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Activation of PPARy
Coactivator-1 Through
Transcription Factor Docking

Pere Puigserver,’ Guillaume Adelmant,’ Zhidan Wu,’
Melina Fan," Jianming Xu,? Bert O'Malley,?
Bruce M. Spiegelman*

Transcriptional coactivators have been viewed as constitutively active com-
ponents, using transcription factors mainly to localize their functions. Here, it
is shown that PPAR«y coactivator—1 (PGC-1) promotes transcription through the
assembly of a complex that includes the histone acetyltransferases steroid
receptor coactivator-1 (SRC-1) and CREB binding protein (CBP)/p300. PGC-1
has alow inherent transcriptional activity when it is not bound to a transcription
factor. The docking of PGC-1 to peroxisome proliferator-activated receptor y
'(PPARY) stimulates an apparent conformational change in PGC-1 that permits
binding of SRC-1 and CBP/p300, resulting in a large increase in transcriptional
activity. Thus, transcription factor docking switches on the activity of a coac-

tivator protein.

Transcription factors exert their effects through
docking of coactivator or corepressor pro-
teins. Coactivators belong to two broad class-
es. In the first class, proteins like the SRC and
CBP/p300 families contain histone acetyl-
transferase (HAT) activity that modifies chro-
matin structure (/). The second class, those in
the vitamin D receptor—interacting proteins,
thyroid receptor—associated proteins, and ac-
tivator-recruited cofactor complexes, may
mediate a direct connection between particu-
lar DNA binding proteins and RNA polymer-
ase II (2-4). This model portrays the DNA
binding transcription factor in a largely pas-
sive role, localizing the coactivator complex
to genes that are marked for activation. Con-
versely, the coactivator complex has been
thought to be constitutively active, requiring
only proper positioning in the genome to
initiate transcription. We have investigated
the mechanism of transcriptional function
and the role of transcription factor docking to
coactivators. PGC-1 is a coactivator of nucle-
ar respiratory factor—1 (NRF-1), PPARYy, and
other nuclear receptors and is induced by
exposure to cold temperatures. When ex-
pressed in cells, PGC-1 activates thermogen-
ic gene expression, inducing uncoupling pro-
teins, and stimulates mitochondrial biogene-
sis (5, 6). We show that full-length PGC-1,
despite these activities, is a relatively inactive
molecule that requires docking to PPARYy or
NRF-1 in order to undergo a conformational
change and affect transcriptional activity.
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Because PGC-1 has no HAT domains, we
examined whether PGC-1 interacts with other
HAT coactivators such as SRC-1, CBP/p300,
and p300/CBP-associated factor (p/CAF).
We fused full-length PGC-1 to the DNA
binding domain (DBD) of yeast GAL4. Tran-
scriptional output was measured with a re-
porter construct driven by GAL4 binding
sites. As shown previously, PGC-1 had some
transcriptional activity when fused to the
GAL4 DBD (GAL4-PGC-1) (5) (Fig. 1A).
However, this activity increased at least 10-
fold when it was coexpressed with SRC-1,
p300, or CBP, whereas p/CAF had no detect-
able effect (7). This suggests that this tran-
scriptional enhancement could reflect a func-
tional interaction with PGC-1. We tested for
a physical interaction by performing coimmu-
noprecipitation experiments. When SRC-1 or
CBP was coexpressed with PGC-1 in cells,
immunoprecipitation of SRC-1 or CBP brought
down GAL4-PGC-1 (Fig. 1B). Immunopre-
cipitated PGC-1 has a small amount of HAT
activity (Fig. 1C); however, when SRC-1 and
CBP were coexpressed either alone or in
combination, a large increase in HAT activity
was observed. Thus, PGC-1 can exist in
transfected cells in a complex with SRC-1
and CBP/p300, and this complex has HAT
activity. However, most of this activity de-
rives from the CBP and SRC-1 components.

We mapped the domains of SRC-1 and
p300 responsible for interactions with PGC-1
by producing fusion proteins with glutathione
S-transferase (GST). PGC-1 interacted with a
domain of SRC-1, encompassing amino acids
782 to 1139 (Fig. 1D). An interaction was
also observed between amino acids 1805 and
2441 of p300 and PGC-1. The region of
SRC-1 that bound PGC-1 overlaps the region
known to interact with p300 and p/CAF.

Likewise, the region of p300 interacting with
PGC-1 overlaps the region known to interact
with p/CAF, SRC-1, and the viral oncopro-
tein E1A (8, 9). '

To provide an independent test of whether
SRC-1 was required for the transcriptional
activity of PGC-1, we transfected fibroblasts
derived from mice that lack SRC-1 (0). In
wild-type cells, GAL4-PGC-1 activated tran-
scription of the reporter that was three times
as efficient as that in mutant (knockout) cells
(Fig. 2A). This loss of efficiency was re-
gained when SRC-1 was replenished. Expres-
sion of CBP could overcome this deficiency
of SRC-1, but overexpression of p/CAF could
not. Thus, SRC-1 is required for the full
transcriptional activity of PGC-1, although
some residual activity is present even in the
absence of SRC-1. Although it is not com-
pletely specific for CBP/p300, the viral on-
coprotein E1A is an inhibitor of these coac- .
tivators by suppressing HAT activity (//) and
competing for coactivator binding (/2). E1A
inhibits the transcriptional activity of PGC-1,
with or without coexpression of additional
CBP (Fig. 2B).

Deletion analysis revealed that transcrip-
tional activation was localized to amino acids 1
to 170 of PGC-1 (Fig. 3A). Full-length PGC-1
is much less active than constructs that delete
amino acids 170 to 350. This putative negative
regulatory domain of PGC-1 amino acids 170
to 350 overlaps with the domain of PGC-1 that
is involved in docking PPARy and NRF-1 (5,
6). To investigate whether transcription factor
docking might be an activating event for PGC-
1, we cotransfected GAL4—PGC-1 with vari-
ous alleles of PPARy and NRF-1 (Fig. 3B).
Transcriptional activation was increased equiv-
alently with wild-type PPAR<y or with several
alleles lacking or defective in the following
transcriptional activation domains: a point mu-
tation in the AF-2 activation domain (AF-2m)
[Glu**® — GIn**° (E499Q)], deletion of both
activation domains (AAF1-AF2m) or a frag-
ment of PPARY that contains only amino acids
128 to 229 (DNA binding/hinge region). This
fragment of PPAR'y is known to be involved in
mediating the docking of this receptor to
PGC-1 (5). We confirmed that this fragment of
PPARy does not interact with CBP/p300 or
SRC-1, using proteins prepared in vitro (I3).
Likewise, NRF-1 wild type and a dominant
negative of NRF-1 [deletion lacking amino ac-
ids 305 to 503 and is transcriptionally inactive
(6)] also increased the transcriptional ac-
tivity of PGC-1 (Fig. 3B). PPARY and the
transcriptionally inactive PPARvy fragment
(amino acids 128 to 229) also activated
GAL4-p/CAF, a coactivator that otherwise
has very low intrinsic transcriptional activity
in this assay (Fig. 3B). This suggests that the
function of transcription factor docking as an
activating event can be generalized to differ-
ent coactivators.
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Because transcription factor binding stim-
ulates the activity of PGC-1, we examined
whether there is a similar alteration in the
binding of SRC-1 and CBP/p300 to PGC-1.
Notably, the 1 to 400 amino acid portion of
PGC-1, containing the transcription factor
docking domain, is reduced in binding of
SRC-1 and p300, in relation to the 1 to 180
amino acid portion of PGC-1 that lacks this
domain (Fig. 4A). This binding of SRC-1 and
p300 to the 1 to 400 amino acid fragment of
PGC-1 is strongly stimulated by the 128 to
229 amino acid fragment of PPARYy. In con-
trast, this piece of PPARYy had no effect on
the binding of SRC-1 and p300 to the 1 to
180 amino acid domain of PGC-1. A green
fluorescent protein (GFP) control polypeptide
had no effect on any of these binding events.
We also investigated whether the binding of
SRC-1 and p300 to PGC-1 could be stimu-
lated by coexpression of PPARy or NRF-1 in
cells. Coexpression of either transcription
factor with PGC-1 increased the amount of
SRC-1 and p300 that coimmunoprecipitated
with PGC-1 (Fig. 4B). Expression levels of
SRC-1 and p300 were similar for each sam-
ple (14). These data illustrate that the dock-
ing of PPARy or NRF-1 to PGC-1 aug-
ments the transcriptional activity of this.co-
activator by increasing the binding to SRC-1
and p300.

These data also suggest that the docking
of PPARYy to PGC-1 induces a conformation-
al change that reveals a cryptic binding ca-
pacity. To explore this further, we incubated
in vitro translated PGC-1 with limiting con-
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centrations of trypsin, in the presence or ab-
sence of the PGC-1 docking domain of PPARYy.
The lowest amounts of trypsin used (1 pg)
caused a cleavage of PGC-1 in the presence
of PPARy but not in the absence of PPARYy at
any trypsin concentration used (Fig. 4C). Be-
cause PGC-1 was detected through an NH,-
terminal immunotag, this induced cleavage
site could be localized to amino acids 180 to
220. This is considerably distant from the
PPARYy binding site located at amino acids
338 to 403 (5). Hence, transcription factor
docking causes an activating conformational
change in PGC-1.

On the basis of these results, it is neces-
sary to modify the view that transcription
factors function in gene activation primarily
to recognize cognate DNA sequences and
localize coactivator machines. Three inde-
pendent lines of evidence show that transcrip-
tion factor binding activates PGC-1. First, the
transcriptional activity of GAL4-PGC-1 is
enhanced by coexpression with NRF-1 and
PPARYy or the fragment of PPARYy that me-
diates docking. Second, this same fragment
of PPARy enhances SRC-1 and p300 binding
to PGC-1 in vitro and in vivo. Last, protease
digestion reveals a new site of cleavage, dis-
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Fig. 2. Transcriptional activity of PGC-1 is dependent on SRC-1 and CBP/p300. (A) PGC-1-
dependent transcriptional activity is reduced in cells lacking SRC-1. Fibroblasts were obtained from
wild-type (wt) mice or from those lacking SRC-1 [knockout (KO)] (70) and were transiently
transfected with 5XUAS reporter, GAL4—-PGC-1 plasmid with (+) or without (=) vector (empty
plasmid), SRC-1, CBP, and p/CAF. Luciferase assays were performed 48 hours after transfection. (B)
E1A viral oncoprotein inhibits PGC-1-dependent transcriptional activity. Transfection experiments
were performed as in (A) except for the E1A 125 expression plasmid. Error bars in (A) and (B)
indicate SEM of four independent experiments made in duplicate.

Fig. 1. The transcriptional function of PGC-1 is activated by SRC-1 and

CBP/p300. (A) COS cells were transfected with a 5XUAS/luciferase reporter
gene (5XUAS, five copies of upstream activation sequence) and plasmids
directing the expression of the GAL4—PGC-1, SRC-1, CBP, p300, and p/CAF
(as indicated) and harvested for analysis of luciferase activity 48 hours later.
Cytomegalovirus-driven B-galactosidase plasmid was used as transfection
control. Error bars indicate SEM of five independent experiments made in
duplicate. (B) PGC-1 interacts with SRC-1 and CBP in cells. COS cells were
transfected with GAL4-PGC-1 or GAL4 with (+) or without (=) SRC-1 or
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were analyzed by protein immunoblot using specific monoclonal antibodies
to GAL4 DBD (76). (C) PGC-1 is associated with SRC-1- and CBP-dependent HAT activity. COS cells were transfected with plasmids directing the

expression of GAL4—-PGC-1 or GAL4 and SRC-1

or CBP. After 48 hours, whole-cell extracts were immunoprecipitated with a polyclonal antibody to

GAL4 DBD. HAT activity was measured in the immunoprecipitates with a liquid HAT assay (77); cpm, counts per minute. Error bars indicate SEM of
two independent experiments made in duplicate. (D) PGC-1 physically interacts in vitro with SRC-1 and p300. GST-SRC-1 and GST-p300 fragments

were incubated with full-length [3S]PGC-1 prod

uced by translation in vitro. After extensively washing the glutathione agarose beads, the specifically

bound [**S]PGC-1 was eluted and resolved by SDS-PAGE and detected by autoradiography (78). IVT, in vitro translation.
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tal to the PPARy binding site, when this
transcription factor docks. It is likely that
three distinct states of PGC-1 exist (Fig. 5), in
what we term a “spring-trap” model. When
PGC-1 is not docked on a transcription fac-
tor, it has low transcriptional activity and
minimal ability to assemble a complex in-
volving SRC-1 and CBP/p300. Upon docking
to an appropriate target, it undergoes a con-
formational change that is permissive for co-

Fig. 3. PPARy and A
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factor binding and thus sets the trap. This
state of PGC-1 then captures SRC-1, CBP/
p300, and perhaps other components, stimu-
lating gene expression. Undocked but active
PGC-1 could theoretically bind SRC-1 and
p300 and thus interfere with their functions
on various DNA-bound targets. It is also
noteworthy that p/CAF shows a similar acti-
vation through docking of PPARYy, suggest-
ing that the stimulatory role of transcription

factor binding to coactivator is likely to be a
more general effect.

These data also represent an example of
positive regulation of coactivator transcrip-
tional activity. The E1A viral oncoprotein
negatively regulates CBP/p300 (/1, 12),
whereas recent data suggest that calcium flux
is an activating signal for the stimulatory
transcriptional activity of CBP (15). It seems
likely that coactivators and corepressors will
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Fig. 4. Docking of PPARy to PGC-1 increases the binding of p300 and
SRC-1. (A) GST-PGC-1 fragments (2 to 5 pg) were incubated with
[3°S]SRC-1 and [3°S]p300. Ten micrograms of His-tagged PPARy (amino
acids 129 to 228) or His-tagged GFP were added to the indicated samples
(20). Dashes indicate no addition of His-tagged proteins. (B) PPARy and
NRF-1 increase the binding of PGC-1 to SRC-1 and p300 in cells.
Immunoprecipitates performed from transient transfected cells with an
antibody to flag (to precipitate transfected flag—PGC-1 protein) were

Fig. 5. Three-state
model of PGC-1 acti-
vation. PGC-1 occurs
in multiple states with
different transcription-
al activity. In a low-ac-
tivity state (state I),
PGC-1 is unbound to
any transcription fac-
tor (TF). PGC-1 dock-
ing to a transcription
factor causes a confor-
mational change that
results in a state per-
missive for cofactor
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analyzed by protein immunoblot with specific monoclonal antibodies
against SRC-1 and p300. (C) A PPARy fragment induces a conforma-
tion change in the PGC-1 NH,-terminus. In vitro translated flag—
PGC-1 was incubated with different amount of trypsin and with a
PPARY fragment (amino acids 128 to 229) or a GFP control. Digested
bands were resolved by SDS-PAGE and analyzed by protein immuno-
blot analysis with an antibody to flag (27). C indicates control,
without any trypsin added.
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binding (state 1l). This is in equilibrium with state Ill, where SRC-1, CBP/p300, and perhaps other proteins bind and activate transcription at this locus.
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have multiple modes of regulation, including
temporal control of expression (like PGC-1)
and regulation of inherent activity through
transactivation factor docking and signal
transduction systems.
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Control of messenger RNA (mRNA) stability serves as an important mechanism
for regulating gene expression. Analysis of Arabidopsis mutants that overac-
cumulate soluble methionine (Met) revealed that the gene for cystathionine
y-synthase (CGS), the key enzyme in Met biosynthesis, is regulated at the level
of mRNA stability. Transfection experiments with wild-type and mutant forms
of the CGS gene suggest that an amino acid sequence encoded by the first exon
of CGS acts in cis to destabilize its own mRNA in a process that is activated

by Met or one of its metabolites.

Genetic studies of metabolic pathways in bac-
teria and yeast have revealed important regula-
tory mechanisms. For example, studies of ami-
no acid biosynthesis operons in bacteria led to
an understanding of mRNA attenuation (/), and
the histidine biosynthesis pathway of yeast led
to an understanding of the complex interplay
between general and pathway-specific controls
(2). With the exception of tryptophan biosyn-
thesis in Arabidopsis (3), genetic methods have
not been extensively used to analyze amino
acid biosynthesis in plants. To study the molec-
ular mechanisms for regulation of methionine
biosynthesis in plants, we used Arabidopsis
mutants, termed mtol, that overaccumulate sol-
uble Met (4).

Met, a sulfur-containing amino acid, func-
tions not only as a protein component but also
as a precursor of S-adenosylmethionine, the
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primary methyl donor in many transmethyl-
ation reactions and, in plants, a precursor of
the phytohormone ethylene (5). Met is an
essential dietary amino acid for mammals.
Studies with the aquatic plant Lemna have
shown that the cellular concentration of sol-
uble Met remains unchanged over a 3000-
fold range in sulfur availability (6), indicat-
ing that Met biosynthesis is tightly regulated
in plants. Cystathionine +vy-synthase (CGS)
catalyzes the first committed step in Met
biosynthesis, and it has been suggested to be
a key regulatory site of the pathway (5).
Indeed, CGS activity in Lemna and barley is
regulated positively and negatively in re-
sponse to the availability of Met (7).

Analyses of CGS expression in mtol-1
mutant plants revealed that the steady-state
levels of CGS mRNA, protein, and enzyme
activity are three- to fivefold higher than in
wild-type plants (Fig. 1, A to C). Application
of Met to wild-type plants reduced the
amount of mRNA for CGS, whereas no such
effect was observed in the mfol-I mutant
(Fig. 1D). This suggests that wild-type plants
down-regulate the level of CGS mRNA in
response to exogenous Met, and this regula-
tion is impaired in the mtol mutant.

A liquid callus culture system (8) was used
for further studies. As with whole plants, the
steady-state level of CGS mRNA was reduced
by feeding calli from wild-type plants with Met
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