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ABSTRACT The estrogen receptor (ER), a 66-kDa pro-
tein that mediates the actions of estrogens in estrogen-
responsive tissues, is a member of a large superfamily of
nuclear hormone receptors that function as ligand-activated
transcription factors. ER shares a conserved structural and
functional organization with other members of this superfam-
ily, including two transcriptional activation functions (AFs),
one located in its amino-terminal region (AF-1) and the
second located in its carboxyl-terminal, ligand-binding region
(AF-2). In most promoter contexts, synergism between AF-1
and AF-2 is required for full ER activity. In these studies, we
demonstrate a functional interaction of the two AF-containing
regions of ER, when expressed as separate polypeptides in
mammalian cells, in response to 1713-estradiol (E2) and an-
tiestrogen binding. The interaction was transcriptionally pro-
ductive only in response to E2, and was eliminated by point or
deletion mutations that destroy AF-1 or AF-2 activity or E2
binding. Our results suggest a definitive mechanistic role for
E2 in the activity of ER-namely, to alter receptor conforma-
tion to promote an association of the amino- and carboxyl-
terminal regions, leading to transcriptional synergism be-
tween AF-1 and AF-2. The productive reassembly of two
portions of ER expressed in cells as separate polypeptides
demonstrates the evolutionarily conserved modular struc-
tural and functional organization of the nuclear hormone
receptors. The ligand-dependent interaction of the two AF-
containing regions ofER allows for the assembly of a complete
activation function from two distinct regions within the same
protein, providing a mechanism for hormonally regulated
transcription.

The actions of estrogenic hormones are mediated through the
estrogen receptor (ER), a member of a large superfamily of
nuclear receptors that function as ligand-activated transcrip-
tion factors (1). These receptors for steroid and thyroid
hormones, vitamin D, and retinoic acid share a conserved
structural and functional organization, which includes separa-
ble domains for ligand binding, DNA binding, and transcrip-
tional activation (1-3). Like other members of the nuclear
hormone receptor superfamily, ER has two transcriptional
activation functions (AFs), one in its amino-terminal region
(AF-1) and the second in its carboxyl-terminal, ligand-binding
region (AF-2) (4-6). These two regions flank the DNA-
binding domain of the receptor (see Fig. 1A). In most pro-
moter contexts, synergism between AF-1 and AF-2 is required
for full receptor activity (6, 7); however, the underlying
mechanism of this synergism is not known. Although previous
studies have demonstrated conformational changes in the ER
ligand-binding domain in response to ligand binding (8, 9), the
role of these ligand-induced changes in the biochemistry of ER

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement" in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

activity has not been fully determined. It is generally thought
that they free the receptor from inhibitory proteins or place it
in a conformation suitable for productive interaction with the
transcriptional machinery (8, 9). In the present study, we utilize
an assay conceptually analogous to the two-hybrid assay orig-
inally described by Fields and coworkers (10, 11) to show that
the binding of estrogen promotes a transcriptionally productive
functional interaction between the amino- and carboxyl-
terminal regions of ER. Our results suggest that this ligand-
dependent interaction results from the association of the
amino- and carboxyl-terminal regions of ER and is the under-
lying biochemical basis for the transcriptional synergism be-
tween AF-1 and AF-2.

MATERIALS AND METHODS
Plasmid Constructions. The ER expression vectors used in

this study are derivatives of pCMV4-hER (12) and pCMV5-
hER (13). The amino acids present in each of the ER
derivatives expressed from the vectors are listed in Fig. 1A.
pCMV-hER(ABCD) was constructed by release of the Xba I
fragment from pCMV5-hER, followed by religation. pCMV-
hER(CD) was constructed by release of the Xba I fragment
from pCMV-hER(109-595), an expression vector for a mutant
ER lacking residues 1-108 (14), followed by religation. pCMV-
hER(EF) was made by release of the Eag I fragment from
pCMV-hER(41-595), an expression vector for a mutant ER
lacking residues 1-40, followed by religation. pCMV-
hER(G521R) was made by site-directed mutagenesis of
pCMV4-hER. Ligand binding and transfection assays were
performed to confirm that the human ER G521R mutation is
functionally homologous to the previously described mouse
ER G525R mutation (15). pCMV-hER(EFG521R) and
pCMV-hER(EFL540Q) were made by replacing the Eag
I-Bsm I or Eag I-BamHI fragment of pCMV-hER(EF) with
the Eag I-Bsm I fragments from pCMV4-hER(G521R) or the
Eag I-BamHI fragment of pCMV5-hER(L540Q) (16), respec-
tively. pCMV-hER(EF)-VP16, pCMV-hER(EFG521 R)-
VP16, and pCMV-hER(EFL540Q)-VP16 were made by re-
placing the Bsm I-BamHI fragments of pCMV-hER(EF),
pCMV-hER(EFG521R), and pCMV-hER(EFL540Q), respec-
tively, with a PCR-generated fragment encoding the carboxyl-
terminal 78 aa of herpes simplex virus protein VP16 (17) via Bsm
I- and BamHI-compatible ends.
The reporter vectors 3ERE-pS2-CAT and 4ERE-PRDi,t-

CAT were made by cloning double-stranded ERE oligomers
into the BamHI sites of pS2-CAT (14) and PRDist-CAT (18),
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FIG. 1. Structure and expression of ER derivatives used in this study. (A) The structural domains of ER (A/B, C, D, E, and F), as well as the
AF-1, AF-2, DNA-binding (solid boxes), and ligand-binding (cross-hatched boxes) functional domains, are shown above the schematics for the
receptors. Hatched boxes represent the VP16 activation domain (residues 413-490). Schematics of the pS2 and the PRDist promoter-
chloramphenicol acetyltransferase (CAT) reporter genes are also shown. ERE, estrogen response element. (B) The appropriate expression of the
ER derivatives from cytomegalovirus (CMV) promoter-based expression vectors was tested by transient transfection into COS-1 cells, followed by
immunoblotting with the anti-ER monoclonal antibodies H226 (lanes 1-3) and H222 (lanes 4-9). The sizes of the molecular weight markers in
kilodaltons are indicated.

respectively, as described (18). The 13-galactosidase expression
plasmid pCMVf, used as an internal control to normalize for
transfection efficiency, was from Clontech. Plasmid pTZ19R,
used as carrier DNA, was from Pharmacia.

Cell Culture, Transfections, and CAT Assays. ER-negative
human breast cancer MDA-MB-231 cells (19) and ER-
negative 3T3 mouse fibroblasts were maintained and trans-
fected as described (13, 20). Each 100-mm-diameter dish of
cells received calcium phosphate/DNA crystals containing 1.5
jig of each ER expression vector, 10 ,ug of reporter vector, 800
ng of pCMV,B and pTZ19R to give 15 ,ug of total DNA. After
transfection, the cells were then treated with vehicle, 17f3-
estradiol (E2, 10 nM), and/or the antiestrogen trans-
hydroxytamoxifen (TOT; 1 AM) as indicated for 24 hr. CAT
activity, normalized for 13-galactosidase expression from the
internal control plasmid, was determined as described (21).
Immunoblot Assays. The appropriate expression of the ER

derivatives from the CMV promoter-based expression vectors
was tested by transient transfection into COS-1 and MDA-
MB-231 cells (12, 20). Extracts from the cells were then
analyzed by immunoblotting with the anti-ER monoclonal
antibodies H226 or H222 (22).

RESULTS

Although many structure/function analyses of ER have been
described, a clear picture of the biochemical basis for the
ligand-dependent events leading to receptor activation, includ-
ing transcriptional synergism between AF-1 and AF-2, has not
emerged. Since many functional interactions between proteins
involve a physical association of those proteins, we hypothe-
sized that protein-protein interactions between the amino-

terminal (AF-1-containing) and carboxyl-terminal (AF-2-
containing) regions of ER might underlie the transcriptional
synergism between AF-1 and AF-2. To test this, we expressed
truncated human ERs containing either the amino-terminal
A/B and DNA-binding domains (ABCD) or the carboxyl-
terminal, ligand-binding domain (EF; see Fig. 1) individually
or together in MDA-MB-231 ER-negative breast cancer cells
(MDA-231 cells). We then assayed for ligand-induced activity
from a reporter construct containing three EREs linked
upstream of the promoter from the estrogen-responsive hu-
man pS2 gene and the CAT reporter gene (3ERE-pS2-CAT;
see Fig. 1A). Conceptually, this assay is similar to the two-
hybrid system described by Fields and coworkers (10, 11), in
which the noncovalent physical association of a pair of inter-
acting proteins is used to tether an activation function to a

DNA binding site adjacent to an inducible promoter in a

reporter gene.
When expressed individually, neither ABCD, which has

intact DNA-binding and AF-1 activities but no ligand-binding
activity, nor EF, which has intact ligand-binding and AF-2
activities but no DNA-binding activity, could activate tran-
scription from the reporter in response to treatment with E2
(Fig. 2A). However, when ABCD and EF were coexpressed,
the two separate polypeptides were capable of interacting in an
E2-dependent manner to reconstitute the intrinsic transcrip-
tional activity of ER, causing an 11-fold induction of CAT
activity (Fig. 2A). To test the generality of these observations,
we also examined the transcriptional activity of these ER
fragments in a different cell line and with a different promot-
er-namely, 3T3 mouse fibroblast cells and a CAT reporter
construct containing EREs linked upstream of the rat pro-
gesterone receptor gene distal promoter. Very similar results
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that selectively destroys AF-2 activity without affecting ligand
binding (L540Q; ref. 16), also abolished the ability of E2 to
promote the transcriptionally productive interaction ofABCD
and EF (Fig. 2). These results mirror the known effects of
TOT, as well as the G521R and L540Q mutations, on full-
length ER assayed under similar conditions (refs. 15, 16, 20, 22,
and 23 and data not shown). The failure of TOT to promote
the transcriptionally productive interaction was not attribut-
able to a reduction in the expression of EF in response to TOT
binding (data not shown). Similarly, the point mutations did
not alter the expression of EF (Fig. 1B and data not shown).
To demonstrate that the A/B region of ABCD was required

for transcriptionally productive interaction with liganded EF,
an N-terminal truncation of ABCD (CD; see Fig. 1) which
lacks the first 108 residues was used in the assay in MDA-231
cells with an EF-VP16 activation domain fusion protein (EF-
VP16; see Fig. 1). EF-VP16 was used in place of EF to make
the screening system more sensitive, since the VP16 activation
domain is transcriptionally potent (24). ABCD cotransfected
with EF-VP16 was more active in response to E2 treatment
than ABCD cotransfected with EF (compare Fig. 2A and Fig.
3A). EF-VP16 was incapable, however, of interacting with CD
in response to E2 treatment, as shown by the lack of activity in
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FIG. 2. Ligand-dependent, transcriptionally productive interaction
of the amino- and carboxyl-terminal regions of ER. ER-negative
MDA-231 (A) and ER-negative 3T3 (B) cells were transfected with
expression vectors for the ER derivatives listed and 3ERE-pS2-CAT
(A) or 4ERE-PRDi,t-CAT (B). They were then treated with vehicle, E2
(10 nM), and/or TOT (1 ,uM) as indicated for 24 hr. CAT activity,
normalized for 13-galactosidase expression from an internal control
plasmid, was determined as described. Each bar represents the mean
+ SEM for three or more determinations. Some error bars are too
small to be visible.

were obtained (Fig. 2B). In both cell types, cotransfection of
ABCD and EF with subsequent E2 treatment resulted in
10-20% of the transcriptional activity of full-length ER as-

sayed under the same conditions. However, in these experi-
ments ABCD and EF were expressed to only approximately
40% and 10% the levels of full-length ER, respectively (Fig. lB
and data not shown). From other studies in which we have
transfected different amounts of expression plasmids encoding
full-length ER or ABCD plus EF into MDA-231 cells, we find
that expression of ABCD plus EF at levels comparable to that
of intact ER gives transcriptional activity approximately one-
third to one-half that achieved with intact ER.
The functional interaction of ABCD and EF leading to the

reconstitution of transcriptional activity was not promoted by
the antiestrogen TOT (Fig. 2). Furthermore, TOT blocked the
stimulatory effect of E2 (Fig. 2). A point mutation in EF that
selectively destroys E2 binding without affecting TOT binding
or AF-2 activity (G521R; ref. 15), as well as a point mutation
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FIG. 3. Determinants for the transcriptionally productive interac-
tion of the amino- and carboxyl-terminal regions of ER. MDA-231
cells were transfected and treated and CAT activity was analyzed as
described in the legend to Fig. 2.
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the assay (Fig. 3A). These results demonstrate that the ability
of ABCD and EF to productively interact requires the N-
terminal (AF-1-containing) region of ABCD. No signal was
observed in response to E2 treatment when ABCD and
EF-VP16 were tested with pS2-CAT, a reporter lacking EREs,
demonstrating the need for a specific ER binding site in the
reporter (Fig. 3A).
The results from the original assay described above (Fig. 2)

showed that the ligand-dependent, transcriptionally produc-
tive interaction of ABCD and EF was abolished by TOT
treatment, as well as by point mutations that destroy E2-
binding (G521R) or AF-2 activity (L540Q). However, these
results did not address whether transcriptionally unproductive
interactions between ABCD and EF could occur in the
presence of the antiestrogen or with the point mutations.
Again, we used EF-VP16, since the presence of the VP16
activation domain, which is constitutively active (24), elimi-
nated the need for ligand-dependent transcriptional synergism
between AF-1 and AF-2 for a signal to be observed in the
assay. Thus, by comparing the results obtained for ABCD plus
EF (Fig. 2) with those obtained for ABCD plus EF-VP16 (Fig.
3B), we could determine under what conditions interactions
between ABCD and EF occurred, even if the interaction of
AF-l and AF-2 was itself transcriptionally unproductive.
By using this approach, we showed that ABCD and EF could

interact in the presence of TOT, but the interaction was not
intrinsically transcriptionally productive (Figs. 2 and 3B).
Similar results were observed in response to TOT with the
G521R mutation, which destroys E, binding but not TOT
binding; however, no interaction was observed in response to
E, with this mutant (Figs. 2 and 3B). This result highlights the
ligand dependence of the interaction between ABCD and EF,
and suggests that although antiestrogens such as TOT can
place the receptor in a conformation that promotes the
interaction of these two regions, the interaction is transcrip-
tionally unproductive. With the L540Q mutation, which de-
stroys the AF-2 activity of ER, little or no ligand-dependent
interaction (transcriptionally productive or unproductive) was
observed (Figs. 2 and 3B). Thus, an intact AF-2 is required not
only for transcriptional activity, but also for the efficient
association of ABCD and EF.

DISCUSSION
Our results suggest a definitive role for E, binding and the
conformational changes that follow in the activity of ER-
namely, to promote the transcriptionally productive associa-
tion of the amino- and carboxyl-terminal regions of the
receptor. Furthermore, our results suggest that this ligand-
dependent association is the underlying biochemical basis for
synergism between the different AFs contained within these
two regions of ER. Our findings are consistent with an
association, either direct or indirect, of the amino- and car-
boxyl-terminal regions of ER. This interpretation is supported
by the fact that EF lacks most of the sequences necessary for
efficient nuclear localization but does contain a sequence that
can cooperate with nuclear localization sequences present in
ABCD (25). Thus, in our assay, a physical association of EF
with ABCD may promote nuclear localization, as well as tether
the non-DNA-binding EF near the promoter. We cannot,
however, completely rule out independent interaction of
ABCD and EF with the basal transcriptional machinery or
ligand-induced squelching of an ABCD-masking factor by EF,
although they seem less likely possibilities. Nonetheless, our
results show an important functional interaction between the
amino- and carboxyl-terminal regions of ER. This assay does
not distinguish between a direct interaction of ABCD and EF
and one that involves additional intermediary proteins. Since
ligand-bound ER has been shown to interact with other
proteins that are potential modulators or mediators of its

activity (26-28), it is likely that an interaction between the
amino- and carboxyl-terminal regions would involve additional
factors (see model, Fig. 4).
Our observations for ER may be broadly applicable to a

range of transcriptional activators that contain more than one
AF, such as other members of the nuclear hormone receptor
superfamily (1-3). In Fig. 4, we have modeled our results in the
context of the full-length receptor. Unliganded ER (shown)
and mutant ERs incapable of binding ligand exhibit no asso-
ciation of the amino- and carboxyl-terminal regions and are
transcriptionally inactive (Fig. 4A). Estrogen-occupied ER
exhibits ligand-induced conformational changes in the ligand-
binding domain (8, 9), leading to the association of the amino-
and carboxyl-terminal regions and subsequent synergism be-
tween AF-1 and AF-2 (Fig. 4B). The interaction may involve
additional intermediary proteins, and this possibility is shown
(Fig. 4B Right). Antiestrogen-occupied ER exhibits ligand-
induced conformational changes in the ligand-binding domain
that are distinct from those induced by estrogen (8, 9) and that
lead to the association of the amino- and carboxyl-terminal
regions but do not promote synergism between AF-1 and AF-2
(Fig. 4C). Again, the interaction may involve additional inter-
mediary proteins (Fig. 4C Right). ER AF-2 mutants (Fig. 4D)
and AF-1 mutants (Fig. 4E) exhibit ligand-induced conforma-
tional changes in the ligand-binding domain but show no
association of the amino- and carboxyl-terminal regions and
are transcriptionally inactive.
The productive reassembly of two portions of ER expressed

in cells as separate polypeptides resembles the phenomenon of
a-complementation of ,3-galactosidase (29), in which enzy-
matic activity can be reconstituted from two fragments of this

A AF-1 DNA AF-2
N- -C

B ++ + +

or

C

or

D E

FIG. 4. Model for the ligand-dependent, transcriptionally produc-
tive interaction of the amino- and carboxyl-terminal regions of ER. A
description of the model is provided in Discussion.
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protein. Our reconstitution of ER transcriptional activity by
coexpression of the amino- and carboxyl-terminal portions of
this protein highlights the evolutionarily conserved modular
structural and functional organization of nuclear hormone
receptors (1-3). Perhaps the ligand-binding and regulatory
functions of the carboxyl-terminal region were distinct from
the activational function of the amino-terminal region at some
point in the evolution of these receptors. These physically
separate functional domains may have been analogous to other
activational/catalytic and regulatory pairings such as NF-KB
and IKB, an activation system in which the DNA-binding/
activation functions and the regulatory/inhibitory functions
are in two separate but interacting proteins (30), or the
catalytic and regulatory subunits of enzymes such as protein
kin:gse A (31, 32). The linking of these two functional domains
as rl the nuclear receptors provides a mechanism for the
lit, cid-dependent assembly of a complete activation function
L mn two distinct regions within the same protein, yielding yet
a i)ther level of control in the complex process of regulated
tr.nscription.
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