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Ligand-dependent activation of gene transcription by nuclear receptors is dependent on the recruitment of
coactivators, including a family of related NCoA/SRC factors, via a region containing three helical domains
sharing an LXXLL core consensus sequence, referred to as LXDs. In this manuscript, we report
receptor-specific differential utilization of LXXLL-containing motifs of the NCoA-1/SRC-1 coactivator.
Whereas a single LXD is sufficient for activation by the estrogen receptor, different combinations of two,
appropriately spaced, LXDs are required for actions of the thyroid hormone, retinoic acid, peroxisome
proliferator-activated, or progesterone receptors. The specificity of LXD usage in the cell appears to be
dictated, at least in part, by specific amino acids carboxy-terminal to the core LXXLL motif that may make
differential contacts with helices 1 and 3 (or 3*) in receptor ligand-binding domains. Intriguingly, distinct
carboxy-terminal amino acids are required for PPARg activation in response to different ligands. Related
LXXLL-containing motifs in NCoA-1/SRC-1 are also required for a functional interaction with CBP,
potentially interacting with a hydrophobic binding pocket. Together, these data suggest that the
LXXLL-containing motifs have evolved to serve overlapping roles that are likely to permit both
receptor-specific and ligand-specific assembly of a coactivator complex, and that these recognition motifs
underlie the recruitment of coactivator complexes required for nuclear receptor function.
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Nuclear receptors are ligand-activated transcription fac-
tors that are critical for development and homeostasis,
regulating gene expression, in most cases, via interaction
with cis-acting DNA elements (Mangelsdorf et al. 1995;
Katzenellenbogen 1996; Torchia et al. 1998). Members of
the nuclear receptor family share a conserved structural
and functional organization with the carboxyl terminus
mediating ligand-binding. Upon ligand binding, these
transcription factors undergo distinct conformational
changes, depending on the type of ligand (Fritsch et al.
1992; Beekman et al. 1993). Crystal structures of the car-
boxy-terminal ligand-binding domain of several recep-
tors (Bourguet et al. 1995; Renaud et al. 1995; Wagner et
al. 1995; Brzozowski et al. 1997; Nolte et al. 1998) reveal
that the ligand is almost entirely buried within the con-

served core of a helices 3, 7, and 10. A conserved car-
boxy-terminal helix, referred to as the AF2 domain, re-
quired for ligand-dependent gene activation (Danielian et
al. 1992; Barettino et al. 1994; Durand et al. 1994; Tone
et al. 1994), becomes folded against the ligand-binding
domain of agonist-bound retinoic acid receptor (RAR),
thyroid hormone receptor (TR), estrogen receptor (ER),
and PPARg receptor structures. This change in confor-
mation is thought to allow a productive interaction with
transcriptional coactivators and thus results in an acti-
vated transcription factor (Fritsch et al. 1992; Beekman
et al. 1993). For many nuclear receptors there is a ligand-
dependent exchange of a corepressor complex, contain-
ing histone deacetylase activity, for a coactivator com-
plex possessing histone acetylase activity (Horlein et al.
1995; Ogryzko et al. 1996; Alland et al. 1997; Heinzel et
al. 1997; Nagy et al. 1997; Spencer et al. 1997; Wong et al.
1997).

The precise repertoire of coactivators and coactivator
complexes required for physiological nuclear receptor
function remains unresolved. Nuclear receptors can in-
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teract with, and variably require, CBP/p300 for their
transcriptional activity, both in vitro and in vivo
(Chakravarti et al. 1996; Hanstein et al. 1996; Kamei et
al. 1996; Yao et al. 1996, 1998; Kraus and Kadonaga
1998). On the basis of direct biochemical interactions
(Halamachi et al. 1994; Cavailles et al. 1994; Kurokawa
et al. 1995), a series of p160 factors requiring both ligand
and the AF2 domain for association were identified and,
at least in some cell types, are required for receptor ac-
tivation (Halamachi et al. 1994; Oñate et al. 1995; Tor-
chia et al. 1997). These p160 factors include NCoA-
1SRC-1 (Oñate et al. 1995; Kamei et al. 1996), the highly
related factor TIF2/GRIP-1/NCoA-2 (Hong et al. 1996;
Voegel et al. 1996; Torchia et al. 1997), and a third family
member p/CIP/AIB1/ACTR (Anzick et al. 1997; Chen et
al. 1997; Li et al. 1997; Torchia et al. 1997). These fac-
tors, which together constitute the biochemically iden-
tified p160 factors (Kamei et al. 1996), are components of
a larger complex, apparently assembled upon binding of
ligand that is responsible, at least in part, for critical
aspects of receptor function (Korzus et al. 1998). There
are a large number of additional factors that exert ligand-
dependent receptor interactions and serve as potential
coactivators (e.g., Lee et al. 1995); a role for CBP/p300 has
been clearly established. Further, on the basis of coimmu-
noprecipitation and chromatography approaches with the
thyroid hormone or vitamin D receptors, a large multicom-
ponent complex was identified, the members of which
appear distinct from the CBP/p160/p/CAF proteins (Fon-
dell et al. 1996; Ogryzko et al. 1998; Rachez et al. 1998).

Intriguingly, the p160 factors such as NCoA-1/SRC-1,
and many of the other factors capable of interacting with
liganded nuclear receptors, share a common motif con-
taining a core consensus sequence LXXLL (L, leucine; X,
any amino acid; LeDouarin et al. 1996; Heery et al. 1997;
Torchia et al. 1997). These motifs are sufficient for li-
gand-dependent interaction with nuclear receptors, and
were predicted to assume helical conformation (Heery et
al. 1997; Torchia et al. 1997). NCoA-1/SRC-1, TIF-2/
GRIP-1/NCoA-2, and p/CIP/AIB1/ACTR all contain
three LXXLL motifs in a conserved central sequence,
which has been defined to serve as the nuclear receptor
interaction domain. In addition, NCoA-1/SRC-1 has two
LXXLL motifs within a more carboxy-terminal domain
capable of interacting with CBP/p300, and a single splic-
ing variant has an additional carboxy-terminal LXXLL-
containing motif (Oñate et al. 1996; Torchia et al. 1997).

The co-crystal structure of a region of the NCoA-1/
SRC-1 nuclear receptor interaction domain (amino acids
623–760) containing two LXXLL motifs with liganded
PPARg revealed a ternary complex in which one LXXLL
binds to one PPARg ligand-binding domain (LBD), while
the second LXXLL binds to the other PPARg LBD of the
dimer, with the connecting, unstructured NCoA-1/
SRC-1 sequence spanning the receptor homodimer
(Nolte et al. 1998). The crystallographic evidence sug-
gests a model in which the conserved glutamic acid of
the AF2 helix (E471) hydrogen bonds to the backbone
amides of the first leucine of the motifs and the amino-
terminal adjacent residue, while a critical lysine in helix

3 of the receptor (K301) hydrogen bonds to the backbone
carbonyls of leucines at position 4 and 5 of the LXXLL
motif (Nolte et al. 1998), with the hydrophobic face of
LXXLL packed into a hydrophobic pocket formed from
the helix packed interfaces of receptor helices 3, 4, and 5
and the AF2 helix. Thus, E471 and K301 in the AF2 and
H3 helices, respectively, define a charge clamp that al-
lows the orientation and placement of the LXXLL motif
into the coactivator-binding site. The nonconserved
amino acids of the core motif (LXXLL) are solvent ex-
posed but would not be expected to exhibit specificity.
These observations also imply that other LXXLL-con-
taining factors would exhibit similar binding to the li-
gand-dependent coactivator-binding site, and raise in-
triguing questions with regard to LXXLL motif specific-
ity and the role of the multiple LXXLL-containing motifs
within the p160 factors.

Here, we report that the three LXXLL-containing he-
lical motifs, referred to as LXDs, within the nuclear re-
ceptor-interaction domain of NCoA-1/SRC-1 are differ-
entially required, with the second LXD required and suf-
ficient for action of the ER, while TR and RAR require
both the second and third LXXLL helical domains and
correct spacing between them. In contrast, PPARg recep-
tor and progesterone receptor (PR) require both LXD1
and LXD2, again with appropriate spacing. The critical
amino acid residues required for interactions with ER,
RAR, and TR prove in vivo to reside carboxy-terminal to
the LXXLL core motif and have been defined to the level
of a single amino acid, revealing receptor specificity of
required amino acid interactions. Specificity is, surpris-
ingly, further regulated by ligand itself, as different car-
boxy-terminal residues of LXD2 were required with dis-
tinct PPARg ligands. Finally, LXXLL-containing helices
in the CBP/p300 interaction domain of NCoA-1/SRC-1
have proved to also be required for interactions with
CBP/p300, and structure/function analysis is consistent
with the hypothesis that these interactions involve a hy-
drophobic pocket defined by multiple helical motifs in
the CBP/p300 interaction domain, which is required to
mediate the apparent, obligatory requirement for the
CBP/p300 cofactor in nuclear receptor function.

Results

Receptor specificity of the LXXLL helical motifs

The three members of the p160 coactivator family con-
tain several regions of high homology, and these include
the distinct nuclear receptor- and CBP-interaction do-
mains; the sequences of the 21 amino acids that encom-
pass each component LXD are more related between
family members than they are between motifs within a
given p160 protein (Fig. 1A). Because the region encom-
passing LXD1, LXD2, and LXD3 does not interact with
CBP/p300, while conversely the region encompassing
LXD4 and LXD5 does not effectively interact with li-
ganded nuclear receptors (Torchia et al. 1997), we ex-
plored the possibility that there might be a preferential
recognition code of LXXLL motifs required for actions of
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specific nuclear receptors. This hypothesis was investi-
gated initially at a functional level, determining the abil-
ity of NCoA-1/SRC-1 mutated in specific LXDs to res-
cue receptor function following nuclear microinjection
of specific anti-NCoA-1/SRC-1 IgG. In these experi-
ments, we evaluated the function of each LXD; we al-
tered the fourth and fifth (leucine) residue of LXXLL (+1
to +5) to alanines, or altered residues 2, 3, 4, and 5 to
alanine, obtaining identical results in all experiments.
The mutation of L4 and L5 was chosen on the basis of
the critical roles of these leucine residues in binding to
the liganded nuclear receptor (Heery et al. 1997; Torchia
et al. 1997) and the co-crystal structure of PPARg with a
portion of the NCoA-1/SRC-1 interaction domain, con-
firming the specificity of the requirement for leucine at
the +5 position (Nolte et al. 1998).

We first performed rescue experiments following in-
jection of anti-SRC-1/NCoA1 IgG on 17b-estradiol-
stimulated estrogen receptor function, using wild-type
NCoA-1/SRC-1 or NCoA-1/SRC-1 derivatives encoding
the indicated, specific mutations in LXD1, LXD2, or
LXD3. These experiments indicated that only LXD2, but
neither LXD1 nor LXD3, were required for function of
NCoA-1/SRC-1 on this receptor (Figs. 1B and 2A). Even
with mutation of both LXD1 and LXD3, the ER activa-
tion function of NCoA-1/SRC-1 remained intact (Figs.
1B and 2A). The mutant forms of NCoA-1/SRC-1 were
expressed at apparently equivalent levels as determined
by Western blot analysis of transfected cells, as were all
other mutated proteins used in these studies (Fig 1C).
More definitively, the function of each mutation was
established by its ability to rescue other nuclear recep-

Figure 1. LXXLL helical motif require-
ments for actions of ER. (A) Map of
NCoA-1/SRC-1 with LXXLL helical motif
(LXDs) indicated, and of CBP, with a
portion of a LXXLL motif in the NCoA-1/
p/CIP interaction domain. (Arrows)
LXXLL motifs; (bottom) sequences of
these motifs are compared. (B) Effects
of mutation of LXD1, LXD2, or LXD3
(LXXLL → LAAAA) on ability to rescue
17b estradiol (E2)-dependent ER activation
abolished by nuclear microinjection of
anti-NCoA-1/SRC-1 affinity-purified IgG.
(C) Western blot analysis of expression of
NCoA-1/SRC-1, wild type (wt), or the in-
dicated mutations, in extracts of cells
transfected with specific IgG. No signifi-
cant differences in protein levels were ob-
served for the mutations studied.
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tors (see below). Similar analysis with the PR revealed a
requirement for both LXD1 and LXD2 (Fig. 2B), indicat-
ing distinct patterns of LXD usage for different nuclear
receptors.

For RAR and TR function, two helical motifs were
again required, but now LXD2 and LXD3 proved to be
the motifs required, while mutation of LXD1 did not
affect NCoA-1/SRC-1 function (Fig. 2C,D). On the basis
of the conserved spacing of 50 amino acids between
LXD2 and LXD3, we deleted 30 amino acids, leaving 10
amino acids carboxy- and amino-terminal to LXD2 and
LXD3, respectively. Rescue experiments with the spac-

ing variant of NCoA-1/SRC-1 (LXD2S3) revealed that,
while equivalently expressed and fully functional on
PPARg receptor (see Fig. 3A), this mutant was unable to
serve in activation function for either the TR or RAR
(Fig. 2C and data not shown). Therefore, we conclude
that, in contrast to the requirements for a single LXD by
ER, both RAR and TR, as well as PR, require the actions
of two, critically spaced LXDs, rather than a single LXD.
The critical LXXLL-containing helices, however, are
distinct between the PR or PPARg receptor and the RAR
or TR.

A similar microinjection analysis for activity of the
PPARg receptor (Fig. 3A) revealed that mutation of ei-
ther LXD1 or LXD2, but not of LXD3, resulted in a par-
tial loss of transactivation in response to addition of a
thiazolidenedione (troglitazone; TGZ). Mutation of both
LXD1 and LXD2 caused complete loss of function (Fig.
3A), while even with simultaneous mutation of LXD1
and LXD3 or LXD2 and LXD3, NCoA-1/SRC-1 remained
partially competent to rescue TGZ-stimulated PPARg

function (data not shown). Reduction of the conserved
spacing (from 52 to 20 amino acids) between LXD1 and
LXD2 abolished the ability of NCoA-1/SRC-1 to serve as
a PPARg coactivator, while altered spacing between
LXD2 and LXD3 had no effect, confirming both the ef-
fective expression and function of this variant NCoA-1/
SRC-1 protein (Fig. 3A).

On the basis of the X-ray crystal structures of liganded
receptor carboxy-terminal domains (Bourguet et al. 1995;
Renaud et al. 1995; Wagner et al. 1995; Nolte et al. 1998),
which document distinct, ligand-dependent placement
of the AF2 helix, we considered the possibility that, as a
consequence, different ligands might alter the LXD re-
quirements for a particular receptor. This possibility was
tested in the case of PPARg receptor by evaluating sev-
eral different classes of ligands for PPARg, each of which
would be predicted to bind quite differently in the large
ligand-binding pocket and might be expected to alter sur-
face contacts by coactivators (Nolte et al. 1998). Mild
distinctions were observed in the quantitative require-
ments for LXD1 and LXD2; with prostaglandin J2 me-
tabolites (PGJ2) there were equivalent, partial require-
ments for both LXD1 and LXD2 (PGJ2; Fig. 3B), and with
indomethacin, there was a greater quantitative impor-
tance of LXD1, but still some effect of LXD2 (Fig. 3C).

Determinants of LXD specificity

While the co-crystal structure of PPARg with a portion
of the SRC-1-interaction domain (amino acids 623–710)
provided insight into the critical role of the leucine resi-
dues and hydrophobic helix, the molecular basis of speci-
ficity of helical choice has remained unclear. The co-
crystal of PPARg LBD with the SRC-1 receptor interac-
tion domain revealed no detectable ordered structure
beyond eight amino acids amino- or carboxy-terminal to
the conserved LXXLL core (Nolte et al. 1998). Therefore,
we investigated the role of these amino- and carboxy-
terminal flanking residues as a potential basis for speci-
ficity.

Figure 2. Differential role of LXD motifs in actions of ER (A),
PR (B), RAR (C), or TR (D) receptors. In each case, ligands were
added at 10−6

M, and reporters were under control of the appro-
priate response element (Torchia et al. 1997). (ERE) Estrogen-
responds element; (PRE) progesterone-response element;
(RARE) retinoic acid-response element; (TRE) thyroid hormone-
response element. Rat-1 cells were microinjected with anti-
NCoA-1/SRC-1 IgG and the CMV-expression vectors encoding
the indicated proteins (Torchia et al. 1997). In addition to the
mutations in leucine residues +4 and +5 of each motif, a dele-
tion of 30 amino acids between LXD2 and LXD3 (LXD2S3mut)
were created, leaving the 10 amino acids immediately flanking
the LXD intact. Ligands were retinoic acid (RA), triiodothyro-
nine (T3), 17b-estradiol (E2), or progesterone (Prog). Where indi-
cated, receptors were also expressed; similar results were ob-
tained in at least three independent experiments with >300 cells
microinjected for each data point.
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In initial experiments, the sequences encompassing
the entire eight amino-terminal or carboxy-terminal
flanking amino acids of LXD2 were mutated to alanine
codons, to preserve helical conformation of the NCoA-
1/SRC-1 LXD. Subsequently, mutation of residues span-
ning −1 to −3 (see Fig. 1A) was also introduced, and the
efficacy of these mutant NCoA-1/SRC-1 molecules to
rescue retinoic acid-, thyroid hormone-, and estrogen-
dependent transcription was assessed. Whereas there
was no effect of mutation of the flanking amino-terminal
residues, mutation of the eight carboxy-terminal resi-
dues abolished function on all receptors tested (Fig. 4A–
C). A similar result was obtained with biochemical ex-
periments that evaluated the ability of LXD peptides (21-
mers flanking LXXLL sequences −7 to +8) to compete for
the binding of the nuclear receptor interaction domain

(NRID) of NCoA-1/SRC-1 on DNA bound RAR–retinoic
X receptor (RXR) heterodimers. Altering residues +8
through +12 to alanines markedly diminished the ability
to compete for binding (Fig 4D). As expected, mutation
of L+4 and L+5 abolished function entirely (Fig. 4D).
However, a cluster of alanine substitutions from −3 to −7
in the context of the 21-mer peptide also led to loss of
competition, which may reflect interference with the
formation of the amino-terminal cap signal and, hence,
decreased LXD2 helical stability. A similar study with
GST–ER carboxyl terminus also suggested the impor-
tance of the +8 to +12 residues in LXD2 to compete for
binding (Fig. 5E).

Therefore, we evaluated the effect of mutation of each
individual amino acid from +6 to +13, initially on the ER,
which relied entirely on LXD2 for function. This analy-

Figure 3. Requirements of LXD domains of
NCoA-1/SRC-1 for activation of PPARg on a
response element (PPARgRE)-dependent pro-
moter (AOX/LacZ; Korzus et al. 1998), repeated
with different ligands. Nuclear microinjection
of at least 300 Rat-1 cells was performed for
each data point with aNCoA-1/SRC-1 IgG, and
CMV-expression plasmids encoding wild-type
NCoA-1/SRC-1 (NCoA1wt) or NCoA-1/SRC-1
with point mutations in LXXLL motifs 1, 2 or 3
(LXD1mut, LXD2mut, and LXD3mut). Ligands
used were TGZ (10−6

M), 15-deoxyD12,14- prosta-
glandin J2 (PGJ2, 10−6

M), or indomethacin (Ind,
10−3

M). Results were repeated in three separate
experiments; mean ± S.E.M.

Figure 4. Carboxy-terminal flanking re-
gions dictate specificity of LXXLL domain
function. Nuclear microinjection studies in
Rat-1 cells were performed with NCoA-1/
SRC-1 proteins in which LXD2-flanking
residues (−1 → −8) or (+6 → 13) were mu-
tated to alanine and were evaluated RAR,
TR, and ER, as shown in A, B, and C, re-
spectively. Results of the average ± S.E.M. of
two sets of nuclear microinjected cells;
three independent experiments gave simi-
lar results. (D) Avidin–biotin DNA com-
plex assay with thrombin-cleaved, bacteri-
ally expressed RARb and RXRa proteins
were bound to biotinylated direct repeat
core sequence spaced by 5 bp (DR+5) oligo-
nucleotide, and the NRID of NCoA-1/
SRC-1 (amino acids 700–763) was prepared
as a 32P-labeled bacterial protein. Competi-
tion was assessed with wild-type LXD2 (21-
mer) synthetic peptides (LXD2wt), or pep-
tides containing alanine substitutions in
the indicated amino acids used in excess (1

µm) to compete for binding. Binding of the NCoA-1 NRID indicates the efficiency of the peptide competition; with more binding
indicating loss of function, as observed with mutation of L4 and L5. (E) Similar analysis performed with a bacterially expressed
GST–ER carboxy-terminal protein, to evaluate the effects of residue substitution. Mutation of +8 through +12 caused considerable loss
of function (i.e., less competition).
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sis revealed that, for the ER, there was only a minimal
effect of mutation at positions +6 through +11; however,
mutation at either +12 or +13 (D, I) abolished the ability
of the LXD2 to mediate SRC-1 function on liganded ER
entirely (Fig. 5A). Therefore, a similar analysis was per-
formed with RAR to evaluate whether critical residues
in LXD2 would prove to be invariant. Surprisingly, when
this analysis was performed for RAR–RXR heterodimers
on a DR +5 DNA element, distinct residues (+6, +7, and
+11), as well as +13, were now required for effective func-
tion (Fig. 5B). Thus, the carboxy-terminal amino acids
immediately flanking the LXXLL core motif have proved
to be responsible for mediating receptor-specific interac-
tions, with preferential interactions required for biologi-
cal function of the coactivator in the intact cell.

Therefore, we evaluated the residues critical for func-
tion of PPARg, because this receptor can bind multiple
structurally distinct ligands, and because of the avail-
ability of the co-crystal structure of BRL49653-liganded
PPARg LBD with an 88 amino acid fragment of SRC-1
encompassing LXD1 and LXD2 (amino acids 623–710).
With TGZ as ligand, the critical residues were found to
be +6, +11, and +13 (Fig. 6A). When a similar analysis was
performed with BRL49653 as ligand, to permit direct
comparison with co-crystal structure, now residues +9,
+10, +12, and +13 proved to be the critical determinant
(Fig. 6B). These studies further suggest ligand-specific al-
terations of receptor structure actually imposes a re-
quirement for different LXD residues to achieve high-
affinity interactions.

Figure 5. Identification of critical car-
boxy-terminal residues in the NCoA-1/
SRC-1 LXD2 motif for function in tran-
scriptional activation by ER from an ex-
pression plasmid (A), or endogenous RAR
(B). In each case, the ability of NCoA-1/
SRC-1 wild-type, LXD2 mutant (LAAAA),
or NCoA-1 proteins with single amino acid
alanine substitutions [LXD2(+6)mut
through LXD2(+13)mut] were evaluated by
use of the single cell microinjection assay.
The critical amino acids differed in the
case of ER and RAR; mean ± S.E.M.

Figure 6. Mapping of critical carboxy-terminal
residues in the NCoA-1/SRC-1 LXD2 required
for function in transcriptional activation by
PPARg with either TGZ (10−6

M) (A), or
BRL49653 (10−6

M) (B) as ligand. The entire series
of alanine substitutions was evaluated; (*) critical
amino acid residues identified.
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LXXLL-containing motifs are required
for CBP/p300 recruitment
to the coactivator complex

Next, it was of particular interest to determine whether
LXD motifs in the CBP/p300-interaction domain (Fig.
1A) were important for function and interactions with
CBP/p300. As shown in Figure 7A–C, mutation of LXD4
and LXD5 abolished functional activation of the TR,
RAR, and PPARg receptor. Therefore, the effect of these
motifs on the strong interactions of NCoA-1/SRC-1
with CBP/p300 was assessed biochemically. As shown
in Figure 7D, the interaction with CBP was abolished
with mutation of both LXD4 and LXD5.

In concert with these findings, we and others have
noted that the major activation domain of NCoA-1/
SRC-1 is the sequence encompassing the CBP/300 inter-
action domain. The role of CBP/p300 in this activation

event was further evaluated by use of a GAL4 DNA-
binding domain–NCoA-1/SRC-1 fusion protein contain-
ing the CBP/p300-interaction domain. The activation
properties of this domain were largely abolished by anti-
CBP IgG (Fig. 7E). We evaluated whether, conversely, the
interaction domain of CBP was required for activation by
nuclear receptors; deletion of this interacting region in
CBP (CBP DNCoA) was sufficient to abolish the ability
of CBP/p300 to mediate receptor activation function
without affecting expression. In contrast, an amino-ter-
minal region deletion in CBP (CBP DN) did not affect its
activation function (Fig. 7F). Together, these data suggest
that the LXDs of NCoA-1/SRC-1 are themselves re-
quired for activation function and that their functional
importance is indeed likely to be linked, at least in part,
to their requirement for interaction with CBP/p300.
Conversely, mutation of the LXXLL-containing motif in
the CBP/p300 interaction domain to LAAAA had no ef-

Figure 7. Role of LXDs in the CBP/p300-
interaction domain of NCoA-1/SRC-1 in
interaction and receptor activation func-
tion. (A) The LXD motifs (4, 5; Fig. 1A)
were mutated to place alanines in posi-
tions 2, 3, 4, 5 alone, or together, and
evaluated for function on RAR-dependent
gene activation. Mutations of LXD4 or
LXD4 and LXD5 abolished the ability of
SRC-1/NCoA-1 to function in retinoic
acid-dependent activation events in Rat-1
single cell nuclear microinjection studies.
(B,C) The requirement for the LXD4 and
LXD5 in the CBP/p300-interaction do-
main of NCoA-1/SRC-1 is demonstrated
for coactivation of the TR and PPARg.
(D) Role of LXDs in the interactions be-
tween 35S-labeled NCoA-1/SRC-1 CBP-
interaction domain and CBP (wild type) or
CBP in which the CBP LXD is mutated
(LXXLL → LAAAA; CBP LXDmut). The
mutation of LXD4 and LXD5 virtually
abolished interactions by GST pull-
downs, but mutation of the CBP LXXLL
motif in the interaction domain did not
affect interactions. (E) Gal4–NCoA-1
(896–1200) fusion protein activates tran-
scription from the UAS p36 promoter
(Torchia et al. 1997) and was blocked by
addition of anti-CBP IgG (Kamei et al.
1996). (F) Effect of deletion of the NCoA-1
interaction domain of CBP on function of
CBP in RAR activation. Anti-CBP IgG
(Kamei et al. 1996) was used to block
RAR activation, and CMV-expression
vectors encoding wild-type CBP, CBPDN
(D 2–468), or CBP DNCoA-1 (D 2098–2163)
were evaluated for their ability to rescue.
The three CBP protein variants were ex-

pressed at comparable levels in transcripted cells as detected by anti-Flag IgG (top). (G) Predicted structure of the CBP region
interacting with SRC-1/NCoA-1, with helix 3 as a predicted hydrophobic helix. (H) Requirements of each helix were tested by
mutation to break the helix (helix 1, QDLL → PDPG; helix 2, QQQV → PQPG; helix 3, FIKQ → PIPG; helix 4, NLNA → PLPG), or by
helix removal (DH4, amino acids 2058–2133; DH1, amino acids 2078–2163). Regions were tested in vitro for their ability to interact
with amino acids 900–970 of NCoA-1/SRC-1, 35S-labeled by in vitro transcription and translation.
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fect on interactions (Fig. 7D). The predicted structure of
CBP suggests that hydrophobic helices could form a
binding pocket, analogous to that of the nuclear recep-
tor-binding pocket, by which the LXXLL motifs of
NCoA-1/SRC-1 bind to CBP/p300 (Fig. 7G). To begin to
explore this possibility, we mutated each of the four pre-
dicted helices by various algorithms introducing a PXPG
motif into each helix, as well as creating a deletion of
helix 1 (DH1) or helix 4 (DH4). As shown in Figure 7H,
helix 3 proved to be absolutely required for interaction;
helix 2 was less quantitatively important, but still sig-
nificant; and lesser roles were exerted by helices 4 and 1.
Even a single point mutation of helix 3 (K2109A) signifi-
cantly impaired the interaction of CBP with NCoA-1/
SRC-1, consistent with the critical importance of this
hydrophobic helix.

Discussion

LXDs as a code for receptor, coactivator assembly

The finding that nuclear receptors require coactivators
to mediate their regulation of gene transcription and that
many potential coactivators share a conserved LXXLL
motif in the nuclear receptor-interaction domain has
suggested intriguing potential regulatory strategies with
respect to control of nuclear receptor function. Members
of the p160/NCoA/SRC family of coactivators, which
can associate in the cell and in vitro with liganded
nuclear receptors appear, at least for some promoters, to
be required for ligand-dependent transcription (Hala-
machi et al. 1994; Oñate et al. 1995; Kamei 1996; Tor-
chia et al. 1997). The p160 proteins interact with nuclear
receptors via an internal region containing three LXDs
with core LXXLL motifs that are modestly conserved
amongst family members, with respect to the amino-
and carboxy-terminal residues that immediately flank
the core LXXLL residues (Heery et al. 1997; Torchia et al.
1997) and which are found in other nuclear receptor-
associated factors (LeDouarin et al. 1996). Structural al-
gorithms predicting these motifs would be helical were
confirmed by co-crystallization of a sequence encom-
passing two motifs of NCoA-1/SRC-1 with liganded
PPARg (Nolte et al. 1998). This structure revealed that
the LXXLL helix was oriented by a conserved lysine resi-
due in helix 3 and a conserved glutamic acid residue in
the AF2 helix of the PPARg ligand-binding domain, per-
mitting the leucine residues of the LXXLL to pack into a
hydrophobic pocket formed by helices 3, 4, and 5, and
AF2. This mechanism of interaction, however, fails to
explain differences in the specific LXDs required for
transcriptional actions by different nuclear receptors. In
this report, we have provided several independent types
of evidence that there is a receptor-specific code of in-
teraction that reflects usage with distinct NCoA-1/
SRC-1 LXXLL-containing motifs (LXDs). These observa-
tions are in concert with the finding that the distinct
LXXLL-containing motifs in the carboxyl terminus of
NCoA-1/SRC-1 account for recruitment of CBP/p300
and are also required components of the coactivator ma-
chinery (Chakravarti et al. 1996; Hanstein et al. 1996;

Kamei et al. 1996; Yao et al. 1998). The finding that
LXDs serve as protein–protein interaction interfaces that
assemble the coactivator receptor complex is consistent
with reports over the past several years of the critical
importance of a series of small regulatory motifs, such as
SH2, SH3, PTB, and PBZ domains that have been iden-
tified in a series of platform and adaptor proteins that
serve to assemble and coordinate complexes regulating
signaling events at the plasma membrane, in protein
trafficking, and in nuclear transport (Koch et al. 1991;
van der Geer and Pawson 1995; Pawson and Scott 1997).

Furthermore, we have documented that amino acids
flanking the LXXLL-containing helices subserve specific
functions, and this specificity provides several insights
into the serial events by which nuclear receptor–coacti-
vator interactions operate to activate gene expression.
The presence of multiple LXXLL motifs in the p160 fac-
tors, and in several other potential coactivators, has sug-
gested the possibility that there may be an underlying
code of differential utilization and an advantage to the
presence of more than one motif. There has proved to be
at least two layers of specificity to the LXD preference
code. The first involves a differential requirement for the
number of LXXLL-containing helices utilized by the dif-
ferent nuclear receptors. Thus, in the case of the ER, the
second LXD is required and sufficient. The requirement
by ER for only a single LXD, and the inability of other,
otherwise effective motifs to functionally substitute, im-
plies that a single motif is capable of high-affinity inter-
actions with the estrogen receptor in the intact cell, and
suggests that each liganded estrogen receptor of the
DNA-bound homodimer is likely to associate with one
NCoA-1/SRC-1/p/CIP family member. In contrast, re-
ceptors binding as heterodimers with RXR and PR ho-
modimers, require two LXDs. This requirement is con-
sistent with the co-crystal structure of the PPARg LBD
with a region of the NCoA-1/SRC-1-interaction domain
containing two LXXLL motifs, in which the two LBDs of
the dimer were contacted by LXXLL helices from a single
NCoA-1/SRC-1 molecule (Nolte et al. 1998) and the ob-
servation that two LXDs are required for cooperative
binding to RAR–RXR and PPARg–RXR heterodimers
bound to DNA (Westin et al. 1998). In addition, the re-
quirement for activation of two LXDs for RAR or TR
heterodimers with RXR, might reflect the observation
that the RXR AF2 domain can interact directly with the
LXXLL-binding pocket and competes with NCoA-1/
SRC-1 (Westin et al. 1998). It is tempting to speculate
that, although a single LXD can displace the RXR AF2
from RAR, the presence of a second LXXLL motif, loop-
ing over the receptor heterodimer on DNA and binding
to the activation surface of unliganded RXR, might hold
the AF2 of RXR in an active configuration.

The second layer of the specificity code concerns the
requirements of specific residues adjacent to the LXXLL
core motif for function of a particular nuclear receptor.
The present findings indicate that receptor-specific dif-
ferences are dictated by flanking carboxy-terminal resi-
dues (+6 to +13), with different residues modulating spe-
cific interactions with the ligand-binding domains of dif-
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ferent receptors. Thus, the presence of multiple LXXLL-
containing motifs has provided a mechanism for
receptor-specific interactions. For example, in the case of
ER, residues +12 and +13 of LXD2 provide specificity; in
contrast, residue +6 proved critical for RAR function.
However, the most striking specificity is the difference
in residues in LXD2 required by PPARg when TGZ
(amino acids +6, +11, and +13) or BRL49653 (amino acids
+9, +10, +12, and +13) are used as ligands. The carboxy-
terminal amino acids of LXD2 interact primarily with
four separate helices in the PPARg LBD. As shown in
Fig. 8, the +12 and +13 side chains are solvent exposed
and the +4 and +6 side chains primarily form interactions
with amino acids at the carboxyl terminus of helix H3 in
PPARg. The +7 and +8 side chains point out toward sol-
vent, and the +9 and +10 amino acids form interactions
with the small helix, H38, between H3 and H4. The +11
side chain is again solvent exposed and the +12 and +13
amino acids form weak interactions at the amino-termi-
nus of H1 in PPARg. Taken together, the amino acids
carboxy-terminal to the LXXLL motif could provide
specificity at positions +4, +5, +6, +9, +10, +12, and +13,
although a small conformational change in this region of
SRC-1 could result in different amino acid specificity for
other nuclear receptors or for PPARg with different li-
gands. Our data (Fig. 6B) indicate a functional impor-
tance of positions +9, +10, +12, +13 of LXD2 in vivo for
BRL49653-liganded PPARg, in accordance with these
structural predictions. Conformational alterations in
this region of SRC-1 are likely to occur when it contacts
other nuclear receptors, and these variations are sug-
gested to underlie the differential usage of specific LXD2
residues for different nuclear receptors. We suggest that
there may be sufficient flexibility in LXD2 residue place-
ment between NCoA-1/SRC-1 family members that de-

spite the switch in conserved residues between +12 D,
+13 I (NCoA-1/SRC-1) to +12 A, +13 E (p/CIP), they may
subserve similar specificity functions. Finally, the re-
gions of H1 and H3 in PPARg with which specific con-
tacts are made with LXD2 are poorly conserved between
different nuclear receptors, consistent with the observa-
tion that there are receptor-specific contacts; these data
imply further that there will be receptor specificity of
recognition of LXXLL motifs in other putative coactiva-
tors.

LXXLL motifs recruit CBP/p300
as well as nuclear receptors

In parallel, distinct LXXLL motifs in NCoA-1/SRC-1 are
themselves required for the interactions with CBP/p300,
and in this report, we have provided several independent
types of evidence that it is CBP/p300 itself that is spe-
cifically required for at least a portion of the activation
functions imparted by NCoA-1/SRC-1. It is predicted
that the region carboxy-terminal to the LXXLL core se-
quence will also exert important roles in determining
whether it will interact with nuclear receptors or with
CBP/p300. The precise structure of the interacting re-
gion of CBP is unknown, but our data suggest that the
interaction is likely to involve a hydrophobic pocket
formed by several helices that might, in a fashion analo-
gous to the coactivator-binding domain pocket of the
nuclear receptor carboxyl terminus that selectively
binds LXXLL motifs (Fig. 7G). Interactions between
CREB and another specific region of CBP (KIX domain)
are dependent on phosphorylation and induced confor-
mational structuring of this CBP interaction domain
(Radhakrishnan et al. 1997); analogous induced-fit

Figure 8. Model of SRC-1 LXD2 (−6)
through (+14) bound to BRL49653-li-
ganded PPARg LBD based on the co-crys-
tal structure with SRC-1 amino acids
623–710 (Nolte et al. 1998). A ribbon draw-
ing of the LXD2 motif of human SRC-1 is
shown in yellow with the human PPARg

LBD shown in green. When the electron
density maps of the co-crystal structure of
the SRC-1 heterodimer with liganded
PPARg (Nolte et al. 1998) are examined
and modeled, the +12, +13 amino acids
form weak interactions at the amino ter-
minus of helix 1; the +6 side chains con-
tact the carboxyl terminus of helix 3;
amino acids +9 and +10 form interactions
with the small helix (H38) between helices
3 and 4.
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events may apply to NCoA-1/SRC-1-CBP/p300 interac-
tions.

Thus, it is suggested that the duplication/mutation of
primordial LXXLL motifs over evolutionary time has
permitted the appearance of coactivator proteins with
enhanced repertoires of both nuclear receptors with
which they can interact, as well as the proper interfaces
to recruit additional cofactors to a DNA-bound tran-
scription factor. On the basis of altered specificity in
response to ligands, it is tempting to speculate that other
cofactors containing LXXLL motifs will be differentially
recruited on the basis of cell type, levels of coactivators,
and ligand. Thus, structural features, duplication, and
spacing between LXXLL motifs have evolved to provide
specificity in the assembly of critical components of a
coactivator complex required for function of a large fam-
ily of regulated transcription factors.

Materials and methods

DNA-dependent protein–protein interaction

and GST pull-down assays

GST–ERa(302–595), GST–RXRa(45–462), and GST–RARa(20–
462) proteins were prepared as crude bacterial lysates, immobi-
lized on a glutathione affinity matrix, and washed twice in
buffer H [20 mM HEPES (pH 8.0) 50 mM KCl, 20% glycerol, 0.1%
NP-40] and once in CHAPS buffer [8 mM Tris-phosphate (pH
7.4), 0.12 M KCl, 8% glycerol, 4 mM DTT, 0.5% CHAPS]. Where
indicated, thrombin-cleaved products were prepared. Then, the
receptors were incubated in CHAPS buffer with the appropriate
ligand for 30 min of competition experiments, incubated in
NET-N buffer [50 mM Tris (pH 8.0), 5 mM EDTA, 150 mM NaCl,
0.1% NP-40] in the absence or presence of a NCoA-1/SRC-1
fragment. Peptides were synthesized to contain a tyrosine resi-
due at the carboxyl terminus and, where indicated, labeled with
125I by use of Iodo-gen (Westin et al. 1998). Of each peptide,
3 × 105 cpm was incubated with the liganded receptors. The
sequences of the wild-type LXD2 peptide was LTERHKILHRL-
LQEGSPSDIY; variants involved substitutions with alanine (A)
residues and were as follows: LXD2(+4,+5)mut, LTERHKILHR-
AAQEGSPSDIY; LXD2(−3 → −7), AAAAAKILHRLLQEGSPSD-
IY; LXD2(+8 → +12), LTERHKILHRLLQEAAAAAIY. For DNA-
dependent ABCD assays, oligonucleotides were synthesized to
contain biotin residues at the 58 end. The sequence of the sense
strand of the retinoic acid response element was: 58biotin-
AAGGGGATCCGGGTAGGGTTCACCGAAGTTCACGAG-
ATCT-38. Purified, double-stranded oligonucleotides (1 µg) were
incubated with 100 ng each of purified RARa or PPARg and
RXR produced as GST-fusion proteins in Escherichia coli and
cleaved from the GST portion with thrombin. DNA binding was
performed in CHAPS buffer. Receptor–DNA complexes were
captured by use of 25 µl of a slurry of streptavidin–agarose and
washed two times in buffer H and once in CHAPS buffer. Re-
ceptors were then incubated in the binding buffer with the in-
dicated ligands or solvent alone for 30 min at room temperature.
Following ligand binding, the receptor–DNA complexes were
incubated with either 1 × 105 cpm 35S-labeled NCoA-1/SRC-1
proteins generated by in vitro transcription and translation, or
with 1 × 105 cpm 32P-labeled NCoA-1/SRC-1 protein labeled by
protein kinase A, for 1 hr at 4°C in NET buffer. Competing
peptides were present at 1 µm. Complexes were washed five
times in buffer H, resolved by SDS-polyacrylamide gels and ei-

ther dried and autoradiographed, or transferred to nitrocellulose
membranes for Western blotting. The generated NCoA-1/
SRC-1 fragments were amino acids 626–783 containing LXD1,
LXD2, and LXD3, or amino acids 626–716 containing LXD1 and
LXD2.

GST–CBP fusion proteins were prepared as crude bacterial
lysates and immobilized on glutathione–agarose affinity beads.
The GST-fusion protein bound to glutathione–agarose was
washed and incubated with in vitro-transcribed and translated
NCoa-1/SRC-1 as indicated for 2 hr at 4°C. Following washing,
proteins were eluted from beads and analyzed by SDS–PAGE.

Single-cell microinjection assay and immunoblots

Microinjection assays of coactivator function were performed
essentially as described previously (Torchia et al. 1997). Briefly,
insulin-responsive Rat-1 fibroblasts were seeded on acid-washed
cover slips and rendered quiescent by incubation in serum-free
medium for 24–36 hr. Plasmids were injected into the nuclei of
cells at 100 µg/ml. Preimmune IgG or anti-NCoA-1/SRC-1 IgG
was coinjected and the injected cells unambiguously identified
by immunofluorescence microscopy. Cells were stimulated
with ligand 6 hr after injection to allow expression of NCoA-1/
SRC-1 from coinjected plasmids. After overnight incubation,
cells were fixed and stained to detect injected IgG and b-galac-
tosidase expression. At least 200 injected cells were quantitated
for each condition; experiments were repeated at least three
times. A large series of mutant NCoA–1/SRC-1 expression plas-
mids were generated, including mutations of L4 and L5 of
LXD1, LXD2, LXD3, LXD4, and LXD5, deletions of 32 and 30
amino acids, respectively, from LXD1S2 and LXD2S3 leaving 10
flanking residues adjacent to each LXXLL motif. All mutants
were constructed by a standard protocol from the Quick Change
Mutagenesis Kit (Stratagene), and were confirmed by complete
DNA sequencing. Western blots were performed as described
previously (Xu et al. 1998); anti-HA antibodies (Babco) were
utilized for SRC-1 detection, as all NCoA-1/SRC-1 proteins
used contain an HA epitope tag.

Structural model

The electron density of the PPARg ligand-binding domain–S-
RC–TGZ ternary complex (Nolte et al. 1998) was used to iden-
tify and build the structure of helical domain 2 of SRC-1 around
the PPARg ligand-binding domain. The SRC-1 model was built
with the O software package (Jones et al. 1989), and refined with
X-PLOR (Brunger 1992).
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