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Hydrophobic Cleft on Nuclear Receptors
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The ligand-binding domain of nuclear receptors contains a transcriptional activation
function (AF-2) that mediates hormone-dependent binding of coactivator proteins. Scan-
ning surface mutagenesis on the human thyroid hormone receptor was performed to
define the site that binds the coactivators, glucocorticoid receptor-interacting protein 1
(GRIP1) and steroid receptor coactivator 1 (SRC-1). The residues involved encircle a
small surface that contains a hydrophobic cleft. Ligand activation of transcription in-
volves formation of this surface by folding the carboxyl-terminal « helix against a scaffold
of three other helices. These features may represent general ones for nuclear receptors.

Nuclear receptors stimulate transcription
in response to hormone binding by inter-
acting with coactivator proteins in a hor-
mone-dependent manner (). The nature of
the nuclear receptor—coactivator interac-
tion site is not known. The site could be a
large surface, as is usual with peptide hor-
mone-receptor interactions (2), or a small
surface with complementarity between the
coactivator and nuclear receptor (3). Alter-
natively, the interaction could involve the
folding of one protein into the partner (4).
Coactivator binding is impaired by muta-
tions in the COOH-terminal « helix of the
receptor ligand-binding domain (LBD) (5-
7), but it is not known how this helix
contributes to coactivator binding. An au-
tonomous COOH-terminal helix function
might be suggested, since the isolated helix
confers activation when linked to a heter-
ologous DNA-binding domain (8). Howev-
er, in the liganded thyroid hormone recep-
tor {TR), this helix packs against the LBD
and thus the COOH-terminal helix might
be part of a larger surface. A conserved Lys
outside of the COOH-terminal helix has
been implicated in coactivator binding to
the estrogen receptor (ER) (9), but it is
difficult to interpret effects of this single
mutation, which might disrupt overall re-
ceptor folding (10) or affect TR het-
erodimerization with the retinoid-X recep-
tor (RXR) (11, 12).

We mapped the surface of the TR LBD
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for its interaction with coactivator. We
used the TR LBD x-ray crystallographic
structure (13) to guide placement of 37
mutations in the human (h) TRB1 LBD

surface. Reasoning that bulky, surface-
charged residues might disrupt coactivator
binding, yet preserve global structure and
solubility, we mutated selected residues
preferentially to charged residues (Arg, Lys,
or Glu) (14).

Wild-type (WT) TR and most of the TR
mutants liganded to 3,5,3’-triiodo-L-thyro-
nine (T;) bound equally well to the coac-
tivator glucocorticoid receptor-interacting
protein 1 (GRIP1) (Fig. 1A, upper panel)
(15). In all cases, GRIP1 binding was hor-
mone dependent (16). As expected (5, 6),
mutations Lys¥*— Arg*** (L454R) (17)
and E457K in surface residues of helix 12
abolished GRIP1 binding. Mutations in two
residues of helix 3, V284R and K288A, and
two residues of helix 5, I302R and K306A,
also impaired binding. Five of the mutations
with diminished GRIP1 binding (V284R,
K288A, 1302R, L454R, and E457K) also
showed decreased binding to another coac-
tivator, steroid receptor coactivator la

(SRC-1a) (Fig. 1B) (18). Thus, two differ-
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Fig. 1. Binding of GRIP1, SRC-1, and RXRa to hTRB1 mutants and transcriptional activation by hTRB1
mutants. (A) In vitro binding of 35S-labeled full-length WT and representative mutants of hTRB1 to
GST-GRIP1 (upper panel) and to GST-hRXRa (lower panel). The GST-GRIP1 used included GRIP1
amino acids 721 to 1121; the same results were obtained with a GST-GRIP1 construct that included
GRIP1 amino acids 563 to 1121 (76). The binding assay was analyzed by autoradiography after
separation with 10% SDS-polyacrylamide gel electrophoresis (PAGE) (25). The mutations are indicated
above the gels. The absence or presence of 1 uM T is indicated below the gels as — or +, respectively.
(B) In vitro binding of 3%S-labeled full-length SRC-1a to WT and mutant GST-hTRB1. Analysis and
display as for Fig. 1A. The same results were obtained when a GST-SRC1 construct including SRC-1a
amino acids 381 to 882 was tested for binding of [35S]Met-labeled full-length hTRB1 WT and mutants
(16). (C) Specific effects of mutations on hTRB1 transcriptional activation in Hel.a cells and correlation
with effects on binding to GST-GRIP1. The multiple increases (fold) of T, activation (black bar) and of the
phosphorimager quantitation of the GST-GRIP1 binding from Fig. 1A (gray bar) are both expressed as
percentages of the WT values and graphed for each representative mutant (25, 26). Not all 37 mutants
are shown. Error bars indicate the SD of three experiments. (D) Overexpression of full-length GRIP1
rescued the loss of transcriptional activation by hTRB1 mutants. Indicated are amounts of the expres-
sion vector for full-length GRIP1, pSG5-GRIP1, that were included in the cotransfections, which were
otherwise performed as for Fig. 1C (26). The WT and representative hTR31 mutants are indicated. The
data represent the averages of three independent experiments, with SD <10%.
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ent coactivators recognize the same TR sur-
face residues.

To determine which residues are in-
volved in ligand-mediated transcription ac-
tivation, we tested the TR mutants in HeLa
cells. T; increased reporter gene activity
fivefold in cells expressing either WT TR or
mutated TRs that showed normal GRIP1
binding (representative mutants are shown
in Fig. 1C). By contrast, TR mutants with
diminished or absent GRIP1 binding
(V284R, K288A, I30ZR, K306A, L454R,
and E457K) showed a diminished or absent

response to T that correlated with the
GRIPI binding defect. Overexpression of
GRIPI increased activation by the WT TR
and rescued activation by TR mutants
roughly in proportion to the severity of the
defect of GRIP1 binding and activation
(Fig. 1D). Thus, the same residues may be
required for coactivator binding, function-
ing of one or more endogenous coactivators
in Hela cells, and responsiveness of TRs to
GRIP1; these residues also probably define
the TR transcriptional activation function
(AF-2).
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Fig. 3. Scanning surface
mutagenesis defines a
small cluster of effective
mutations that surround
a surface cleft containing
central hydrophobic res-
idues. (A) A space-filing
model of the TRa LBD
shows the LBD surface
locations of mutations
made in the full-length
hTRB1. Mutated resi-
dues that have no effect
on GRIP1 binding or on
activation in HelLa cells
are shaded dark gray.
Mutated residues with
diminished GRIP1 and
SRC-1a binding and di-
minished activation in

Hel a cells are colored to reflect chemical properties of the res-
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idues: Red, blue, and green indicate acidic, basic, and hydro-

phobic residues, respectively. The main-chain structures of the TRa LBD and
TRpB LBDs are the same (76). Computer graphic prepared with MidasPlus
(27). (B) The AF-2 surface contains a cleft, one side of which is formed by
conformationally hormone-responsive residues. Left, a view of the TR LBD
molecular surface, showing the concave surfaces in gray; note the cavity at
the center of the figure. Right, a space-filling model of the TR LBD, overlayed
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The effects of the mutations on other
receptor functions were also examined. All
of the mutants bound radiolabeled thyroid
hormone (K, values, 6 to 234% that for
native receptor) (14). Occasional lower val-
ues were expected because some residues
have partially buried side chains; at the
high T concentrations used, saturated hor-
mone binding for all mutants was achieved
in the assays used. None of the residues that
decreased GRIP1 binding affected TR bind-
ing to a glutathione S-transferase (GST)-—
RXR fusion protein (Fig. 1A, lower panel),
or to DNA, as determined with three dif-
ferent DNA half-site arrangements testing
with or without added RXR (16). Some
mutations that affect GRIP1 binding occur
in a region spanning helices 3 to 5, which
has been suggested as important for TR-
RXR heterodimerization (11, 19); our re-
sults suggest that these AF-2 residues do not
contribute to this heterodimerization. Fur-
ther, mutation of the AF-2 residues does
not affect the T;-dependent inhibition of
the Jun and Fos transcription factor activi-
ties at an AP-1 site (5). These unaffected
activities also serve as controls, showing
that the amounts of labeled mutant TRs put
into the binding reactions and the expres-
sion levels of the mutant TRs in the cell
culture assays are comparable with those of
WT receptors.

The identified TR AF-2 residues lie
within portions of the TR sequence that are
conserved between nuclear receptors (10,
11, 20), suggesting that the coactivator-
binding surfaces for other nuclear receptors

with a molecular surface view restricted to a 12-A radius of the hydrophobic
cavity. The hormone-insensitive residues of mutated AF-2 (V284, K288, 1302,
and K306) are located on one side of the cleft and are colored yellow. The
mutated AF-2 residues that likely undergo a conformational change upon
hormone binding (L454 and E457) are located on the opposite side of the cleft
and are colored red. Computer graphics were prepared with GRASP (28).
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are similar to that for TR. TR residues K288
and E457 are completely conserved between
different nuclear receptors (10), and other
residues show conservation of residue type—
hydrophobic for TR residues V284, 1302,
and 1454, polar or charged for TR residue
K306. We created three separate mutations
(K362A, V376R, and E542K) in human es-
trogen receptor-a. (hERa), which align to
three of the effective positions in the " TRB1
(K288A, I302R, and E457K). All three mu-
tations diminished GRIP1 binding (Fig. 2A)
and abolished transcriptional activation
(Fig. 2B); mutant V376R, with 10% residual
GRIP1 binding, was rescued partially by
overexpression of GRIP1 (Fig. 2C). As a
control, the ER mutants demonstrated a nor-
mal hormone-dependent ability to activate a
vitellogenin-LUC hybrid reporter gene,
GLA45, which responds to the ER NH,-ter-
minal activation function (16, 21). Thus,
the AF-2 surface residues appear to be similar
in different nuclear receptors.

The residues that define AF-2 (Fig. 3A)
cluster within a small area with well-de-
fined borders. The surface contains charged
and hydrophobic residues at its periphery
but only hydrophobic residues at its center.
Amino acids that form the surface cleft
include residues 1280, V284, and K288 from
helix 3; 1302, L305, and K306 from helix 5;
C309 from helix 6; and L1454, E457, and
V458 from helix 12. This small interaction
surface may match a complementary surface
on the coactivator with the hydrophobic
cleft at the center of the surface driving the
coactivator binding reaction. The volume
of the cleft, although small (~300 A3), can
accommodate, for example, a Leu (124 A?)
or Phe (135 A3) residue. A short conserved
motif that can mediate recognition of nu-
clear receptors by coactivators of several
types, including GRIP1 and SRC-1 (22),
contains leucines (LXXLL) that could fit
into the target surface hydrophobic cleft.
The features of the hydrophobic cleft make
it a suitable target for the rational design of
pharmaceuticals to block the receptor-coac-
tivator interaction.

The inferred AF-2 surface appears to
comprise two parts (Fig. 3B, right). Residues
contained in helices 3, 5, and 6 (Fig. 3B,
yellow residues) probably form a constitu-
tive part (10), since their positions are iden-
tical in all nuclear receptor structures re-
ported, including the liganded, activated
states of the TR, retinoid-A receptor, and
ER, the unliganded RXR, and the inhibitor-
liganded ER (13, 23, 24). By contrast, the
residues of helix 12 (Fig. 3B, red residues)
are positioned differently in the active and
inactive states reported. Thus, the coacti-
vator binding surface is formed in response
to an active hormone by positioning helix
12 against a scaffold formed by helices 3 to
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6. Because the binding surface is so small,
changes in the position of helix 12, such as
that induced by the ER antagonist ralox-
ifene (23), could impair coactivator binding
and thus receptor activation also.
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