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Summary

PGC-1a is an inducible nuclear receptor coactivator with direct functions in both p300-mediated
chromatin remodeling and Mediator-dependent transcription in vitro. Here we have employed the
PPARYy- and TRa-activated brown adipose tissue-specific UCP-1 enhancer to investigate
mechanistic aspects of PGC-1a function. We first demonstrate a cellular role for the PGC-1a
interacting MED1 subunit of Mediator in UCP-1 induction, as well as the accumulation of TRa,
PPARY, PGC-1a and MED1 on the UCP-1 enhancer in brown adipocytes. We then use
biochemical assays to show (i) that PGC-1a is recruited to the TRa-RXRa-UCP-1 enhancer
complex through interaction of an N-terminal LXXLL domain with TRa, (ii) that MED1/Mediator
displaces PGC-1a from TRa through LXXLL domain competition and (iii) that, upon loss of
PGC-1a-TRa interactions, PGC-1a remains associated with the enhancer complex through an
interaction between PGC-1a and MED1 C-terminal domains. These results indicate dynamic
MED1-dependent PGC-1a interactions related to functions in both chromatin remodeling and the
transition to subsequent transcription initiation.

Introduction

Nuclear receptors are broadly involved in many biological processes that include
metabolism, development and reproduction (Mangelsdorf et al., 1995). As conventional
DNA-binding transcriptional activators, their function on cognate target genes involves a
number of interacting cofactors. These include coactivators, such as the p160 family, that
recruit histone modifying factors, and other coactivators, such as the multisubunit Mediator,
that act more directly on the general transcription machinery (Glass and Rosenfeld, 2000;
Malik and Roeder, 2005; McKenna and O’Malley, 2002). Direct nuclear receptor
interactions with these cofactors are generally ligand-dependent and generally involve
interactions between nuclear receptor AF-2 domains and LXXLL motifs in the p160
proteins and in the MED1 subunit of the Mediator. The interactions of distinct coactivators,
as well as corepressors, with the same nuclear receptor AF-2 domain predicts dynamic
cofactor interactions during target gene activation.
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Peroxisome proliferator-activated receptor gamma (PPARY) coactivator-1lo (PGC-1a) was
originally identified as a PPARy-interacting protein in brown adipose tissue (BAT) and
shown to serve as a coactivator both for PPARy-activated and for thyroid hormone receptor
B (TRp)-activated transcription of BAT-specific genes such as the uncoupling protein 1
(UCP-1) gene (Puigserver et al., 1998). Since its initial identification, PGC-1a has emerged
as a general coactivator for many other nuclear receptors and proved to be an important
regulator of a number of metabolic processes that include energy expenditure, mitochondrial
biogenesis, and oxidative phosphorylation. In this regard, PGC-1a expression is strongly
related to metabolic needs. Thus, it is highly expressed in tissues with high oxidative
metabolism such as BAT, skeletal muscle, liver, kidney, heart and brain (Finck and Kelly,
2006; Knutti and Kralli, 2001; Lin et al., 2005; Puigserver and Spiegelman, 2003). It is
strongly induced in BAT by cold exposure, which in turn switches on the adaptive
thermogenic program through induction of the UCP-1 gene (Puigserver et al., 1998;
Ricquier et al., 1986). As further examples, PGC-1a is induced in muscle in response to
exercise and in liver and heart in response to fasting (Finck and Kelly, 2006; Knutti and
Kralli, 2001; Spiegelman and Heinrich, 2004).

Mechanistically, PGC-1a shows ligand-independent interactions with some nuclear
receptors, most notably PPARy (Puigserver et al., 1998), but interacts with many nuclear
receptors such as TRB (Wu et al., 2002) and estrogen receptor o (ERa) (Tcherepanova et al.,
2000) through its LXXLL motifs in a ligand-dependent manner and generally coactivates
nuclear receptor-mediated transcription in a ligand-dependent manner. Although PGC-1a
also has activator- and promoter-specific functions in RNA processing (Monsalve et al.,
2000; Thijssen-Timmer et al., 2006), the main focus of mechanistic studies has been on its
primary role as a transcriptional coactivator. In this regard, PGC-1a appears to act in at least
two steps of transcriptional activation — an early chromatin remodeling step and a
subsequent transcription initiation event. First, consistent with the demonstration of a
physical interaction of PGC-1o with the p300 acetyltransferase (Puigserver et al., 1998), our
previous studies showed a direct PGC-1la-mediated enhancement of PPARy- and p300-
dependent histone acetylation and transcription from chromatin templates in a reconstituted
cell-free system (Wallberg et al., 2003). Second, following the demonstration of a direct
interaction of PGC-1a, through a C-terminal domain, with the MED1 subunit of the
Mediator, PGC-1a was shown to enhance PPARYy- and Mediator-dependent transcription
from DNA templates in the absence of any histone modifying factors (Wallberg et al.,
2003). Apart from demonstrating PGC-1a functions in both early chromatin remodeling and
subsequent transcription events, these results suggested the possibility that PGC-1a might
also facilitate transitions between these steps. Although the mechanism(s) involved in
PGC-1a function through the Mediator remains to be elucidated, it must ultimately take into
account the seeming paradox that PGC-1a and MED1/Mediator are both recruited to the
promoter through interactions of resident LXXLL domains with the ligand-induced AF-2
domains of nuclear receptors.

The dramatic induction of the UCP-1 gene in BAT by PGC-1a provides a good model for
further analysis of the mechanism(s) of action of PGC-1a on a specific target gene. Previous
studies have implicated a distal 220-bp enhancer in UCP-1 expression in BAT (Kozak et al.,
1994), identified functional binding sites for nuclear receptors (including PPARy and TRa)
and other factors in the enhancer (Cassard-Doulcier et al., 1994; del Mar Gonzalez-Barroso
et al., 2000; Del Mar Gonzalez-Barroso et al., 2000; Sears et al., 1996) and shown
recruitment of nuclear receptors (PPARs and ERRa) to the enhancer (Cao et al., 2004;
Debevec et al., 2007). Importantly, and as mentioned above, PPARy and TR were both
shown to function synergistically with PGC-1a on the UCP1 enhancer (Puigserver et al.,
1998). The physiological importance of the UCP-1/BAT model is underscored by the
established role for BAT in thermogenesis and energy expenditure control in rodents (Gesta
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et al., 2007) and emerging evidence for substantial BAT stores in humans as well (Farmer,
2008; Nedergaard et al., 2007).

To further investigate the mechanisms involved in PGC-1a function on nuclear receptor-
activated target genes, especially through the Mediator, we have employed the BAT-
expressed UCP-1 gene as a model. Using cell-based assays, we first establish a role for a C-
terminal PGC-1a interacting domain of MED1 in UCP-1 induction, as well as the
accumulation of TRa, PPARY, PGC-10 and MED1 on the UCP-1 enhancer in brown
adipocytes. We then employ biochemical assays with purified factors to establish dynamic
PGC-1a interactions with TRa-RXRa-enhancer complexes — first with TRa, through the
PGC-1a LXXLL motif and then, following competitive MED1/Mediator interactions with
TRa, an enhanced binding that involves interactions of a PGC-1o C-terminal domain with
TRa-bound MED1/Mediator. These results emphasize key roles for dynamic MED1 and
PGC-1a interactions in the transition from chromatin remodeling to transcription initiation
events in nuclear receptor function.

MEDL1 C-terminus is required for UCP-1 induction in vivo

In previous studies with Med1 7~ mouse embryonic fibroblasts (MEF), ectopic MED1 and
PGC-1a were shown to function synergistically in activation of an ectopic PPARy-RXRa
driven reporter (Wallberg et al., 2003). In order to analyze the role of MEDL1 in activation of
a natural PGC-1a target gene in a more physiological context, we have taken advantage of
the ability to induce UCP-1 through the B-adrenergic pathway in in vitro differentiated
adipocytes (Puigserver et al., 1998). To this end, we employed Med1 7~ MEFs that stably
express PPARy and derived lines that stably express wild type MED1 or MED1 mutants (Ge
et al., 2008). These cells were first cultured under conditions leading to differentiation to
adipocytes, and then grown in the presence of insulin, a PPARy agonist and thyroid
hormone (T3) before induction of UCP-1 by addition of 9-cis-retinoid acid for 18 hours and
8-Br-cAMP for 6 hours. UCP-1 expression was then monitored by real-time RT-PCR
analysis of extracted RNA. As shown in Figure 1A, induction of UCP-1 was greatly
impaired in Med1 7 /PPARy MEFs compared to wild type/PPARy MEFs (lanes 1 and 4).
However, since MED1 is required for MEF differentiation to adipocytes, it was necessary to
rule out the possibility that the impaired induction of UCP-1 in Med1~/PPARy MEFs
results solely from the failure of MEFs to differentiate to adipocytes. To this end we
compared the UCP-1 induction in Med1~/PPARy MEFs that stably express either MED1
or a MED1 mutant (MED1(1-530)) lacking the C-terminus (Figure 1B top). Our previous
results showed that both of these cell lines fully differentiate to adipocytes (Ge et al., 2008).

As shown in Figure 1A, reintroduction of MED1 to Med1 ”/PPARy MEFs resulted in
significant induction of UCP-1 gene expression (lane 3 versus lane 1). In contrast,
reintroduction of MED1(1-530) to Med1 7 /PPARy MEFs, which leads to normal
differentiation to adipocytes, did not rescue UCP-1 induction at all (Figure 1A, lane 2).
These results do not reflect effects of differential expression of the ectopic Flag-tagged
MED1 proteins as anti-Flag immunoblots revealed that ectopic MED1(1-530) was
expressed to a much greater level than ectopic MED1 (Figure 1B lane 4 versus lane 5). In
this regard, an anti-MED1 immunoblot revealed that ectopic MED1 was espressed at a very
low (nearly undetectable) level relative to that of endogenous MED1 in WT/PPARY cells
(Figure 1B, lane 2 versus 3), which may account for the failure of ectopic MEDL to elicit a
level of UCP-1 expression equal to that observed in WT/PPARYy cells. The results also do
not reflect differences in the levels of PGC-1a, which was induced to comparable levels in
wild type/PPARy and Med1 7 /PPARy MEFs (data not shown). Omission of either the TR
ligand (T3) or the PPARY ligand (BRL49653) from the induction medium also resulted in a
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significant reduction of UCP-1 induction (Figure 1C, compare lanes 3 and 4 to lane 2),
indicating roles for both TRa and PPARYy in regulating UCP-1 gene expression.

Overall, these results clearly implicate the MED1 C-terminus (and thus MED1) in UCP-1
induction and, along with prior demonstrations of a role for PGC-1a in UCP-1 induction in
adipocytes (Lin et al., 2004), suggest that MED1 and PGC-1a may jointly regulate UCP-1
expression through TRa and/or PPARY.

MED1 and PGC-1a are recruited to the UCP-1 enhancer in brown adipocytes

As a further test for MED1 and PGC-1a function (through TRa and/or PPARY) in UCP-1
expression in the natural in vivo context, we employed ChIP assays to monitor factor
recruitment to the UCP-1 enhancer in both HIB1B preadipocytes and in differentiated
HIB1B adipocytes following UCP-1 induction by a B-adrenergic agonist. As analyzed by
RT-PCR, expression of UCP-1 is greatly induced in adipocytes after p-adrenergic agonist
treatment (Figure 1D). The 220-bp UCP-1 enhancer contains several nuclear receptor
binding sites, including a PPRE/DR1 and two potential TREs (TRE/DR3 and TRE/DR4)
(Figure 1E, upper panel). As shown qualitatively in Figure 1E (lower panel) and
quantitatively in Figure 1F, differentiated, induced adipocytes show significantly elevated
levels of TRa, PPARy, PGC-1a and components of the Mediator components (MED1,
MED12) on the UCP-1 enhancer relative to the levels observed in preadipocytes. These
results further indicate that the Mediator and PGC-1a function through TRa and/or PPARy
on the UCP-1 enhancer in brown adipocytes.

PPARy and TRa are simultaneously recruited to the UCP-1 enhancer

To investigate the biochemical mechanisms of how MED1 and PGC-1a regulate UCP-1
expression, we analyzed their recruitment to the 220-bp UCP-1 enhancer using an
immobilized template assay. In this assay, the 220-bp UCP-1 enhancer (Figure 2A) is
immobilized on Dynabeads and incubated with purified factors (Figure 2D). After washing,
bound proteins are eluted and analyzed by immunoblot. As expected, PPARy plus RXRa
and TRa plus RXRa are independently recruited to the UCP-1 enhancer in a ligand-
independent manner (Figure 2B lanes 4 and 5). PPARy, TRa and RXRa are also jointly
recruited to the UCP-1 enhancer (Figure 2B, lane 6). TRa and RXRa, but not PPARYy, also
show independent binding, possibly as monomers, to the enhancer in this assay (Figure 2B,
lanes 7-9). As controls, none of these receptors bound to control Dynabeads lacking the
enhancer (Figure 2B, lanes 1-3). To determine which of the two potential TR binding sites
on the UCP-1 enhancer recruits TRa-RXRa, mutations were made in the TRE/DR3 region
(DR3mt), in the TRE/DRA4 region (DR4mt) or in both regions (DR3/DR4mt) (Figure 2A)
and their effects on recruitment of TRa-RXRa were tested. As shown in Figure 2C, DR3mt
greatly diminished the recruitment of TRa-RXRa while DR4mt had no effect on TRa-RXRa
binding. This indicates that the TRE/DR3 site is responsible for TRa-RXRa recruitment to
the UCP-1 enhancer. In light of these results and prior indications (Introduction) of TRa (or
TRP) functions on the UCP-1 enhancer, the following studies have focused on TRa-RXRa-
mediated recruitment of cofactors MED1 and PGC-1o.

Both PGC-1a and MED1 are independently recruited to the UCP-1 enhancer in a ligand-
dependent manner

Knowing that TRa-RXRa is efficiently recruited to the UCP-1 enhancer, we then tested if
bound TRa-RXRa efficiently recruits purified MED1 or PGC-1a. (Figure 2D and Figure
5A). As shown in Figure 3A, PGC-1a was recruited to the UCP-1 enhancer in a TRa-
RXRa- and T3-dependent manner. A similar assay with MED1 showed that full length
MED1 and a MED1(580-701) fragment containing the two LXXLL motifs are both
recruited to the UCP-1 enhancer in a TRo-RXRa- and Ts-dependent manner (Figure 3B,
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lanes 2 and 4; Figure 3C, lanes 2 and 4). These results are consistent with previous
demonstrations of direct ligand-enhanced interactions of TRa with MED1 (Yuan et al.,
1998) and of TR with PGC-1a (Wu et al., 2002; Puigserver et al., 1998) in the absence of
DNA. It is noteworthy that whereas these latter studies observed weak interactions of TR
with PGC-1a in the absence of T3, we observed exclusive ligand-dependent recruitment of
PGC-1a to TRa-RXRa on the UCP-1 enhancer. This suggests that our recruitment assays
with the natural TRa-RXRa-enhancer complex provide more selective binding conditions
for protein-protein interactions than do GST-pull down assays. Moreover, given these results
and the ability of TRa alone to bind the UCP-1 enhancer, it also is noteworthy that TRa. or
RXRa alone fails to recruit either MED1(580-701) or PGC-1a to the enhancer in the
presence T3 (Figure 3C, lanes 6-9). This may be due to possible conformational changes of
the TRa-RXRa heterodimer upon binding to enhancer sites and suggests that our
recruitment assays with the immobilized enhancer more closely approximate the
physiological situation.

PGC-1a recruitment to the UCP-1 enhancer is further stabilized through binding to the C-
terminus of MED1

As suggested by the ligand-dependent binding of MED1 and PGC-1a to TRa/TR, studies
with mutant proteins have established that MED1 and PGC-1a interactions with TRs involve
interactions of MED1 and PGC-1a LXXLL domains with the TRa or TR AF2 domains
(Ren et al., 2000; Wu et al., 2002). These results raised the possibility of competitive
PGC-1a and MED1 interactions with TRa, although our previous demonstration of direct
PGC-1la-MEDL interactions also raised the possibility of a concomitant nuclear receptor-
PGC-la-MED1/Mediator interaction that might contribute to the observed functional
synergy between PGC-1a and Mediator.

To further investigate PGC-1a, MED1 and TRa-RXRa interactions on the UCP-1 enhancer,
we first tested whether PGC-1a and MED1(580-701), which contains the MED1 LXXLL
motifs and previously was found to bind to the PGC-1a C-terminus, can be simultaneously
recruited to the TRa-RXRa-enhancer complex. As shown in Figure 3C, and under
conditions where PGC-1a and MED1 (580-701) both are independently recruited to the
TRo-RXRa-enhancer complex (lanes 1 and 2), the joint addition of PGC-1a and
MED1(580-701) to the assay resulted in the exclusive recruitment of MED1(580-701) to
the TRa-RXRa-enhancer complex (lane 3). The same result was observed at a 10-fold
higher level of PGC-1a (Figure 3D). These results indicate competitive binding of PGC-1a
and MED1(580-701) to the same or overlapping sites on TRa. However, and to our
surprise, replacement of MED1(580-701) with full length MED1 in the same assay with
PGC-1a resulted in a greatly increased recruitment of PGC-1a and a moderately increased
recruitment of MED1 to the UCP-1 enhancer (Figure 3B, lane 5 versus lanes 3 and 4). To
clearly demonstrate an actual displacement of pre-bound PGC-1a by MED1 LXXLL motifs,
competition recruitment assays with reciprocal ordered additions of PGC-1a and
MED1(580-701) were performed. As shown in Figure 3E, MED1(580-701) displaced
prebound PGC-1a on the TRa-RXRa-enhancer complex (lane 2 versus lane 1), whereas
PGC-1a did not displace prebound MED1(580-701) from this complex (lane 5 versus lane
4). Altogether, these results strongly suggest that whereas the ligand-dependent interaction
of PGC-1a with TRa-RXRa may be disrupted by a stronger ligand-dependent interaction of
the central LXXLL-containing MED1 domain with TRa-RXRa, PGC-1a may still bind to
the MED1-TRa-RXRa-enhancer complex through interactions with other domains of
MED1. The cooperative binding of PGC-1a and full-length MED1 to the UCP-1 enhancer
also suggests that PGC-1a and MED1 form a joint complex with TRa and RXRa on the
UCP-1 enhancer.
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In a previous report, we demonstrated that a C-terminal fragment (residues 551-797) of
PGC-1a can interact strongly with MED1 and more weakly with fragments containing the
LXXLL motifs but lacking the C-terminal half of MED1 (Wallberg et al., 2003). To further
map the MED1 domains that interact with PGC-1a, a purified GST-PGC-1a (551-797)
fusion protein (Figure 2D) was immobilized on GST beads and tested for binding to in vitro
translated, 3°S-methionine-labeled MED1 fragments (Figure 4A upper panel). As shown in
Figure 4A (lower panel), full length MED1, MED1(678-1581) and MED1(947-1232)
proteins showed strong binding to GST-PGC-1a (551-797) but not to GST alone.
Complementary binding studies with in vitro translated PGC-1a and purified GST-MED1
fusion proteins (Figure 2D) confirmed the binding of PGC-1a to MED1(947-1232) and, in
agreement with earlier results (Wallberg et al., 2003), to MED1(580-701) (Figure 4B).

To map the MEDL interaction domains on PGC-1a, purified GST-MED1(580-701) and
GST-MED1(947-1232) fusion proteins (Figure 2D) were tested for binding of three
successively truncated in vitro translated C-terminal fragments of PGC-1a. (Figure 4C, upper
panel). As shown in the lower panel of Figure 4C, the smallest tested PGC-1a fragment,
comprising residues 551-677 and containing the RS and E domains of the PGC-1a, retained
full binding capacity to the two MED1 domains. The analysis in Figure 4C, in agreement
with that in Figure 4A, also shows that the PGC-1a fragment binds more strongly to
MED1(947-1232) than to MED1(580-701). These results, summarized in the upper panel of
Figure 4C, thus establish a strong interaction between C-terminal domains in MED1 and
PGC-1a.

To further investigate whether PGC-1a is recruited to the TRa-RXRa-UCP-1 enhancer
complex through a MED1 interaction that is independent of the PGC-1a LXXLL-TRa AF2
interaction, His-tagged PGC-1a (1-505), PGC-1a (334-797) and PGC-1a. (501-797)
fragments were expressed and purified (Figure 5A). PGC-1a (1-505) contains the known
TR AF2 interaction domain but not the MED1 interaction domain, whereas PGC-1a (334—
797) and PGC-1a (501-797) contain the MED1 interaction domain but not the TR
interaction domain (Figure 5A). As expected, only PGC-1a (1-505) was recruited to the
UCP-1 enhancer by TRa-RXRa, in a T3-dependent manner, while PGC-1a (334-797) and
PGC-1a (501-797) were not (Figure 5B).

However, when full length MED1 was present, both PGC-1a (334-797) and PGC-1a (501—
797) were recruited to the TRa-RXRa-UCP-1 enhancer complex (Figure 5C). These results
indicate that PGC-1a can be recruited to the UCP-1 enhancer both through binding of its N-
terminal LXXLL domains to TRa when MEDL1 is absent, and through binding of its C-
terminal domain to the MED1 C-terminus when MED is present. To further confirm this
conclusion, a mutant PGC-1a protein (PGC-1a (L1,2,3A)) in which three LXXAA motifs
replace three LXXLL motifs was purified (Figure 5A) and tested in the immobilized
template assay. In sharp contrast to wild type PGC-1a (Figure 3A), PGC-1a (L1,2,3A) was
no longer recruited to the TRa-RXRa-UCP-1 enhancer complex in the absence of MED1
(Figure 5D, lanes 2 and 3). However, in the presence of MED1, PGC-1a (L1,2,3A) and
MED1 were jointly recruited to the TRa-RXRa-UCP-1 enhancer in a ligand-dependent
manner (Figure 5D, lanes 4 and 5). These results further confirm that, in the absence of
MED1, the LXXLL domains of PGC-1a are responsible for its recruitment to the UCP-1
enhancer through binding to TRa, whereas, in the presence of MED1, its C-terminal domain
is responsible for its recruitment to the TRa-RXRa-UCP-1 enhancer through binding to
MEDL1. Thus, our results strongly suggest a dynamic recruitment of PGC-1a to the UCP-1
enhancer, first with TRa-RXRa through a PGC-1a N-terminal LXXLL domain and then,
following displacement by MED1 LXXLL domains, with receptor-bound MED1 through a
PGC-1a C-terminal domain that interacts with the C-terminus of MEDL1.
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PGC-1a and the Mediator bind cooperatively to the TRa-RXRa-UCP-1 enhancer complex
through interactions of PGC-1a and MED1 C-terminal domains

Since MED1 normally functions as part of the multisubunit Mediator complex (Malik et al.,
2004), which has been shown to function cooperatively with PGC-1a, it is important to
show that the above-described MED1-PGC-1a interactions also occur in the context of the
natural Mediator. To this end, the Mediator was purified from Hela cells that stably express
a Flag-tagged Nut2 subunit (Figure 6A) and employed in immobilized template assays. Like
MED1, the purified Mediator showed ligand-dependent recruitment to the UCP-1 enhancer
in the presence of TRa and RXRo (Figure 6B, lanes 4 and 5). As observed for PGC-1o and
MED1, co-incubation of PGC-1a and purified Mediator resulted in their joint recruitment to
the TRo-RXRa-UCP-1 enhancer complex in a Tz-dependent manner; and recruitment of
PGC-1a was significantly enhanced by the recruitment of Mediator (Figure 6B, lanes 3 and
6). This result strongly suggests that PGC-1o forms a complex with the Mediator on the
UCP-1 enhancer and that this complex further stabilizes PGC-1a binding -- presumably, on
the basis of earlier experiments, through interactions of the C-terminus of PGC-1a and the
MED1 Mediator subunit. In further support of this hypothesis, PGC-1a (501-797), PGC-1a.
(334-797) and the PGC-1a (L1,2,3A) LXXLL motif mutant were jointly recruited with the
Mediator, in a ligand-dependent manner, to the TRa-RXRa-enhancer complex (Figure 6C
and 6D; data not shown). Thus, the PGC-1a-Mediator interactions observed with the TRa-
RXRa-enhancer complex parallel the observed PGC-1a-MEDL1 interactions, and lead to a
model for the role of PGC-1a in both chromatin remodeling and transcription.

Discussion

PGC-1a and the related PGC-1p and PRC have emerged as remarkably important and
versatile transcriptional coactivators, acting primarily through nuclear receptors but also
through other activators to mediate a broad range of physiological processes; and a number
of target genes, as well as pathways leading to the induction and regulation of PGC-1a, have
been identified. (Finck and Kelly, 2006; Lin et al., 2005; Lin, 2009; Yang et al., 2007).
However, beyond clear demonstrations of direct PGC-1a-nuclear receptor/activator
interactions, there is comparatively less information on the downstream mechanisms of
action of PGC-1a on specific target genes and, in most cases, no evidence that PGC-1a acts
directly on the identified target genes. Here we have used the thyroid hormone-induced
BAT-specific UCP-1 gene as a model to investigate the mechanism of action of PGC-1a.
Cell-based assays have established a role for the PGC-1a-interacting MED1 Mediator
subunit in UCP-1 induction in BAT. Further biochemical assays have established (i) a
strong interaction between C-terminal domains in MED1 and PGC-1a, (ii) a ligand-
dependent PGC-1a interaction with a TRa-RXRa enhancer complex that is disrupted by a
stronger ligand-dependent MED/Mediator interaction with the TRa-RXRa-enhancer
complex and (iii) a persistent, Mediator-enhanced association of PGC-1a with the Mediator-
TRo-RXRa-enhancer complex. These results indicate dynamic TRa, PGC-1a, and Mediator
interactions on the UCP-1 enhancer that are proposed to facilitate the transition, mediated by
PGC-1a functions in each step, between early chromatin remodeling and subsequent
transcription initiation steps. It is anticipated that the results reported here will be of general
significance for other PGC-1a regulated target genes and possibly for other coactivators.

Joint PGC-1a and MED1 function at the UCP-1 enhancer in adipocytes

UCP-1 is expressed exclusively in BAT and plays a major role in the adaptive
thermogenesis response in this tissue (Puigserver et al., 1998; Ricquier et al., 1986).
Expression of the UCP-1 gene is regulated through a 220-bp enhancer that has functional
binding sites for a number of factors that include TRo/TRp and PPARYy (del Mar Gonzalez-
Barroso et al., 2000; Kozak et al., 1994; Rabelo et al., 1996). In support of earlier studies
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indicating coactivation of PPARy and TRf on the UCP-1 enhancer in reporter-based
transfection assays (Puigserver et al., 1998), studies in Pgc-1a 7~ mice have clearly shown
an involvement of PGC-1a in UCP-1 induction (Lin et al., 2004). Here, we have employed
Med1 7~ fibroblasts, complemented with MED1 mutants, to show that UCP-1 induction in
fibroblast-derived adipocytes (Puigserver et al., 1998) is dependent upon the C-terminus of
MEDL1. Our previous studies showed that this region, in contrast to the conserved N-
terminus, is dispensable for PGC-1a independent functions of TRa and PPARY in vitro, for
incorporation of MEDL into the Mediator complex, and for fibroblast differentiation into
adipocytes (Ge et al., 2008; Ge et al., 2002; Malik et al., 2004). This requirement for the
MED1 C-terminus for PGC-1a function in the UCP-1 enhancer is consistent with our
demonstration that it provides a major docking site for PGC-1a and enhances PGC-1a
recruitment to the enhancer (discussed below).

As cell-based functional assays do not establish direct effects of factors on target genes, it is
important to establish this by other means. In support of direct functions for PGC-1a and
MED1/Mediator on the UCP-1 enhancer, our ChlP assays have shown, for the first time,
that UCP-1 induction in brown adipocytes is accompanied by an enhanced association of
PGC-1o and MED1/Mediator, as well as TRo and PPARY, with the UCP-1 enhancer. Of
note, other recent studies have shown associations of PGC-1a with several different nuclear
receptor-activated target genes (Guan et al., 2005; Li et al., 2008).

Ligand-dependent interaction of PGC-1la with the TRa-RXRa-enhancer complex as a basis
for recruitment of chromatin remodeling factors

Beyond direct binding of TRa/p to UCP-1 enhancer elements (Rabelo et al., 1996), previous
studies have established ligand-dependent binding of PGC-1a to TR, as well as PGC-1a
coactivation of TRp on transfected genes, dependent upon PGC-1a LXXLL and TRp AF2
domains (Wu et al., 2002). As an extension of this work, we show (MED1-sensitive)
PGC-1a binding to a natural TRa-RXRa-UCP-1 enhancer complex dependent upon TRa
ligand and the PGC-1a LXXLL domains. Given our previous demonstration that the
PGC-1a N-terminus, with its three LXXLL domains, is needed for PGC-1a enhancement of
p300 function but not for PGC-1a enhancement of Mediator function in vitro (Wallberg et
al., 2003), we propose that the ligand-dependent association of PGC-1a with nuclear
receptors such as TRa is involved in the recruitment and function of chromatin modifying/
remodeling factors in early steps of gene activation. Studies showing PGC-1a interactions
with p300 and SRC-1 (Puigserver et al., 1999), the BAF60 subunit of SWI/SNF complex (Li
et al., 2008), the HCF1 subunit of SET1/MLL complexes (Lin et al., 2002) and the GCN5
subunit of the SAGA complex (Lerin et al., 2006) are consistent with this proposed PGC-1a
function. In limited cases, recruitment of these factors to target genes has been shown to be
ligand-dependent, although the cell-based assays do not allow the conclusion that these
events are necessarily dependent upon direct ligand-induced nuclear receptor-PGC-1a
interactions.

Also of interest is the question of whether PGC-1 and p160 coactivators, which both show
ligand-dependent interactions with nuclear receptors and subsequent recruitment of
chromatin modifying factors (various histone acetyl- and methyl-transferases), may in some
cases have potentially redundant functions in recruiting downstream coactivators such as
p300 (discussed in Wallberg et al., 2003). Some studies have indicated synergistic effects of
p300 and p160/SRC-1 in coactivating Gal4-PGC-1 functions on reporter genes in
transfection assays (Puigserver et al., 1998). However, and relevant to the present studies, a
specific (E457A) point mutation on the TRp AF2 domain was reported to affect p160/SRC-1
interaction and coactivator functions, but not PGC-1a interaction and coactivator functions
(Wu et al., 2002).
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MED1/Mediator-dependent recruitment of PGC-1la to the TRa-RXRa-UCP-1 enhancer

complex

Consistent with our previous demonstration of a functional synergy between Mediator and
PGC-1a in PPARy-dependent transcription in a biochemically defined system (Wallberg et
al., 2003), and given MED1 and PGC-1a dependent UCP-1 expression in adipocytes
(above), we have demonstrated the ligand-dependent formation of a Mediator-PGC-1a-TRa-
RXRa-complex on the native TRE/DR3 site of the UCP-1 enhancer. In this case, however,
PGC-1a binding to the TRa-RXRa-enhancer complex is increased relative to the level
observed in the absence of Mediator. This appears to be due to an interaction of the PGC-1a
C-terminus (RS/E domain) with a C-terminal domain in MED1. This conclusion is
supported by the following lines of evidence (i) PGC-1a also shows enhanced binding to a
MED1-TRa-RXRa-enhancer complex, (ii) the C-terminus of PGC-1a, as well as a mutant
PGC-1a with LXXLL domain mutations that eliminate ligand-dependent binding to TRa,
shows both MED1- and Mediator-dependent binding to the TRa-RXRa-enhancer complex,
(iii) MED1 and PGC-1a show a strong direct interaction through a C-terminal MED1
domain (947-1232) and a PGC-1a C-terminal domain that contains the RS and E domains,
and (iv) a MED1 N-terminal fragment containing two MED1 LXXLL domains shows a
strong T3-dependent binding to the PGC-1la-TRa-RXRa-enhancer complex with a
concomitant displacement of PGC-1a. The latter result is consistent with previous studies
indicating that PGC-1a and MEDL both interact, through LXXLL domains, with the TR
AF2 domain (Ren et al., 2000; Wu et al., 2002; Yuan et al., 1998), but is also indicative of a
stronger MED1-TRa interaction that is proposed (below) to facilitate the transition from
chromatin remodeling to actual transcription. Competitive binding of a different set of
coactivators (MED1 and TIF2) to TR has also been observed (Treuter et al., 1999), further
indicative of sequential functions of receptor-interacting cofactors in gene activation.

A model for dynamic PGC-1a interactions that facilitate integrated functions in chromatin
remodeling and transcription initiation

Given the key roles of PGC-1a and its paralogues (PGC-13 and PRC) in the activation of
numerous target genes in diverse biological processes, it is increasingly important to
understand the actual mechanisms by which PGC-1a functions. On the basis of our current
enhancer binding assays, our UCP-1 induction assays in adipocytes, and our previous
demonstration of direct PGC-1a functions in both p300-dependent and Mediator-dependent
transcription (Wallberg et al., 2003), we propose the model shown in Figure 7 for dual
PGC-1a functions, through a TRa-RXRa heterodimer, on the UCP-1 enhancer. The chief
features are the following sequence of events: (i) an initial recruitment of PGC-1a through
ligand-dependent interactions of LXXLL motifs with the AF2 domain of TRa, (ii)
subsequent recruitment of p300, with the possible participation of SRC-1 (Puigserver et al.,
1999), to initiate histone acetylation and other chromatin modifications that make the
promoter more accessible to the general transcription machinery and the Mediator, (iii)
interactions of the Mediator, through the LXXLL motifs in MED1, with the TRa AF2
domain and concomitant displacement of PGC-1a, (iv) a PGC-1a transition involving
displacement from TRa followed by retention on the enhancer complex through interactions
of the PGC-1a RS/E domains with the C-terminal domain of MED1 and (v) a stimulatory
effect of Mediator-bound PGC-1a on formation and/or function of the preinitiation complex
at the promoter. How PGC-1a might exert its effect through the Mediator is not yet
understood. However, previous studies have shown a T3-mediated juxtaposition of a distal
TRE-TRo-RXRa-Mediator complex with the promoter that may facilitate preinitiation
complex formation/function (Park et al., 2005); and PGC-1a interactions with the Mediator
complex could well influence such functions on the UCP-1 gene.
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Another possibility suggested by the model is that PGC-1a, by virtue of its function in both
chromatin remodeling and transcription steps through distinct protein-protein interactions,
may facilitate the transition between these steps. Although not tested here, but given that
PGC-1a interactions with MED1, TRo/f3 and p300 (Puigserver et al., 1999; Wallberg et al.,
2003; Wu et al., 2002) involve different domains in PGC-1a, the transition from chromatin
remodeling to transcription could involve formation of a transition complex containing TRa,
RXRa, PGC-1a, p300 and Mediator. Another key question, especially in light of the
observation that MED1 binds more tightly than PGC-1a to liganded TRa on the enhancer
complex, is what determines the order of factor interactions summarized in the model. It is
likely that this relates in part to constraints imposed by chromatin structures, such that
effective Mediator binding to the TRa-RXRa-enhancer complex depends upon prior
PGC-1a-p300 binding and associated histone modifications and chromatin remodeling.

Experimental Procedures

Protein Expression and Purification

Flag-tagged TRa, PPARYy, RXRa, and MED1 were expressed using the Bac-to-Bac
Baculovirus Expressing system (Invitrogen) according to the manufacturer’s instructions.
Corresponding proteins then were affinity purified on M2-agarose. GST and GST-fusion
proteins were expressed in bacteria and purified through binding to Glutathione-agarose
beads. His-tagged full length, LXXLL mutant and truncated PGC-1a proteins were
expressed in bacteria from the pET23 vector. The expressed PGC-1a proteins are largely
insoluble and were solublized, renatured and purified. Briefly, bacteria expressing PGC-1a
in pET23 vector were suspended in 20 mM Tris/400 mM NaCl (pH8.0) and disrupted by
sonication. After centrifugation of the sonicate, the pellet was washed once with PBST (20
mM NaHPO,4/NaH,POy, pH 7.4, 150 mM NacCl, 0.05% Tween 20) and then dissolved in 6
M Urea in buffer A (20 mM NaHPO4/NaH,POy4, pH 7.4, 200 mM NaCl, 20 mM imidazole,
10 mM B-mercaptoethanol and 0.05% Tween20) by rocking at 4°C overnight. The lysate
was then loaded onto a Ni-NTA column. The column was first washed with 6 M urea in
buffer A and then with descending concentrations of urea (from 6 M, 3 M, 2 M, 1 M, 0.8 M,
0.6 M, 0.4 M to 0.2 M) in buffer A. The final wash step was performed with BC200
(equivalent to BC500 but with 200 mM KCI) containing 20 mM imidazole, 2 mM (-
mercaptoethanol and 0.05% Tween 20. The bound protein was eluted with 400 mM
imidazole in BC200 and 0.05% Tween 20. Finally, the purified protein was dialyzed against
BC100 (equivalent to BC500 but with 100 mM KCI) with 0.05% Tween 20 and stored at
—80°C. The Mediator complex was purified from nuclear extract of a Hela cell line that
stably expresses Flag-tagged Nut2 by M2-agarose affinity purification (Malik et al., 2004).

In Vitro Protein Binding Assay

In vitro protein binding was performed with GST-fusion proteins (5 pg) immobilized on
glutathione-Sepharose beads (Amersham Pharmacia) and in vitro-translated 3°S-methionine-
labeled proteins (TNT kit, Promega) as described (Malik et al., 2004).

Immobilized-template Protein Recruitment Assay

A UCP-1 enhancer fragment, containing DNA sequences extending from —2574 to —2374
of the mouse UCP-1 gene (gene bank number, gi:1519064), was obtained by PCR using
biotinated oligonucleotides and purified using a Qiagen PCR purification kit. The biotinated
DNA fragment was immobilized on Dynabeads M-280 streptavidin (Dynal Biotech) as
instructed by the manufacturer. After incubating the beads in blocking buffer (50 mM Tris-
HCI, pH 7.3, 100 mM KCI, 0.01% NP-40, 1 mg/ml BSA, 0.5 mM PMSF, 0.01 M DTT, 10
ug/ml of salmon sperm DNA and 1 ug/ml of poly dI-C) for 30 min at room temperature,
purified proteins were then added to the reaction and incubated for 30 min at room
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temperature in the absence or presence of 10 uM T3 with gentle vortexing. The beads were
then washed with wash buffer (50 mM Tris-HCI, pH 7.3, 100 mM KCI, 0.01% NP-40, 0.1
mg/ml BSA, 0.5 mM PMSF, 0.5 mM DTT) three times and the bound proteins were eluted
by boiling in 2X SDS sample buffer and detected by immunoblot. Standard reactions in 100
ul contained 200 ng enhancer DNA, 3 pg beads and, when present, 20 ng TRa, 20 ng RXRa,
20 ng PPARY, 200 ng PGC-1a, and 200 ng MED1 or 15 ul Mediator unless otherwise
indicated in the Figure Legends.

Wild type and derivitive MEFs and HIB1B cells were cultured in monolayer in DMEM with
10% fetal bovine serum. Prior to induction of UCP-1 expression, MEFs were differentiated
to adipocytes as described (Ge et al., 2004). For subsequent induction of UCP-1 expression,
cells were cultured for three days in 10% fetal bovine serum containing 5 pg/ml insulin, 0.5
uM BRL49653 and 100 nM T3. This was followed by addition of 9-cis-retinoic acid (1 uM
final concentration) for 18 hr and then by addition of 8-Br-cAMP (1 uM final concentration)
for 6 hr before RNA was extracted for real time RT-PCR. To induce UCP-1 expression in
HIB1B cells, HIB1B cells were differentiated to adipocytes as described (Puigserver et al.,
1998). To induce UCP-1 gene expression, 9-cis-RA (1 uM) was added for 18 hr followed by
isoproterenol (1 uM) for 6 hr.

Chromatin Immunoprecipitation Assay

Cells were cross-linked with 1% formaldehyde at 37°C for 10 minutes, washed with cold
phosphate-buffered saline and lysed in lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris,
pH 8.1 and 1x protease inhibitor). Lysates were sonicated and, after centrifugation,
supernatents were diluted 1:10 in dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM
NaCl, 20 mM Tris-HCI, pH 8.1 and 1x protease inhibitor), incubated with protein A-
Sepharose and 1 pg/ml salmon sperm DNA for 2 hrs at 4°C and then incubated with 2 ug of
desired antibodies overnight at 4°C. The immunoprecipitates were collected by incubation
with 45 pl protein A-Sepharose and 2 ug/ml salmon sperm DNA for 1 hr. The precipitates
were washed sequentially with TSEI (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCI, pH 8.1 and 150 mM NaCl), TSEII (same as TSEI but with 500 mM NacCl) and
buffer 111 (0.25 mM LiCl, 1% NP40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCI, pH
8.1) and then twice with TE buffer. The precipitates were incubated with elution buffer (1%
SDS and 0.1 M NaHCOg) at room temperature for 1 hr and the eluates were then incubated
at 65°C for 6 hr for cross-link reversal before being purified with a Qiagen PCR kit. 1/50 of
the eluate was used for PCR analysis using the following primer set: forward, 5'-
aagcttgctgtcactcctctac-3’; reverse, 5'-tctagagtctgaggaaaggg-3'. The following antibodies
were used for ChIP: TRa and PPARYy (Santa Cruz Biotechnology); MED1, MED12 and
PGC-1a (from laboratory stocks).

Real-time PCR

Total RNA was collected and equal amounts of total RNA were used for first strand cDNA
synthesis using SuperScriptlll First Strand cDNA Synthesis for RT-PCR kit (Invitrogen)
following the manufacturer’s instruction. RNA levels were analyzed by quantitative real-
time PCR in 25 pl reactions with SYBR Green (Applied Biosystems). 185 RNA was used as
an internal control for normalization. Fold-inductions are shown relative to control cells.
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Figure 1. Role of MED1 in UCP-1 induction

(A). Requirement of the MED1 C-Terminus for UCP-1 induction in differentiated MEFs.
WT/PPARy MEFs, Med1~/PPARy MEFs and Med1 ” /PPARy MEFs that stably express
MED1(1-530) (Med1~/PPARy/MED1-530 MEFs) or full length MED1(Med1 7 /PPARy/
MED1 MEFs) were differentiated to adipocytes, treated to induce UCP-1 gene expression
and analyzed for UCP-1 RNA levels by real time RT-PCR as described in Experimental
Procedures. Open bars show control non-treated preadipocytes (Pre) and solid bars show
UCP-1 induced adipocytes (Induced). Error bars indicate standard deviation of three
independent experiments.

(B). Structure and expression levels of MED1 proteins in differentiated MEFs. Top:
Schematic representation of Flag-tagged MED1 proteins that were stably expressed in
Med1 7 /PPARy MEFs. Bottom: Analysis of ectopic and endogenous MED1 expression
levels by immunoblot with anti-MED1 (lanes 1-3) and anti-Flag (lanes 4 and 5) antibodies.
(C). UCP-1 induction by PPARy and TR ligands in differentiated MEFs. WT/PPARy MEFs
were first cultured under conditions leading to differentiation to adipocytes and then in
complete UCP-1 induction medium (Normal induction, lane 2), induction medium minus T3
(=Ts induction, lane 3) or induction medium minus BRL49653 (—BRL49653 induction, lane
4). UCP-1 expression was monitored by real-time RT-PCR. Non-treated preadipocytes (No
induction) are shown in lane 1.

(D) Induction of UCP-1 in brown HIB1B cells detected by RT-PCR.

(E). Induced binding of factors to the UCP-1 enhancer in HIB1B cells. Top: Schematic
representation of the UCP-1 enhancer and primers used for ChlP assays. Bottom: ChIP
analysis of HIB1B preadipocytes and UCP-1-induced adipocytes with the indicated
antibodies.
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(F). Induced binding of factors to the UCP-1 enhancer in HIB1B cells. Real time PCR ChIP

analyses of preadipocytes and UCP-1 induced adipocytes with the indicated antibodies.
Error bars indicate standard deviation of two independent experiments.
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Figure 2. In Vitro Recruitment of TRa, RXRa and PPARY to the UCP-1 enhancer

(A). Schematic representation of the UCP-1 enhancer showing the positions of the different
elements and the mutated DR4 and DR3 elements.

(B). Independent and joint recruitment of purified PPARy, RXRa and TRa to the UCP-1
enhancer. Standard immobilized template recruitment assays with proteins added as
indicated were carried out as described in Experimental Procedures. Bound proteins in B
and C were detected by immunoblot.

(C). Binding of TRa-RXRa to the DR3 enhancer element. Recruitment assays were carried
out with TRa, RXRa and either wild type or mutant enhancers (shown in A) as described in
Experimental Procedures.

(D). Purified Flag-tagged proteins from sf9 cells (lanes 1-4) and GST-fusion proteins from
bacteria (lanes 5-10) analyzed by SDS-PAGE with Coomassie blue staining. Solid
arrowheads indicate the corresponding full length proteins.
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Figure 3. Independent and cooperative binding of PGC-1a and MED1 to the UCP-1 enhancer
dependent upon TRa-RXRa and thyroid hormone

Standard recruitment assays with proteins and T3 added as indicated were carried out as
described in Experimental Procedures and bound proteins were detected by immunoblot.
(A). MED1-independent, T3-dependent binding of PGC-1a to the TRa-RXRa-UCP-1
enhancer complex.

(B). PGC-1a independent binding of MED1, as well as cooperative binding of intact MED1
and PGC-1q, to the TRa-RXRa-UCP-1 enhancer complex.

(C) and (D). Competitive binding of MED1(580-701) and PGC-1a to the TRa-RXRa-
UCP-1 enhancer complex. All factors were added concommitantly to the immobilized DNA
template. as indicated. In panel D the amount of PGC-1a in lane 4 was 10 times the amount
in lane 3 and in the analyses in panel C

(E). Active displacement of prebound PGC-1a from the TRa-RXRa-UCP-1 enhancer
complex by MED1(580-701). In lane 2 and 5, “1” and “2” indicate the order of addition of
the factors to the preformed TRa-RXRa-UCP-1 enhancer complex. Factor 1 was added first
and incubated for 30 minutes prior to addition of factor 2 and incubation for another 30
minutes

Mol Cell. Author manuscript; available in PMC 2011 November 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen et al.

Page 19

MED1 NR
1 - 1581aa

878 946

e 1232

(TNT MED1) _Full length 678-1581 1-670 1250-1581 947-1232 678-946

GsT
n GST-PGC-1a(551-797)
Input 10%
GsT
GST-PGC-1a(551-797)
Input 10%
GsT
GST-PGC-1a(551-797)
Input 20%
GsT
GST-PGC-10(551-797)
Input 20%
GsT
GST-PGC-14(551-797)
Input 20%
GsT
GST-PGC-1a(551-797)

‘ m Input 10%

1 2 3 4 5 6 7 8 9 10 1M1 12 13 14 15 16 17 18

PGC-10._ 200 400 500 565 631 677 709
1 R

MED1 = N
11 II ]1581aa
XX

(TN) _PGC-1a Luciferase (TNT) Input(10%) PGC-1a(551-797) _(551-709) (551-677) Luciferase

S ~

PGC-10(551-677)
PGC-1a(551-709)
PGC-1a(551-797)
MED1(947-1232)

S
L
)
2
e
o
o
s

MED!(947-1232)
MED1(580-701)

Input 10%

GST
MED1
MED!
MED1
MED
GST
GST
GST
GST

1 203 476 6.7 8 910141192 1 2 3 4 5 6 7 8 9 10 1112 13 14 15 16

Figure 4. Interactions between PGC-1a domains and MED1 domains

(A). Interactions of MED1 and MED1 fragments with the PGC-1o C-terminus. Bead-
immobilized GST or GST-PGC-1a (551-797) fusion proteins were incubated with in vitro
translated, 3°S-labeled full length MED1 or MED1 fragments and bound proteins were
analyzed by SDS-PAGE and autoradiography. The upper panel depicts MED1 and the
derived fragments.

(B) Interactions of MED1 and MED1 fragments with full length PGC-1a. Bead-immobilized
GST or indicated GST-fusion proteins were incubated with in vitro translated, 3°S-labeled
PGC-1a (lanes 1-6) or a luciferase control (lanes 7-12) and bound proteins were analyzed
by SDS-PAGE and autoradiography.

(C). Interactions of the PGC-1a RS/E domain with MED1. Bead-immobilized GST, GST-
MED1(580-701) or GST-MED1(947-1232) fusion proteins were incubated with the
indicated in vitro translated, 3°S-labeled PGC-1a fragments (lanes 4-12) or a luciferase
control (lanes 13-16) and bound proteins were analyzed by SDS-PAGE and
autoradiography. The upper panel summarizes the observed interactions of the PGC-1a RS/
E domain with an LXXLL-containing MED1 domain (weaker) and a more C-terminal
MED1 domain (stronger).
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Figure 5. MED1-dependent recruitment of the PGC-1la C-terminus and PGC-1a LXXLL
mutants to the TRa-RXRa-UCP-1 enhancer complex

In panels B, C and D, standard immobilized template recruitment assays with purified
proteins and T3 added as indicated were carried out as described in Experimental Procedures
and bound proteins were detected by immunaoblot.

(A). Wild type and mutant PGC-1a proteins. The upper panel shows a schematic
representation of the full length, truncated and triple LXXLL-mutated proteins. The lower
panel shows an SDS-PAGE analysis (with Coomassie blue staining) of the purified His-
tagged proteins.

(B). Selective T3-dependent binding of an N-terminal PGC-1a fragment to the TRa-RXRa-
UCP-1 enhancer complex.

(C). MED1-dependent binding of C-terminal PGC-1a fragments to the TRa-RXRa-UCP-1
enhancer complex.

(D). MED1- and T3-dependent, LXXLL motif-independent binding of full length PGC-1a to
the TRa-RXRa-UCP-1 enhancer complex.
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Figure 6. Mediator-dependent binding of PGC-1a and PGC-1a mutants to the TRa-RXRa-
UCP-1 enhancer complex

In panels B, C and D, standard immobilized template recruitment assays with purified
proteins and T3 added as indicated were carried out as described in Experimental Procedures
and bound proteins were detected by immunaoblot.

(A). Purified Mediator complex analyzed by SDS-PAGE with silver staining.

(B). Mediator-enhanced binding of full length PGC-1a to the TRa-RXRa-UCP-1 enhancer
complex.

(C). Joint binding of Mediator and the PGC-1a C-terminus to the TRa-RXRa-UCP-1
enhancer complex.

(D). Joint binding of Mediator and triple LXXLL-mutated PGC-1a to the TRa-RXRa-
UCP-1 enhancer complex.
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Figure 7. A model for dynamic PGC-1a interactions that facilitate integrated functions in
chromatin remodeling and transcription initiation

The following sequential steps are proposed. First, PGC-1a is recruited to a target nuclear
receptor-enhancer complex through a ligand-dependent interaction of one of its N-terminal
LXXLL motifs with the nuclear receptor AF2 domain. Second, binding of p300 (or another
chromatin modifying factor) to PGC-1a leads to histone modifications (e.g., acetylation)
and/or chromatin remodeling events that make the promoter/enhancer more accessible to
Mediator and general transcription factors. Third, MED1/Mediator interactions, through
LXXLL motifs, with the liganded nuclear receptor AF2 domain leads to PGC-1a
displacement, concomitant with stabilizing interactions between C-terminal domains in
PGC-1a and MED1 that result in persistent (or enhanced) PGC-1a. recruitment. Fourth,
PGC-1a enhances the Mediator-dependent formation and/or function of a preinitiation
complex (and may ultimately be transferred to an elongating RNA polymerase Il complex
for specific RNA processing events). For further details see text.
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