), two (dyads), or single
(monads) pollen grains was determined. Percentages (in parentheses) represent the number of
pollen grains.in each class per total number of pollen grains.

Geno- Number of Number of Number of Number of
type tetrads triads dyads monads
+/+ 0 (0) 0 (0) 38 (12.2) 547 (87.8)
qrt1/qrt1 1007 (98.7) 3(0.22) 13 (0.64) 18 (0.44)
qri2/grt2 512 (97.5) 6 (0.86) 6 (0.57) 22 (1.05)
qrtl/+ 0 (0 0(0) 27 (6.8) 738 (93.2)
qri2/+ 0 (0 4 (1.3) 52 (11.6) 792 (88.0)
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