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Transcriptional activation by the estrogen receptor is mediated through its interaction with coactivator
proteins upon ligand binding. By systematic mutagenesis, we have identified a group of conserved hydrophobic
residues in the ligand binding domain that are required for binding the p160 family of coactivators. Together
with helix 12 and lysine 366 at the C-terminal end of helix 3, they form a hydrophobic groove that accommo-
dates an LXXLL motif, which is essential for mediating coactivator binding to the receptor. Furthermore, we
demonstrated that the high-affinity binding of motif 2, conserved in the p160 family, is due to the presence of
three basic residues N terminal to the core LXXLL motif. The recruitment of p160 coactivators to the estrogen
receptor is therefore likely to depend not only on the LXXLL motif making hydrophobic interactions with the
docking surface on the receptor, but also on adjacent basic residues, which may be involved in the recognition
of charged residues on the receptor to allow the initial docking of the motif.

Estrogens regulate the transcription of target genes by bind-
ing to estrogen receptors (ERs) that function as ligand-depen-
dent transcription factors. Transcriptional activation is medi-
ated by two activation domains, AF1 at the N terminus and
AF2, probably conserved in all members of the nuclear recep-
tor superfamily, in the ligand binding domain (LBD) (8, 21,
30). Numerous proteins have been reported to interact with
AF2, some of which have the properties of transcriptional
coactivators (2, 13). One such target is the p160 (also known as
RIP160) (6, 14) family of coactivators, characterized by three
distinct genes coding for the proteins SRC1 (27), TIF2 (also
known as GRIP1) (17, 33), and pCIP (also known as ACTR,
AIBI1, or RAC3) (1, 7, 19, 22); these proteins have molecular
masses of approximately 160 kDa and similar overall domain
structures. They appear to bind to most, if not all, nuclear
receptors (NRs) in a ligand-dependent manner and potentiate
transcription of target genes.

Recruitment of the p160 proteins to the ER is dependent on
the integrity of a C-terminal helix, referred to as helix 12, and
a lysine residue in helix 3 (8, 16). An additional interaction
between p160 proteins and AF1 has been reported (35) that
may be involved in the functional interaction between AF1 and
AF2 (24). Structural analysis of the LBDs of a number of
receptors suggests that the binding of a hormonal ligand results
in the realignment of helix 12 (3, 28, 34, 36). Its importance in
the ER is indicated by the observation that it is misaligned in
the presence of an antiestrogen, raloxifene, which blocks AF2
activity (4). Thus, the p160 proteins are proposed to interact
with residues in the vicinity of helices 3 and 12 which form a
surface induced by the ligand. The interaction of the p160
proteins with receptors is mediated by LXXLL motifs, three of
which are conserved in both sequence and spacing in all family
members (15, 20, 31). Their relative affinity for the AF2 surface
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seems to vary according to the NR, with motif 2 being prefer-
entially used for binding to the ER (10, 18, 32).

In this paper, we have mapped in detail residues in both the
surface of the LBD and SRC1 required for estrogen-depen-
dent interaction. We focused on residues in helices 3, 5, and 12
of the receptor, which together generate a hydrophobic patch
that we predicted might interact with the LXXLL motif. In
addition, we demonstrate that the LXXLL motif is sufficient
for mediating receptor-coactivator interaction but that selec-
tivity is determined by N-terminal residues adjacent to the
motif.

MATERIALS AND METHODS

Plasmids. Point mutations in the LBD (amino acids [aa] 313 to 599) of the
mouse ER a (mERa) were introduced by recombinant PCR using Elongase
(Gibco BRL). PCR fragments containing the desired mutation were inserted into
the Ndel and BglI1 sites in the vector pPSPOMORK (8). Mutations in helix 12 were
generated by oligonucleotide-directed mutagenesis in pSP6MORK. All full-
length mERa mutants were transferred into pSG5 as an EcoRI fragment for
transient transfection. The mammalian expression vector pSG-Gal was created
by amplifying the yeast Gal4 DNA binding domain (aa 1 to 147) by PCR using
pSG424 as the template. The PCR product was digested with EcoRV and Bg/Il
and cloned into pSGS5 digested with EcoRI (end filled with Klenow fragment)
and BglII. The polylinker of pSG-Gal contains the following unique restriction
sites: 5'-EcoRI-Smal-BamHI-Sacll-Kpnl-BgllI-3'. The LBD of wild-type and
mutant receptors was fused to the Gal4 DNA binding domain by cloning PCR
fragments encompassing Ser313 and I1e599 of mER« into pSG-Gal digested with
EcoRI and BgIII. The construct Gal-SRC1 (aa 570 to 780) was made by inserting
an EcoRI-BamHI PCR fragment of the corresponding region of SRCI into
EcoRI-BgllI-digested pSG-Gal. The LBD of wild-type and mutant receptors was
fused to the acidic activation domain of VP16 (aa 410 to 490) by cloning an
EcoRI-BamHI PCR fragment into EcoRI-BglII-digested pSGVP16 (5). Cloning
and mutagenesis were verified by automated DNA sequencing.

The reporter pERE-tk-GL3 was constructed by transferring an HinclI-Bg/I1
fragment from pEREBLCAT into Smal-BgllI-digested pGL3 Basic vector (Pro-
mega). For p5Gal-E1B-GL3, a Pvull-BamHI fragment from GSE1BCAT (8) was
transferred into Smal-BgllI-digested pGL3 Basic vector.

Cell culture and transient transfection experiments. COS-1 cells routinely
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS; Gibco). For transient transfection assays, COS-1
cells were plated in 24-well microtiter plates (Falcon) in phenol red-free DMEM
containing 5% charcoal-dextran-stripped fetal bovine serum (DCFBS). Cells
were transfected by calcium phosphate coprecipitation as described earlier (8).
The transfected DNA included a pJ7-lacZ control plasmid (25) (45 ng), pERE-
tk-GL3 or p5Gal-E1B-GL3 reporters (0.8 pg), and pSG5-based expression plas-
mids encoding either a full-length version or Gal4 fusion of mER« (20 ng) plus
or minus pSG5-SRCle (18) (100 ng). In mammalian two-hybrid experiments,
expression plasmids for the Gal4 fusion of SRC1 (20 ng) and VP16 fusion of
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FIG. 1. Structure of the hERa LBD in the presence of 17B-estradiol. (A) Residues implicated in this study for participation in p160 coactivator binding are
highlighted yellow (hydrophobic), red (acidic), and blue (basic). The residues are numbered as in mERa. The space-filled model was generated by RasMol and is based
on the coordinates under the Protein Data Bank entry code 1ERE. (B) Sequence alignment of mER« LBD helices 3, 4, 5, and 12 with corresponding regions of
members of the nuclear receptor superfamily whose agonist-bound crystal structures are solved. Note the absolute conservation of residues (marked with asterisks) in
mERa and hERa«, which are involved in coactivator binding. The boundaries for helices 3, 4, 5, and 12 are assigned according to the hERa LBD structure. The

alignment was generated by Pileup (GCG) and formatted with MacBoxshade.

mER« LBD (20 ng) were used. A constant amount of DNA was maintained in
each well with an appropriate amount of pSG5 expression vector. After 16 h, the
cells were washed and then maintained in medium containing 5% DCFBS and
phenol red-free DMEM in the presence or absence of 10™% M 17B-estradiol for
24 h. Subsequently, cells were harvested and extracts were assayed for luciferase
activity with the LucLite luciferase reporter gene assay kit (Packard) and for
B-galactosidase activity with a Galato-Light chemiluminescent assay (Tropix).
B-Galactosidase activity was used to correct for differences in transfection effi-
ciency.

Gel retardation and ligand-binding assays. For gel retardation and ligand-
binding assays, the wild-type and mutant receptors were overexpressed in COS-1
cells by electroporation at 450 V and 250 wF in the presence of 18 pg of plasmid
DNA. Cells were then plated out in DMEM containing 10% FBS and grown for
48 h. Whole-cell extracts were prepared in buffer containing 0.4 M KCl, 20 mM
HEPES (pH 7.4), 1 mM dithiothreitol (DTT), 20% glycerol, and protease in-
hibitors. The protein content of cell extracts was determined by a colorimetric
method (Bio-Rad). The DNA-binding activity of the mutant receptors was ex-

amined as described in reference 8. Cell extracts from transfected COS-1 cells
were incubated with *?P-labelled double-stranded oligonucleotide probe con-
taining a consensus estrogen response element from the vitellogenin A2 gene
promoter. Binding reactions were performed in the presence of either preim-
mune serum or ERa-specific antibody MP16 (11). Receptor-DNA complexes
were resolved from unbound DNA in 6% nondenaturing polyacrylamide gels in
0.5X Tris-borate-EDTA buffer and visualized by autoradiography.

Ligand-binding analysis of the wild-type and mutant receptors was performed
essentially as described in reference 11 with 178-[*H]estradiol (Amersham In-
ternational), with the exception of the composition of the ligand binding buffer
(20 mM HEPES [pH 7.7], 1.5 mM EDTA, 1 mM DTT, 0.1% bovine serum
albumin, 10% glycerol). Scatchard analysis was performed over the range of
0.125 to 8 nM labelled steroid in the absence or presence of 500-fold excess of
unlabelled 17B-estradiol.

GST pull-down assays. Recombinant cDNAs in the pSP65 or pSGS5 vector
were transcribed and translated in vitro in reticulocyte lysate (Promega) in the
presence of [>>S]methionine (Amersham International) according to the manu-
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FIG. 2. Surface hydrophobic residues in helices 3 and 5 of mER« are in-
volved in coactivator binding. (A) COS-1 cells were transiently transfected with
expression vector for wild-type (wt) or mutant receptors and pERE-tk-GL3
reporter in the absence (—) or presence (+) of 100 ng of full-length SRCle. A
cytomegalovirus promoter-driven pJ7-lacZ plasmid was cotransfected as the
internal control. After transfection, cells were treated with ethanol vehicle alone
(NH) or 17B-estradiol (E2) at 10~ % M for 24 h. Subsequently, cells were assayed
for luciferase (LUC) and B-galactosidase activity. Normalized values are ex-
pressed as percentage of activity compared with that of wild-type mER« alone in
the presence of B-estradiol (100%). The results shown represent the average of
at least two independent experiments assayed in duplicate + standard errors.
ERE, estrogen response element. (B) Binding activity of wild-type or mutant
receptors to SRCI in GST pull-down assay. In vitro-translated, [**S]methionine-
labelled receptors were incubated with GST-SRC1 (aa 570 to 780) coupled to
Sepharose beads in either the absence (NH) or presence (E2) of 10°¢ M 178-
estradiol. Bound proteins were eluted and separated on SDS-10% polyacryl-
amide gels. Labelled proteins were detected by fluorography. The input lane
represents 20% of the total volume of the lysate used in each reaction.

facturer’s instructions. Glutathione S-transferase (GST) fusion proteins were
induced and purified as described earlier (6). 3S-labelled proteins were incu-
bated with GST fusion proteins in NETN buffer (20 mM Tris [pH 8.0], 1 mM
EDTA, 0.5% Nonidet P-40) containing 100 mM NaCl, unless otherwise stated,
in the absence or presence of 17B-estradiol (10~® M). Samples were subse-
quently washed and separated on sodium dodecyl sulfate (SDS)-10% polyacryl-
amide gels. The bound proteins were visualized by fluorography. In peptide
inhibition assays, individual peptide was dissolved in water and added to GST
binding reaction mixtures immediately before the ligand.

ESTROGEN RECEPTOR-COACTIVATOR INTERACTION 3897

RESULTS

A hydrophobic surface of the mERa LBD is required for
coactivator binding. Inspection of the crystal structure of the
human ERa (hERa) LBD in the presence of 17B-estradiol
indicated that helix 12 and lysine 366 at the C-terminal end of
helix 3, which are crucial for the ligand-dependent activation
function of the receptor (8, 16), are located on the surface of
the LBD (4). The observation that these two elements are not
in close proximity to each other prompted us to speculate that
they are only part of the surface responsible for the docking of
p160 coactivator proteins. Because of the hydrophobic nature
of the LXXLL motif, which is essential for mediating coacti-
vator binding to the ER (15, 20, 31), we focused on a hydro-
phobic patch on the surface of the mER«a LBD whose bound-
ary seemed to be defined by helix 12 and lysine 366 (Fig. 1A).
This hydrophobic patch seems to be composed mainly of three
residues from helices 3 and 5, namely, 1362, 1376, and V380.
Sequence analysis of the nuclear receptor superfamily revealed
that the corresponding residues in other receptors are almost
always hydrophobic (Fig. 1B) (12, 36).

To assess the contribution of these residues to the transcrip-
tional activity of mERa and its binding to coactivators, each of
them was replaced by alanine. Full-length wild-type or mutant
receptors were transiently transfected into COS-1 cells and
tested for their ability to activate an ERE-tk-luciferase re-
porter gene. The transcriptional activity of the L376A mutant
receptor was impaired, but nevertheless was stimulated by
overexpressed SRCle, a member of the p160 coactivator fam-
ily (Fig. 2A). Mutant receptors bearing the mutation 1362A or
V380A activated the reporter gene to the same extent as the
wild-type receptor. Their transcriptional activity could also be
further enhanced by cotransfecting SRC1e. Consistent with the
transient transfection assays, binding of in vitro-translated mu-
tant receptors to GST-SRC1 (aa 570 to 780), which encom-
passes its receptor-interacting region, is comparable to that of
wild-type mERa (Fig. 2B).

We next replaced 1362, L376, and V380 with aspartic acid, a
charged residue which might actively interfere with packing of
hydrophobic side chains. All three mutant receptors had dra-
matically reduced transcriptional activity (the phenotype of the
1362D mutation was also partially due to reduced protein ex-
pression [see Fig. 5]). There was no detectable binding of the
1362D and V380D mutants to GST-SRC1 (aa 570 to 780), and
reduced binding was observed for the L376D mutant. Our
results imply that 1362, L376, and V380 of mER« are in close
proximity to the bound p160 coactivator. However, since re-
moval of individual hydrophobic side chain from any of the
three positions was insufficient to abolish coactivator binding
by the receptor, these residues might be redundant in the
formation of the coactivator interaction surface.

Of the four highly conserved hydrophobic residues in helix
12 of the mERa LBD, only L543 is exposed on the surface in
the crystal structure. We have previously shown that alanine
substitution of both L.543 and L544 abrogated transcriptional
activity of the mutant receptor (8). In light of the crystal struc-
ture, we tested whether 1.543 alone is required for coactivator
binding and AF2 activity. The L543A mutant displayed negli-
gible transcriptional activity when transiently transfected into
COS-1 cells as a full-length receptor (Fig. 3A), in contrast to
the phenotype observed for the single alanine substitution of
1362, 1376, or V380. To verify that the mutation is affecting
AF2 alone and not interfering with possible cooperation be-
tween AF1 and AF2, a chimeric receptor consisting of the
LBD with the L543A mutation fused to Gal4 DNA-binding
domain was made. The chimeric receptor was unable to acti-
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FIG. 3. Functional analysis of L543A and 1362A-L376A-V380A mutant receptors. (A) Wild-type (wt) or mutant full-length (left) or chimeric receptors consisting
of the LBD of mERa« fused to the DNA binding domain of Gal4 (right) were transiently transfected into COS-1 cells. Luciferase (LUC) reporter genes as indicated
were cotransfected in the presence (+) or absence (—) of 100 ng of full-length SRCle, and pJ7-lacZ was used as an internal control. Data are presented as described
for Fig. 2A. ERE, estrogen response element. (B) Binding of mutant receptors to GST-SRC1 (aa 570 to 780) in vitro was examined under the same conditions as
described for Fig. 2B. (C) In vivo interaction of mutant mERa LBDs with SRC1 (aa 570 to 780). The expression vectors used are schematically represented with the
numbers indicating the amino acid position in the full-length protein. The darkly shaded box represents the Gal4 DNA binding domain (aa 1 to 147), and the lightly
shaded box represents the activation domain of VP16 (aa 410 to 490). HeLa cells were transiently transfected with the indicated expression vectors, together with a
p5Gal-E1B-GL3 reporter gene and the pJ7-lacZ internal control plasmid. Following transfection, cells were treated with ethanol vehicle alone (NH) or 1075 M
17B-estradiol (E2). After 24 h, cell extracts were prepared and assayed for luciferase and B-galactosidase activities. Normalized values are expressed as fold induction
compared with that of the Gal4 DNA binding domain alone (set as 1). The results shown represent the average of at least two independent experiments assayed in

duplicate = standard error. nd, not determined.

vate a Gal4 reporter gene in COS-1 cells, and weak activity was
observed when SRCle was overexpressed concomitantly (Fig.
3A). In GST pull-down experiments, no detectable binding was
observed between the L543A mutant and GST-SRC1 (aa 570
to 780) (Fig. 3B). Hence, L543 seems to be essential for AF2
activity, at least in part due to its participation in coactivator
binding.

Differential contribution of hydrophobic residues in AF2
activity. It is apparent from the phenotypes of the mutant
receptors that hydrophobic residues which form the putative
coactivator interaction surface might not contribute equally to
the AF2 activity of mERa. To extend this observation, we
generated mutants with double and triple point mutations in
which 1362, L376, and V380 were replaced by alanine in all
possible combinations. Alanine substitution for any two of the
three residues failed to reduce the transcriptional activity of
the receptor (data not shown). We observed a dramatic de-
crease in transcriptional activity only when all three residues
were replaced with alanine, both as the full-length receptor or
as the Gal4-chimeric receptor in COS-1 cells (Fig. 3A). Nev-
ertheless, the triple mutant could be partially rescued by over-

expressed SRCle and was more active than the L543A mutant
(Fig. 3A).

We tested whether the difference in transcriptional activity
was correlated with the ability of these mutants to bind coac-
tivator. In GST pull-down experiments, weak binding between
the triple 1362A-L376A-V380A mutant and GST-SRCI1 (aa
570 to 780) was observed. There was no detectable binding
between the L543A mutant and the same SRCI1 construct (Fig.
3B). To obtain a quantitative comparison in vivo, mammalian
two-hybrid interaction assays were conducted. We fused SRC1
(aa 570 to 780) to the Gal4 DNA binding domain and the LBD
of the wild-type or mutant receptors to the VP16 acidic acti-
vation domain. Upon transient transfection into HeLa cells,
interaction between receptor and SRC1 leads to activation of
a Gal4 reporter gene. In these assays, the levels of interaction
of the triple I362A-L376A-V380A and single L.543A mutants
with SRC1 were 60- and 168-fold lower, respectively, than that
of the wild-type receptor (Fig. 3C). Together with the obser-
vation that L358A, F371A, and L383A mutants retain wild-
type transcriptional activity (data not shown), our results sug-
gest a hierarchy of conserved hydrophobic residues which form
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FIG. 4. Mutation of K366 reveals its dual property in AF2 activity. (A) COS-1 cells were transiently transfected with expression vector for wild-type (wt) or mutant
receptors (left) or Gal4-chimeric receptors (right), the pJ7-lacZ internal control plasmid, and the luciferase (LUC) reporter plasmid as indicated. Data are presented
as described for Fig. 2A. (B) Binding of mutant receptors to GST-SRC1 (aa 570 to 780) was examined under the same conditions as described for Fig. 2B. (C) In vivo
interaction of mutant mER« LBDs with SRC1 (aa 570 to 780) in transiently transfected HeLa cells. Data are presented as described for Fig. 3C. nd, not determined.

the coactivator-interacting surface by virtue of their differential
contribution to the AF2 activity of the receptor.

Dual property of lysine 366 in mediating AF2 activity of
mERa«. Lysine 366 is the only positively charged residue in the
predominantly hydrophobic coactivator-interacting surface of
mERa. It was shown previously that the K366A mutant exhib-
ited negligible transcriptional activity and minimal binding to
the coactivator SRC1 in vitro (16). However, it was unclear
whether this effect was due to the lack of charge or the long
aliphatic stem of the lysine side chain, since alanine is lacking
both. To address this question, we generated a mutant receptor
in which K366 was replaced by leucine, whose side chain mimics
the aliphatic stem of lysine but is devoid of the terminal pos-
itive charge. In transiently transfected COS-1 cells, the tran-
scriptional activity of the K366L mutant was reduced relative
to that of the wild-type receptor but exceeded that of the
K366A mutant when tested as full-length or Gal4-chimeric
receptors (Fig. 4A). This intermediate activity was paralleled
by the interaction of the K366L. mutant with SRC1, which was
reduced by 10-fold compared with wild-type mER« but was
20-fold greater than that of the K366A mutant in mammalian
two-hybrid interaction assays (Fig. 4C). This suggests that the
terminal charge of K366 is required for optimal transcriptional
activity and coactivator binding, but the aliphatic stem of its
side chain is sufficient for the partial activity observed.

Next, we substituted aspartic acid and arginine for K366.

The K366D mutant had negligible transcriptional activity (Fig.
4A) and displayed no binding to SRC1 both in vitro (Fig. 4B)
and in vivo (Fig. 4C), a phenotype more severe than that of the
K366A mutant. However, the K366R mutation had no effect
on the transcriptional activity of the receptor (data not shown).
The first result implies that there is an absolute requirement
for a positive charge, while the latter suggests that the exact
positioning of the positive charge is not crucial. Taken to-
gether, we conclude that both the terminal positive charge and
the aliphatic stem of the K366 side chain are involved in me-
diating the AF2 activity of the receptor.

Mutation of residues which constitute the coactivator inter-
action surface does not affect ligand binding or DNA binding.
Expression of the wild-type and mutant receptors was verified
by Western blotting (data not shown). To ensure that muta-
tions at the coactivator interaction surface had no effect on the
integrity of the LBD structure, ligand-binding assays were per-
formed. All receptor proteins bound 17@3-estradiol with similar
affinities (Table 1). In addition, they bound to DNA as dimers
in a gel retardation assay (Fig. 5). The identity of the receptor-
DNA complex was confirmed by the supershift observed in the
presence of the ERa-specific antibody MP16. Therefore, al-
terations in the transcriptional activity of the mutant receptors
were attributed to defects in coactivator interactions rather
than ligand or DNA binding.
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TABLE 1. Estrogen binding activity of wild-type and
mutant receptors®

Receptor K, (nM)
Wild-type MERG......ccoiiiiiiiiiiiiiccccecceaee 0.33
1362A-L376A-V380A . ... 0.28
1362D......ccevvvivnne ... 0.49
L376D..... ... 0.86
V380D ... 0.90
K366L..... .. 0.31
KBO0D ... 0.33

¢ Extracts prepared from transiently transfected COS-1 cells were analyzed for
ligand binding activity. The dissociation constant (K;) for ligand binding for each
mutant was determined by Scatchard analysis.

Specificity of LXXLL motifs to the mERa coactivator inter-
action surface. Having probed the coactivator interaction sur-
face of the mERa LBD, we attempted to identify potential
determinants for high-affinity binding of pl60 coactivators.
There are three LXXLL motifs in the receptor interaction
domain of each of the p160 coactivator family members. Pre-
vious work indicated that motif 2 in SRCI is preferentially
used in mediating interaction between mERa and SRCI in
vitro (18). To test the affinity of different SRC1 motifs toward
the docking site in greater detail, increasing concentrations of
14-mer peptides M1, M2, and M3, encompassing SRC1 motifs
1, 2, and 3, respectively, were used to compete for the in vitro
binding of GST-mER«a LBD with SRCle. Inhibition of SRC1
binding by the M2 peptide was approximately eightfold better
than that by the M1 and M3 peptides (Fig. 6A and B), implying
that SRC1 motif 2 has a higher affinity to the mERa LBD.
Next, a panel of M2 peptides ranging from 8- to 22-mers
[designated M2(8) to M2(22)] were used to investigate
whether the length of the peptide would affect its ability to
inhibit receptor-coactivator interaction. Inhibition by the
M2(12) peptide was about 100-fold stronger than that by the
M2(8) peptide; however, further extension of the peptide at
the N or C termini did not increase the degree of inhibition
(Fig. 6C). This suggests that the determinants of SRC1 motif 2
for its high-affinity binding to the mERa docking site are N
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terminal to the minimal LXXLL motif. In particular, we noted
a cluster of three basic residues at positions —2 to —4 of motif
2, which are conserved across all p160 coactivator family mem-
bers. To determine whether the three basic residues are suffi-
cient to confer specificity, we synthesized an M3 peptide with
residues at positions —2 to —4 substituted for by the corre-
sponding basic residues of SRC1 motif 2. The resultant pep-
tide, M3(M2), had an inhibition profile similar to that of the
native M2 peptide (Fig. 6D). Conversely, when we replaced the
three basic residues in M2 with the corresponding residues
from motif 3, M2(M3) behaved in a manner similar to that of
the native M3 peptide (Fig. 6D). Finally, we tested the effect of
replacing the individual basic residues with alanine, but found
that all three mutant peptides were capable of inhibiting the
binding of SRC1 to a similar extent as the wild-type peptide
(unpublished data). Thus, our results suggest that the prefer-
ence for motif 2 when the ER and SRC1 interact is conferred,
at least in part, by basic residues N terminal to the minimal
LXXLL motif. Moreover, these three residues seem to be
sufficient for transforming a low-affinity motif into a high-
affinity motif for the docking site on the ER.

DISCUSSION

Transcriptional activation by the ER is achieved through its
interaction with coactivator proteins upon ligand binding. It
has been shown that the recruitment of the p160 family of
coactivators is dependent upon the integrity of a short hydro-
phobic motif, LXXLL, three of which are conserved in indi-
vidual family members (15, 20, 31). Here we identified a cluster
of residues in the LBD of mER« which comprise an interac-
tion surface to allow docking of the motif. In addition, we
demonstrate that the preferential binding of SRC1 motif 2 can
be accounted for by the presence of three basic residues N-
terminal to the core LXXLL motif which enhance its binding
affinity to the receptor in vitro.

The coactivator interaction surface of mER« LBD which is
composed mainly of hydrophobic residues from helices 3, 5,
and 12 closely resembles a similar surface described for human
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FIG. 5. Mutant receptors bind to DNA with affinity similar to that of the wild-type receptor. Full-length wild-type (wt) or mutant receptors were transiently
expressed in COS-1 cells. Equal amounts of receptor were analyzed for DNA binding in an electrophoretic mobility shift assay using a 3*P-labelled oligonucleotide
containing a single consensus estrogen response element from the vitellogenin A2 gene promoter. Binding reactions were performed either in the presence of
ERa-specific antibody MP16 or preimmune serum. Protein-DNA complexes were separated on 6% native polyacrylamide gels and detected by autoradiography.
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FIG. 6. Differential inhibition of mERa-SRCI interaction in vitro by an LXXLL motif containing peptides. (A) Comparison of peptides encompassing either SRC1
LXXLL motif 1, 2, or 3. A GST fusion protein of mERa LBD which had been coupled to Sepharose beads was incubated with in vitro-translated [>>S]methionine-
labelled SRCle protein and increasing amounts of LXXLL motif-containing peptide, in the presence of 10~° M 17B-estradiol. Bound labelled proteins were eluted,
separated on SDS-10% polyacrylamide gels, and detected by fluorography. The input lane represents 10% of the total volume of the lysate used in each reaction. (B)
Graphical representation of results from Fig. 6A. The amount of bound SRCle protein was quantified with a PhosphorImager and is expressed as a percentage of
maximal binding relative to the amount of bound proteins in the absence of any LXXLL motif-containing peptide (100%). At least two independent experiments were
performed, and the data shown are from one representative experiment. (C) Effect of flanking residues on inhibition of mERa-SRC1 interaction by motif 2-containing
peptide. Increasing amounts of M2 peptide, the length of which varied from 8 to 22 residues, were used to inhibit interaction between GST-mERa LBD and
[3*S]methionine-labelled SRC1e protein in an assay described for panel A. Data are presented as described for panel B and are from one representative experiment.
At least two independent experiments were performed. (D) Three basic residues N terminal to LXXLL core motif 2 confer high-affinity binding to mERa. Residues
~““DHQ "2 of SRC1 motif 3 were replaced by residues ~*RHK™? from the corresponding positions of motif 2 in a 14-mer peptide and vice versa. Increasing amounts
of wild-type or mutant peptides were incubated with GST-mER« LBD and [**S]methionine-labelled SRCle protein in an assay described for panel A. Data from one
representative experiment are presented as described for panel B. At least two independent experiments were performed.

thyroid hormone receptor 3 (hTRpB) (9, 12). More importantly,
side chains of residues characterized here, namely, 1362, L376,
V380, and 1543 (Fig. 1A), were shown to make van der Waals
contacts with side chains of the three LXXLL motif leucines
and of the isoleucine immediately N terminal to the motif in
the crystal structure of the agonist- bound hERa LBD com-
plexed with GRIP1 NR box II peptide (29). While the aspartic
acid substitutions allowed us to show that these residues are in
close contact with the motif in functional assays, the alanine
substitutions led to the notion that they could be divided into
two classes. One class, including 1.358, 1362, F371, L376, V380,
and L383, are likely to contribute to the optimal binding of

coactivators, but are dispensable, since removal of one or two
side chains of these residues had little effect on receptor func-
tion. In contrast, 1.543 is essential for ligand-dependent coac-
tivator binding and AF2 activity of mERa. This residue was
shown to make intramolecular van der Waals contacts with
residues in helix 3 in the crystal structure of agonist-bound
hERa (4). Therefore, we postulate that 1543 plays a pivotal
role not only in coactivator binding per se, but also in the
completion and stabilization of the coactivator interaction sur-
face upon ligand binding. Hence, the L543A mutation might
destabilize the position of helix 12 in addition to obliterating an
essential contact with the LXXLL motif.
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In the structure of the agonist-bound hERa LBD complexed
with NR box II peptide, K366 and E546 were shown to form
hydrogen bonds with the main chain of the peptide (29), sim-
ilar to the observation made in the holo-PPARy-SRC1 cocrys-
tal structure (26). This led to the suggestion that these oppo-
sitely charged residues, which are situated at opposite ends of
the coactivator interaction surface, might serve as a “charge
clamp” and stabilize the helical structure of the peptide. Al-
though the phenotypes of the K366L (Fig. 4) and ES46A (ref-
erence 8 and unpublished data) mutants implied that the
charges of these residues might be involved in p160 coactivator
binding by mER«, our assays did not allow us to distinguish
between their roles in recognition or equilibrium binding.
However, SRC1 binding to mERa (18) and the ability of a
peptide containing SRC1 motif 2 to inhibit such binding occurs
at a high salt concentration in vitro (unpublished data), sug-
gesting that electrostatic interaction between mERa and SRC1
is dispensable for equilibrium binding. It is conceivable that
the initial recognition of the peptide by the docking surface of
the receptor results from the complementarity between the
surface of the LBD and the LXXLL motif. However, given that
the GRIP1 NR box II peptide used in crystalization studies is
not structured on its own (9), recognition may be achieved in
other ways. For example, the polarity of the surface, imposed
by K366 and E546, may favor the formation of helical structure
of the peptide in one orientation. On the other hand, K366 and
ES546 could be recognized directly by flanking residues of the
LXXLL motif which do not appear to participate in equilib-
rium binding. Since the SRC1 moiety in the holo-PPARYy-
SRC1 complex appeared to be largely unstructured except for
a short helix containing the LXXLL motif (26), we speculate
that the mechanism of recognition postulated for the NR box
II peptide might also be applicable for native p160 coactivator
proteins.

The ER has been demonstrated to interact preferentially
with motif 2 in SRC1 (18) or TIF2 (32). This motif was also
shown to bind with highest affinity to the TRB (9), while alter-
native motifs are preferentially utilized by other receptors (10,
23). Sequence alignment indicates that the degree of conser-
vation of a particular LXXLL motif in different p160 coacti-
vators is greater than that between different motifs within any
one pl60 protein. Since such conservation sometimes extends
beyond the minimal LXXLL sequence, it is conceivable that
residues flanking the LXXLL motif may confer preferential
binding of particular motifs to different receptors. Using a
peptide inhibition assay, we confirmed our previous observa-
tion that SRC1 motif 2 has the highest affinity for binding to
the LBD of ER and identified three basic residues, N terminal
to the core LXXLL motif, as determinants for such high-
affinity binding. Residues adjacent to motif 2 were also shown
to modulate its affinity with the TRB (9), although the relative
contributions of the N- and C-terminal residues were not as-
sessed. The basic residues seem to function as a unit indepen-
dently of other residues flanking the motif, since replacement
of “*DHQ? from motif 3 with “*RHK 2 from motif 2 was
sufficient to confer high-affinity binding to the ER.

The specificity determinants N terminal to the LXXLL motif
are disordered in the structure of the agonist-bound hERa
complexed with NR box II peptide (29). Therefore, they are
unlikely to form stable interactions with residues of ER in
equilibrium binding. It was proposed that these basic residues
might be accommodated by a shallow groove between HS and
H12 in TRB (9). Alternatively, we envisage that the three basic
residues may be involved in long-range recognition of surface
features of ER which are not necessarily in the proximity of the
coactivator docking site. Although not detected in our peptide
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inhibition assays, microinjection studies demonstrated that res-
idues C terminal to SRC1 motif 2 could also serve as specificity
determinants for ER binding (23). It is tempting to speculate
that the same principle of long-range recognition might be
applicable. When these findings were taken together, a step-
wise model of pl60 coactivator binding to ER emerged. The
first step involves the flanking residues of the LXXLL motif,
whose primary function is to direct the core motif to a broad
area of the receptor which encompasses the coactivator inter-
action surface. Once the LXXLL motif is in the vicinity of the
surface, polarity imposed by K366 and E546 directs the for-
mation and docking of the helix, which contains the motif in
one orientation due to the dipole intrinsic to helical structure.
Finally, specific hydrophobic and electrostatic interactions be-
tween the motif and the receptor ensue, resulting in stable
interaction of the coactivator with the receptor.
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