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Members of the SREBP family of transcription factors control cholesterol and lipid homeostasis and play
important roles during adipocyte differentiation. The transcriptional activity of SREBPs is dependent on the
coactivators p300 and CBP. We now present evidence that SREBPs are acetylated by the intrinsic acetyltrans-
ferase activity of p300 and CBP. In SREBP1a, the acetylated lysine residue resides in the DNA-binding domain
of the protein. Coexpression with p300 dramatically increases the expression of both SREBP1a and SREBP2,
and this effect is dependent on the acetyltransferase activity of p300, indicating that acetylation of SREBPs
regulates their stability. Indeed, acetylation or mutation of the acetylated lysine residue in SREBP1a stabilizes
the protein. We demonstrate that the acetylated residue in SREBP1a is also targeted by ubiquitination and that
acetylation inhibits this process. Thus, our studies define acetylation-dependent stabilization of transcription
factors as a novel mechanism for coactivators to regulate gene expression.

Members of the sterol regulatory element binding (SREBP)
family of transcription factors control cholesterol and lipid
metabolism and play critical roles during adipocyte differenti-
ation (7, 12, 31, 37). In addition, SREBP1c is an important
regulator of insulin-dependent gene expression (16, 43). The
genes srebpl and srebp2 encode three different SREBP pro-
teins, each with a molecular mass of approximately 125 kDa
(13). The SREBP2 gene encodes a single protein that has
approximately 50% identity with SREBP1. As a result of al-
ternative splicing and use of alternative promoters, the
SREBP1 gene encodes two proteins, SREBP1a and SREBP1c
(also known as ADD-1), that differ in the length of the amino-
terminal transactivation domain.

Newly synthesized SREBPs are inserted into the nuclear and
endoplasmic reticulum membranes and are transcriptionally
inactive. When cellular sterol concentrations are lowered, the
N-terminal domain of SREBP is released from membranes by
a two-step proteolytic cascade (35, 39). This transcriptionally
active fragment of SREBP is translocated to the nucleus and
binds to the promoters of SREBP target genes. It has been
demonstrated that transcriptional activation of SREBP target
genes requires interactions between SREBP and other tran-
scription factors, including Sp1 and NF-Y (15, 40). In addition,
SREBPs interact with various transcriptional coactivators,
such as CBP, p300, and ARC/DRIP (14, 26, 27). The interac-
tions between SREBP and CBP and p300 involve N-terminal
domains in all three proteins, and these interactions are re-
quired for the transcriptional activity of SREBPs. Both CBP
and p300 have intrinsic histone acetyltransferase (HAT) activ-
ity, and it has been demonstrated that activation of SREBPs
results in hyperacetylation of histone H3 at SREBP target
promoters in vivo (5).

Proteins with intrinsic HAT activity act as transcriptional
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coactivators by acetylating histones and thereby induce an
open chromatin conformation, allowing the transcriptional
machinery access to promoters (38). The best-characterized
HATs are p300, CBP, and P/CAF (38). These proteins interact
with a large number of transcription factors, such as SREBPs,
as well as components of the basic transcriptional machinery.
Thus, it is believed that HATs are central integrators of various
signaling pathways in the nucleus. Since the observation that
pS3 is a direct target for acetylation by the coactivators p300
and P/CAF (19), a number of transcription factors and nuclear
proteins have been found to be modified in this manner (1, 23,
45). The functional consequences of acetylation are diverse
and include increased DNA binding (p53 [19], GATA-1 [6],
and MyoD [34, 41]), decreased DNA binding [HMGI(Y) (25)],
increased stability (E2F1 [24] and Smad7 [17]), inhibition of
nuclear export (importin-a [2] and HNF4 [44]), and changes in
protein-protein interactions (T-cell factor [47], ACTR [10],
and erythroid Kriippel-like factor [49]).

In this paper, we demonstrate that SREBP1la and SREBP2
are direct targets of the coactivators p300 and CBP and iden-
tify the acetylated lysine residue in SREBP-1a. Coexpression
with p300 dramatically increases the expression of both
SREBP1a and SREBP2, and this effect is dependent on the
acetyltransferase activity of p300, indicating that acetylation of
SREBPs regulates their stability. We demonstrate that the
acetylated residue in SREBP1a is also targeted by ubiquitina-
tion. Thus, our data suggest that competition between ubig-
uitination and acetylation of overlapping lysine residues regu-
lates the expression of SREBPs and may constitute a novel
mechanism to regulate protein stability.

MATERIALS AND METHODS

Cell culture. All tissue culture media and antibiotics were obtained from
Invitrogen and Sigma. Human embryonic kidney epithelial 293T, HepG2, and
Cos7 cells were from the American Type Culture Collection. All cells were
maintained at 37°C in Dulbecco’s modified Eagle medium supplemented with
10% fetal calf serum, 50 U of penicillin/ml, and 50 wg of streptomycin/ml, in 5%
CO,.
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Reagents and antibodies. ['“Clacetyl-coenzyme A (CoA; 51.6 mCi/mmol) was
from ICN. Peroxidase-conjugated sheep anti-mouse and donkey anti-rabbit im-
munoglobulin G were from Amersham-Pharmacia Biotech. Acetyl-CoA, ubig-
uitin, and an anti-Flag antibody (MS5) were from Sigma. Rabbit antihemagglu-
tinin (anti-HA; Y-11), anti-p300 (N-15), monoclonal anti-Myc (9E10),
antiubiquitin (P4D1), anti-SREBP1a (2A4), and anti-Gal4 DNA-binding domain
(RKS5C1) antibodies were from Santa Cruz Biotechnology. Monoclonal anti-HA
(12CA5) antibodies were from Roche. Anti-acetyl lysine antibodies were from
Cell Signaling Technology and Upstate Biotechnology. Protein A was obtained
from Zymed. Tetramethyl rhodamine isocyanate-conjugated anti-mouse anti-
bodies were from DAKO.

Plasmids and DNA transfections. The expression vectors for Flag-tagged
SREBPIla (amino acids 2 to 490) and SREBP2 (amino acids 2 to 485) in the
mammalian expression vector pcDNA3 (Invitrogen) have been described earlier
(14). Enhanced green fluorescent protein (EGFP)-tagged SREBP1a was gener-
ated by subcloning the EcoRI fragment from pcDNA3-Flag-SREBPla into
pEGFP-C2 (Clontech). Glutathione S-transferase (GST)-tagged SREBP1a con-
structs were generated by cloning the corresponding PCR fragments into
pGEX4T-1 (Amersham-Pharmacia Biotech). SREBP1a point mutants were gen-
erated by site-directed mutagenesis (QuickChange; Stratagene). The expression
vectors for HA-tagged p300 and Flag-tagged P/CAF were kind gifts from T.
Kouzarides (Wellcome/CRC Institute, Cambridge, United Kingdom). Expres-
sion vectors for Gal4-tagged p300 and CBP in pVR1012 (Vical) were from N.
Perkins (University of Dundee, Dundee, United Kingdom). Expression vectors
for Flag-tagged p300 (wild type and AHAT1 and AHAT2 mutants) were kind
gifts from Y. Nakatani (Dana-Farber Cancer Institute, Boston, Mass.). The
expression vector for Myc-tagged SOCS3 was a kind gift from A. Yoshimura
(Kyushu University, Kyushu, Japan). The 3-hydroxy-3-methylglutaryl (HMG)-
CoA synthase promoter-reporter construct (SYNSRE-Iuc) has been described
earlier (14). Transient transfections were performed with the MBS transfection
kit (Stratagene).

Immunoprecipitations and immunoblotting. Cells were lysed in ice-cold lysis
buffer (50 mM HEPES [pH 7.2], 150 mM NaCl, 1 mM EDTA, 20 mM NaF, 2
mM sodium orthovanadate, 1% [wt/vol] Triton X-100, 10% [wt/vol] glycerol, 1
mM phenylmethylsulfonyl fluoride, 10 mM sodium butyrate, 1% aprotinin) and
cleared by centrifugation. Immunoprecipitations were carried out by adding the
appropriate antibodies plus protein A- or protein G-Sepharose beads, followed
by incubation at 4°C. The immunoprecipitates were washed extensively, resolved
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
transferred to nitrocellulose membranes (Millipore). The membranes were in-
cubated with the appropriate antibodies, washed, and incubated with horseradish
peroxidase-coupled anti-rabbit or anti-mouse immunoglobulin G. After being
washed, the blots were visualized by using Western blotting chemiluminescence
luminol reagent (Santa Cruz Biotechnology).

Generation of recombinant proteins. GST-SREBP1a fusion proteins and His-
tagged SREBPla and SREBP2 were expressed in Escherichia coli BL21 and
purified according to standard protocols. Recombinant p300 was a kind gift from
J. Boyes (ICR, London, United Kingdom).

Northern blot analysis and quantitative real-time PCR. Total RNA was iso-
lated from transiently transfected 293T cells with Trizol reagent (Invitrogen).
Ten-microgram aliquots of total RNA were fractionated by electrophoresis on
1% agarose-formaldehyde gels, transferred to nylon membranes, and cross-
linked with UV light. [*?P]dCTP-radiolabeled cDNA probes were generated by
random priming (Amersham-Pharmacia Biotech). Hybridization and quantita-
tion using phosphorimage analysis (Fuji) were as described previously (15). Total
RNA from transiently transfected 293T cells was extracted as described above
and reverse transcribed with Super Script RNase H™ reverse transcriptase (In-
vitrogen). cDNA was analyzed for the expression of human low-density lipopro-
tein receptor (LDLR) and HMG-CoA reductase. Gene-specific PCR products
were continuously measured by means of an ABI PRISM 7700 sequence detec-
tion system (Applied Biosystems) during 40 cycles by using SYBR green PCR
master mixture (Applied Biosystems). The level of GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) mRNA in each sample was used for normalization.
The gene-specific primers were designed by using Primer Express software (Ap-
plied Biosystems). The following primer pairs were used in the study: LDLR,
5'-CTGGACCGGAGCGAGTACAC-3" and 5-TGGGTGCTGCAGATCATT
CTC-3'; HMG-CoA reductase, 5'-CATGATTCACAACAGGTCGAAGA-3'
and 5'-TCAGAACTGTCGGGCTATTCAG-3'; GAPDH, 5'-CCCATGTTCGT
CATGGGTGT-3' and 5'-TGGTCATGAGTCCTTCCACGATA-3'.

Protein-DNA interactions. Cell lysates from transiently transfected 293T cells
were precleared with streptavidin-agarose (Sigma) and subsequently used in
oligonucleotide precipitation (DNAP) assays as described previously (30). The
biotinylated double-stranded DNA was composed of two copies of the sterol
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regulatory element 1 (SRE-1) sequence (5'-ATCACCCCAC-3") from the LDLR
promoter. DNA-bound proteins were precipitated with streptavidin-agarose for
30 min at 4°C, washed, and detected by Western blot analysis.

The double-stranded oligonucleotide used in the electrophoretic mobility shift
assay (EMSA) corresponds to a single copy of the SRE-1 (see above) from the
LDLR promoter. The radiolabeled probe was incubated with total cell lysates
from transfected 293T cells, in vitro-translated Flag-tagged SREBP1a, or recom-
binant polyhistidine-tagged SREBP1a as described earlier (15). In some cases,
the SREBP1a protein was acetylated prior to the EMSA.

In vitro acetylation assay. SREBP proteins (1 pg) were incubated in the
absence or presence of p300 (50 ng) or HA-tagged p300 immunoprecipitated
from transfected 293T cells as described earlier (17). Acetylated proteins were
separated by SDS-PAGE. The gels were dried and analyzed by phosphorimage
analysis.

In vitro ubiquitination assay. GST-SREBP1a was used as the substrate in in
vitro ubiquitination reactions involving 20 mM HEPES (pH 7.5), 5 mM MgCl,,
2 mM dithiothreitol, 2 mM ATP, 5 g of ubiquitin, and 20 pM MG132 in the
absence or presence of 5 pl of crude rabbit reticulocyte lysate (Promega) as
described previously (17). In some cases, GST-SREBP1a was acetylated prior to
the ubiquitination reaction by using recombinant p300 and unlabeled acetyl-
CoA. Reaction mixtures were incubated for 1 h at 30°C. GST-SREBP1a was
captured on glutathione beads and washed extensively in order to remove p300.
The samples were resolved by SDS-PAGE and transferred to nitrocellulose
membranes, and the ubiquitination of SREBPla was determined by Western
blotting.

Determination of protein half-life. 293T cells were transfected with Flag-
tagged SREBP1a, either the wild type or K333Q, in the absence or presence of
p300-HA. Thirty-six hours after transfection, cells were treated with cyclohexi-
mide (100 uM) to stop protein synthesis and incubated for various times. Total
cell lysates were prepared, and the proteins were separated by SDS-PAGE and
transferred to nitrocellulose membranes. SREBP1a was visualized by Western
blotting using anti-Flag antibodies, followed by quantitation with a charge-cou-
pled device camera (Fuji) and image analysis software (Aida Image Analyzer,
version 3.10).

Luciferase and B-galactosidase assays. HepG2 cells were transiently trans-
fected with the SYNSRE-luc promoter-reporter gene in the absence or presence
of expression vectors for SREBP1a, either the wild type or a mutant. After 36 h,
cells were lysed and luciferase activities in duplicate samples were determined as
described by the manufacturer (Promega). The pCH110 vector carrying the
B-galactosidase gene under the control of the simian virus 40 promoter (Amer-
sham-Pharmacia Biotech) was used as an internal control for transfection effi-
ciency. Luciferase values (relative light units) were calculated by dividing the
luciferase activity by the B-galactosidase activity.

Immunohistochemistry. Cells were grown on coverslips and fixed in 2% para-
formaldehyde in phosphate-buffered saline (PBS) for 20 min at room tempera-
ture. The cells were subsequently permeabilized in 0.2% Triton X-100 in PBS,
washed in PBS, and incubated in 10 mM glycine in PBS. Primary and secondary
antibodies were diluted in PBS containing 5% fetal bovine serum. Cells were
incubated with primary antibodies followed by secondary antibodies for 1 h with
a washing step in between. Nuclei were stained with DAPI (4',6'-diamidino-2-
phenylindole). The coverslips were mounted on glass object slides by the use of
Fluoromount-G (Southern Biotechnology Associates). Cells were photographed
with a Hamamatsu ORCA charge-coupled device digital camera by using the
QED imaging system software with a Zeiss Axioplan2 microscope.

Analysis of cholesterol biosynthesis. 293T cells were transfected with either
the vector alone (pCDNA3), SREBPla (wild type), or SREBPla (K333Q).
Thirty-six hours after transfection, cells were placed in fresh media supple-
mented with ['“CJacetate (10 pnCi/ml) and incubated for 2 h. The cells were
washed and collected by centrifugation. The pelleted cells were hydrolyzed in
60% (wt/vol) KOH in methanol. Nonpolar lipids were extracted in hexane and
resolved by thin-layer chromatography (Silica Gel 60; Merck). The radioactive
products were identified by comparison with unlabeled standards, which were
visualized with iodine vapor. The plates were exposed to X-ray film at —80°C.

RESULTS

p300 recruits SREBP1a to nuclear speckles. Earlier studies
have demonstrated that SREBPs interact with the acetyltrans-
ferases CBP and p300 and that these interactions are impor-
tant for their transcriptional activity. To determine if SREBPs
interact with p300 in vivo, Cos7 cells were transfected with
EGFP-SREBP1a and p300-HA, either alone or in combination
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FIG. 1. SREBPIa interacts with the coactivator p300. Cos7 cells were transfected with EGFP-SREBP1a and HA-tagged p300, either alone or
together, and the subcellular localization of the transfected proteins was determined as described in Materials and Methods. (A to C) p300 (red)
is localized to nuclear speckles in cells transfected with p300-HA alone. (D to F) EGFP-SREBP1a (green) shows a uniform nuclear staining in the
absence of p300 expression. (G to I) EGFP-SREBP1a (green) is recruited into nuclear speckles when coexpressed with p300-HA (red).

(Fig. 1). p300 accumulated in nuclear speckles in the absence
of SREBP1a expression (Fig. 1A to C). In agreement with
earlier studies (28), EGFP-SREBP1a showed a uniform nu-
clear staining in the absence of p300 expression (Fig. 1D to F).
Interestingly, p300 and EGFP-SREBP1a colocalized in nuclear
speckles when expressed together, suggesting that SREBP1a is
recruited into these structures through its interaction with
p300 (Fig. 1G to I). Similar results were obtained with EGFP-
SREBP2 and with Flag-tagged SREBP1la and SREBP2 (data
not shown).

SREBPs are acetylated in vitro. To determine whether en-
dogenous SREBP1a and p300 form a complex in vivo, we used
anti-SREBP1a antibodies to immunoprecipitate SREBPla
from HeLa cell lysates. p300 was detected in the SREBPla
immunoprecipitates, indicating that SREBP1a and p300 inter-
act in vivo (Fig. 2A). In contrast, no p300 was detected when an
unrelated antibody was used in the immunoprecipitation. A
growing number of transcription factors have been found to be
acetylated as a result of their interactions with CBP and p300.
The acetyltransferase p300 enhanced the transcriptional activ-

ity of SREBP1a, and this effect was dependent on the acetyl-
transferase activity of p300 (Fig. 2B), suggesting that SREBPs
could be direct targets of the acetyltransferase activity of p300.
Indeed, both SREBP1la and SREBP2 were substrates of the
acetyltransferase activity of p300 in vitro (Fig. 2C). Similar
results were obtained with CBP immunoprecipitated from
293T cells transfected with HA-tagged CBP (data not shown).
When expressed in 293T cells, p300 and CBP induced a robust
acetylation of SREBP1la and SREBP2, whereas P/CAF failed
to acetylate either protein (Fig. 2D). P/CAF was able to acet-
ylate p53, both in vivo and in vitro (data not shown), and it was
autoacetylated (Fig. 2D, lanes 4 and 8), verifying its activity.
The p300/CBP-binding motif in SREBP1a is important for
its acetylation. The N-terminal transactivation domain of
SREBPIla contains a conserved protein-protein interaction
motif (DIEDMLQ) that is also found in the CBP-binding
domain of CREB (8). To test if this motif in SREBPla is
important for its interaction with p300, we created a GST-
SREBPla mutant in which the DIEDMLQ sequence was
changed to DIEDAAA. Wild-type GST-SREBP1a was able to
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FIG. 2. SREBPs are substrates for p300 and CBP. (A) Lysates from HeLa cells grown in lipoprotein-deficient media were immunoprecipitated
with anti-Gal4 (lane 1) or anti-SREBPla (lane 2) antibodies. The immunoprecipitates were washed, and the proteins were separated by
SDS-PAGE. Coimmunoprecipitated p300 was detected by Western blotting using anti-p300 antibodies. The amount of mature SREBP1a in the
immunoprecipitates was determined with anti-SREBP1a antibodies. (B) HepG2 cells were transfected with SYNSRE-Iuc in the absence (lane 1)
or presence (lanes 2 to 10) of Flag-tagged SREBP1a and in the absence or presence of p300 (25 to 250 ng), either the wild type (lanes 3 to 6) or
the AHAT1 mutant (lanes 7 to 10). Thirty-six hours after transfection, the luciferase activity was measured. The data represent the averages *
standard deviations of three independent experiments performed in duplicate. (C) His-tagged SREBP1a and SREBP2 were subjected to in vitro
acetylation in the absence (lanes 2 and 4) or presence (lanes 3 and 5) of p300 as described in Materials and Methods. After the proteins were
separated by SDS-PAGE, the gel was dried and analyzed by phosphorimage analysis. (D) Flag-tagged SREBP1a (lanes 1 to 4) and SREBP2 (lanes
5 to 8) were expressed in 293T cells in the absence or presence of the indicated acetyltransferases. Following immunoprecipitation with anti-Flag
antibodies, the samples were resolved by SDS-PAGE and the acetylation of the SREBPs was determined with anti-acetyl lysine antibodies
(a-AcK). The levels of SREBPs in the immunoprecipitates were determined with anti-Flag antibodies (a-Flag). The levels of Gal4-p300,
Gal4-CBP, and Flag-P/CAF in the cell lysates were determined by Western blotting.
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FIG. 3. The p300/CBP-binding motif in SREBP1a is important for its acetylation. (A) Flag-tagged p300 was expressed in 293T cells, and the

cell lysates were incubated with GST alone (lane 2) or GST-SREBP1a,

the wild type (WT; lane 3) and the MLQ mutant (lane 4), coupled to

glutathione beads. The complexes were washed, and the proteins were separated by SDS-PAGE. The presence of p300 was detected by Western
blotting with anti-Flag antibodies. Ten percent of the material used in the pull-down was loaded on the gel (lane 1). (B) Wild-type GST-SREBP1a
and the MLQ mutant were subjected to in vitro acetylation in the absence (lanes 2 and 4) or presence (lanes 3 and 5) of p300 as described in
Materials and Methods. After the proteins were separated by SDS-PAGE, the gel was dried and analyzed by phosphorimage analysis. The gel was
stained with Coomassie brilliant blue to ensure that equal amounts of GST fusion proteins were used in the assay (CBB). (C) Schematic illustration
of the GST-SREBP1a proteins used to map the acetylated residues in SREBP1a. Proteins consisting of GST fused to full-length SREBP1a (amino
acids 2 to 490) and the indicated deletion mutants were subjected to in vitro acetylation by using p300 as described in Materials and Methods. After
the proteins were separated by SDS-PAGE, the gel was dried and exposed to phosphorimage analysis (top). The gel was stained with Coomassie

brilliant blue to ensure that equal amounts of GST fusion proteins were

used in the assay (CBB). The core DNA-binding domain (amino acids

312 to 341) of human SREBP1a, including the potential acetylated lysine residues, is shown at the bottom. bHLH-Zip, basic helix-loop-helix zipper.

interact with p300 in GST pull-down assays (Fig. 3A, lane 3).
However, the MLQ mutant was unable to interact with p300,
indicating that this motif is part of a functional domain in
SREBPIa that binds to p300 or CBP (p300/CBP-binding do-
main; Fig. 3A, lane 4).

GST-SREBPIa, either the wild type or the MLQ mutant,
was used in in vitro acetylation assays to test if the p300/CBP-
binding motif was important for the acetylation of SREBP1a
(Fig. 3B). Wild-type SREBP1a was a good substrate for re-
combinant p300 (Fig. 3B, lane 3). However, the acetylation of
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SREBP1a was lost when the MLQ sequence was mutated (Fig.
3B, lane 5), confirming the function of the p300/CBP-binding
domain in SREBP1a.

SREBP1a is acetylated in its DNA-binding domain. Full-
length GST-SREBPla was a good substrate for p300, and
deletion of a major part of its C terminus (amino acids 342 to
490) did not affect the acetylation of SREBP1a (Fig. 3C, lanes
2 to 6). However, the acetylation of SREBP1a was lost when
the core DNA-binding domain (amino acids 311 to 341) was
removed, indicating that the acetylated lysine residue(s) re-
sides in the DNA-binding domain of SREBPla. All GST-
SREBPIa fragments interacted with p300 (data not shown),
consistent with the finding that this interaction is dependent on
the N-terminal transactivation domain of SREBPs (14, 26).

As illustrated in Fig. 3C, the sequence between amino acids
311 and 341 of SREBP1a contains three lysine residues that
could be potential targets for acetylation (K313, K324, and
K333). To determine which of these residues are acetylated in
vivo, Flag-tagged SREBP1a, either the wild type or the lysine-
to-arginine mutants indicated in Fig. 4, were expressed in 293T
cells alone or together with p300-HA. Wild-type SREBP1a was
acetylated following coexpression with p300, and mutation of
K313 had only a limited effect on the acetylation of SREBP1a
(Fig. 4A). However, mutation of K324 significantly decreased
the acetylation of SREBP1a, and mutation of K333 completely
prevented acetylation of SREBP1a (Fig. 4A, lanes 6 and 8).
The K333R SREBP1la mutant was still able to interact with
p300 in GST pull-down experiments, indicating that the lack of
acetylation of this mutant was not due to effects on its inter-
action with p300 (data not shown).

Our initial results indicated that SREBP1a is acetylated on
K324 and K333 in its DNA-binding domain, with K333 being
the major site (Fig. 4A). Consequently, we wanted to deter-
mine if these residues were important for the DNA-binding or
transcriptional activity of SREBP1a. Mutation of the potential
acetylation sites in SREBP1la to arginines did not affect its
DNA-binding or transcriptional activity, except that the K333R
mutant displayed a slightly enhanced transcriptional activity
(Fig. 4B and C). However, mutation of both lysine 324 and 333
(K324,333R) reduced the transcriptional activity of SREBP1a
(Fig. 4C). This effect could not be explained by differences in
DNA binding, since the DNA-binding activity of the double
mutant was slightly enhanced (Fig. 4B). One possibility is that
acetylation of both these residues affects the recruitment of
additional coactivators, as was recently described for p53 (3).

The transcriptionally active fragments of SREBPs are highly
unstable and are rapidly degraded, potentially through the
ubiquitin-proteasome pathway. We were, therefore, intrigued
to see that the expression of wild-type SREBP1a was dramat-
ically enhanced following coexpression with p300 (compare
lanes 1 and 2 in Fig. 4A). Interestingly, the expression of the
lysine mutants, and especially K324R and K333R, was in-
creased in the absence of p300 compared to that of wild-type
SREBP1a, indicating that the acetylated lysine residues confer
instability on SREBP1a and that acetylation prevents this pro-
cess (compare lanes 1, 3, 5, and 7 in Fig. 4A).

Our results indicated that p300-mediated acetylation of
K333 in SREBPIa stabilizes the protein (Fig. 4A). We there-
fore wanted to determine if p300 could further coactivate tran-
scription from the K333R mutant. To do this, HepG2 cells
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were transfected with SREBP1a, either the wild type or the
K333R mutant, and a promoter-reporter gene derived from
the SREBP-responsive HMG-CoA synthase promoter. The
transcriptional activity of both wild-type and K333R SREBP1a
was enhanced by coexpressed p300, suggesting that p300 has
additional activities as a coactivator of SREBP1a (Fig. 4D). It
has been demonstrated that the transcriptional activity of
SREBPs is dependent on interactions with p300 or CBP and
that activation of SREBPs results in hyperacetylation of his-
tone H3 at SREBP target promoters in vivo (5, 14, 26, 27).
Therefore, it is not surprising that p300 is able to function as a
coactivator of the stabilized form of SREBP1a also.
Acetylation enhances the expression of SREBPs. The ex-
pression of both SREBP1a and SREBP2 was enhanced in the
presence of coexpressed p300 (Fig. 5SA). This effect was depen-
dent on the acetyltransferase activity of p300, since acetyltrans-
ferase-deficient forms of p300 failed to enhance the expression
of SREBPs. The effect was specific, since p300 had no effect on
the expression of a cotransfected nonacetylated control protein
(Myc-tagged SOCS3) (Fig. 5A, middle). Expression of the
transfected SREBP1a gene was high in the absence of p300,
and no increase in the SREBP1a mRNA levels was observed
following p300 expression, indicating that the effect of p300 on
the expression of SREBPs is posttranscriptional (Fig. 5B).
Acetylated SREBP1a binds DNA. K324 and K333 are lo-
cated close to the core DNA-binding domain of SREBP1a, and
acetylation has been shown to affect the DNA-binding activity
of many transcription factors. Therefore, we wanted to deter-
mine if the acetylated residues in SREBP1a are important for
its DNA-binding activity and if acetylation affects this activity
(Fig. 6). Interestingly, recombinant p300 enhanced the DNA-
binding activity of purified SREBP1a in the absence of acetyl-
CoA, and no further increase was observed when acetyl-CoA
was included in the assay, indicating that the p300-mediated
effect is unrelated to acetylation of SREBP1a (compare lanes
2, 3, and 5 in Fig. 6A). p300 enhanced the expression of
SREBP1a when the two proteins were coexpressed in 293T
cells (Fig. 2 to 5 and data not shown), resulting in a dramatic
increase in total DNA-binding activity (compare lanes 2 and
3 in Fig. 6B). The fact that a portion of the DNA-bound
SREBP1a was supershifted by the anti-acetyl lysine antibody
indicated that acetylated SREBP1a is able to bind DNA (Fig.
6B, lane 5). The anti-acetyl lysine antibody did not shift DNA-
protein complexes containing nonacetylated SREBP1a (data
not shown). The major acetylation site in SREBP1a, i.e., K333,
is located between two amino acids that directly contact DNA
in the SREBP-DNA cocrystal structure (32). It is, therefore,
unlikely that the anti-acetyl lysine antibody interacts with this
lysine residue without affecting DNA binding. Rather, we
hypothesize that the anti-acetyl lysine recognizes K324 in
the SREBP1la-DNA complex. To confirm that acetylated
SREBP1a can bind DNA, nuclear extracts were prepared from
cells transfected as described above and the extracts were used
for DNAP assays using a biotin-labeled oligonucleotide con-
taining an SREBP binding site (Fig. 6C). We could detect only
low levels of SREBP1a associated with the oligonucleotide in
the absence of p300, and none of this SREBP1a was acetylated
(Fig. 6C, lanes 1 and 3). The amount of DNA-bound SREBP1a
increased drastically following coexpression with p300, and a
large portion of the SREBP1a associated with DNA was acety-
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FIG. 4. SREBP1a is acetylated in its core DNA-binding domain by p300. (A) Flag-tagged wild-type (WT) SREBP1a and the indicated lysine
mutants were expressed in 293T cells in the absence or presence of p300-HA. Following immunoprecipitation of SREBP1a, samples were resolved
by SDS-PAGE and the acetylation of SREBPla was detected with anti-acetyl lysine antibodies (a-AcK). The amount of SREBP1a in the
immunoprecipitates was determined with anti-Flag antibodies (a-Flag). The levels of p300-HA in the cell lysates were determined by Western
blotting (a-HA). (B) Increasing amounts of in vitro-translated Flag-SREBP1a, the wild type and the indicated mutants, were used in EMSAs with
a *?P-labeled probe containing the SRE-1 sequence from the LDLR promoter. (C) Cos7 cells were transfected with SYNSRE-luc in the absence
(lane 1) or presence (lanes 2 to 16) of increasing amounts (0.5 to 2.5 ng) of Flag-tagged SREBP1a, the wild type and the indicated mutants.
Thirty-six hours after transfection, the luciferase activity was measured. The data represent the averages * standard deviations (SD) of three
independent experiments performed in duplicate. (D) HepG2 cells were transfected with SYNSRE-luc in the absence or presence of Flag-tagged
SREBPI1a, the wild type and the K333R mutant, in the absence or presence of p300 (25 or 100 ng). Thirty-six hours after transfection, the luciferase
activity was measured. The data represent the averages = SD of three independent experiments performed in duplicate.

lated (Fig. 6C, lanes 2 and 4), suggesting that acetylated
SREBP1a is able to bind DNA. Taken together, our results
indicate that acetylated SREBPla can bind DNA and that
acetylation of SREBP1a within its core DNA-binding domain

does not affect its DNA-binding activity. To confirm these
observations, we generated two constructs in which the major
acetylation site in SREBP1a (K333) was mutated to either R
(K333R) or Q (K333Q) to mimic nonacetylated and acetylated
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expressed in 293T cells in the absence or presence of Flag-p300, either the wild type (lanes 2 and 6) or two different acetylation-deficient mutants
(lanes 3, 4, 7, and 8). Thirty-six hours after transfection, cell lysates were prepared and resolved by SDS-PAGE. The levels of SREBPs were
detected by Western blotting using anti-Flag antibodies (a-Flag). The levels of Flag-p300 in the cell lysates were determined by Western blotting
(a-Flag). To ensure that equal amounts of protein were loaded in each well, the levels of Myc-SOCS3 in the samples were estimated by Western
blotting using anti-Myc antibodies (a-Myc). (B) Flag-tagged SREBP1a was expressed in 293T cells in the absence (lanes 3 and 4) or presence (lanes
5 and 6) of p300-HA. Thirty-six hours posttransfection, RNA was extracted and resolved on agarose gels, and the mRNA levels for SREBP1a and

actin were determined as described in Materials and Methods.

SREBPIa, respectively (48). The corresponding SREBPla
proteins were generated by in vitro translation and were sub-
sequently used in EMSAs (Fig. 6D). Both K333R and K333Q
were able to bind DNA, and we were unable to detect any
significant difference in affinity for DNA between the mutants
and wild-type SREBPla, suggesting that acetylation of
SREBP1a does not affect its ability to bind DNA.
Acetylation stabilizes SREBPla. The results presented in
Fig. 2 to 6 demonstrate that p300 is able to enhance the
expression of SREBP1a and SREBP2 and that the acetyltrans-
ferase activity of p300 is required for this effect. In addition, we
have demonstrated that mutation of the major acetylated res-
idue in SREBPla (K333) enhances its expression. Based on
these observations, we hypothesized that the acetylated lysine
residue in SREBP1a is important for its stability. To address
this possibility, we determined the half-lives of wild-type and
acetylation-deficient (K333Q) SREBPIa, both in the absence
and presence of p300. As seen in Fig. 7A, wild-type SREBP1a
was rapidly degraded in the absence of p300, while the K333Q
mutant was relatively stable. Interestingly, the degradation of
wild-type SREBP1a was prevented following coexpression with

p300, suggesting that acetylation of K333 inhibits the degrada-
tion of SREBP1a.

To confirm that the stabilized SREBP1a was active, HepG2
cells were transfected with the SREBP-responsive HMG-CoA
synthase promoter-reporter gene in the absence or presence of
Flag-tagged SREBPI1a, either the wild type or the K333Q mu-
tant. As illustrated in Fig. 7B, the expression of the reporter
gene was induced following expression of wild-type SREBP1a.
Interestingly, the stabilized form of SREBPla was more effi-
cient in inducing transcription from the HMG-CoA synthase
promoter-reporter gene. In the transfected HepG2 cells, the
level of the K333Q mutant was elevated compared to that of
wild-type SREBPla (Fig. 7B, inset), indicating that the en-
hanced SREBP-dependent transcription was due to the in-
creased stability of the mutant form of SREBP1a.

Acetylation of SREBPla prevents ubiquitination. Our re-
sults indicate that acetylation of SREBPs enhances their sta-
bility, potentially by interfering with degradation. Acetylation
of proteins involves the attachment of an acetyl group to the
side chain of lysine residues. The side chain of lysine is also
targeted by a second posttranslational modification, i.e., ubig-
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FIG. 6. Acetylated SREBP1a binds DNA. (A) Recombinant SREBP1a was used in EMSAs with a *?P-labeled probe containing the SRE-1
sequence from the LDLR promoter. Where indicated, SREBP1a was incubated with p300 (lane 3), acetyl-CoA (Ac-CoA; lane 4), or p300 plus
acetyl-CoA (lane 5) prior to the EMSA. (B) Flag-tagged wild-type SREBP1a was expressed in 293T cells in the absence (lane 2) or presence of
p300-HA (lanes 3 to 5). Thirty-six hours after transfection, nuclear extracts were prepared and used in EMSA with a *P-labeled probe containing
the SRE-1 sequence from the LDLR promoter. Where indicated, anti-Flag (F; lane 4) or anti-acetyl lysine (AcK; lane 5) antibodies were included
in the assay. *, supershifted complexes. (C) Nuclear extracts were prepared from 293T cells transfected as in panel B and used in DNAP assays
with the SRE-1 sequence from the LDLR promoter (lanes 1 and 2) or immunoprecipitated (IP) with anti-Flag antibodies (lanes 3 and 4). The levels
and acetylation of SREBP1a were determined by Western blotting using anti-Flag (a-Flag) and anti-acetyl lysine (a-AcK) antibodies, respectively.
(D) Increasing amounts of in vitro-translated Flag-SREBP1a, the wild type (WT) and the indicated mutants, were used in EMSAs with a
32P_labeled probe containing the SRE-1 sequence from the LDLR promoter. The SREBP1a-DNA complexes were supershifted with anti-Flag

antibodies (lanes 5, 10, and 15; asterisk).

uitination, and ubiquitinated proteins are recognized and de-
graded by the ubiquitin-proteasome pathway. We were able to
detect ubiquitination of wild-type SREBP1a as a collection of
high-molecular-weight bands following coexpression with HA-
tagged ubiquitin, while no HA-tagged bands were observed in

the absence of HA-ubiquitin (Fig. 8A). Mutation of K333
significantly reduced the ubiquitination of SREBP1a, suggest-
ing that the acetylated lysine residue is also targeted by ubig-
uitination in vivo.

To test if p300-mediated acetylation is able to affect the
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FIG. 7. Acetylation stabilizes SREBP1a. (A) 293T cells were trans-
fected with Flag-SREBP1a, either the wild type (WT) or the K333Q
mutant, in the absence or presence of p300-HA. Thirty-six hours after
transfection, cells were treated with cycloheximide for the indicated
times, and the levels of Flag-SREBP1a in the cell lysates were deter-
mined as described in Materials and Methods. The amount of
SREBP1a at each time point is plotted as a percentage of the amount
at the start of the chase and represents the average * the standard
error of the mean of three independent experiments (top). The results
from one representative experiment are illustrated at the bottom. To
ensure that equal amounts of protein were loaded in each well, the
levels of tubulin in the samples were estimated by Western blotting
using antitubulin antibodies. (B) HepG2 cells were transfected with
SYNSRE-luc in the absence (lane 1) or presence (lanes 2 to 7) of
increasing amounts of Flag-SREBP1a (1 to 5 ng), either the wild type
(lanes 2 to 4) or K333Q (lanes 5 to 7). Thirty-six hours after transfec-
tion, the luciferase activity was measured. The data represent the
averages * standard deviations of three independent experiments per-
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ubiquitination of SREBP1a, we used recombinant SREBP1a,
either acetylated or nonacetylated, as the substrates in recon-
stituted in vitro ubiquitination assays. As illustrated in Fig. 8B,
nonacetylated SREBP1a was ubiquitinated in the presence of
rabbit reticulocyte lysate and acetylation of SREBPla pre-
vented its ubiquitination. These results suggest that K333 in
SREBPIa is targeted by ubiquitination and that p300-medi-
ated acetylation of the same lysine residue prevents this pro-
cess.

Stabilization of SREBP1a affects sterol synthesis. Theoret-
ically, stabilization of SREBP1a would increase the expression
of SREBP target genes and, thereby, would affect cholesterol
metabolism. To test this hypothesis, 293T cells were trans-
fected with SREBP1a, either the wild type or K333Q, and the
mRNA levels for the LDLR and HMG-CoA reductase genes
were determined by real-time PCR. The expression of both
genes was higher in cells expressing the stabilized form of
SREBPIa than in cells expressing wild-type SREBP1a (Fig.
9A). To determine if this enhanced expression of SREBP tar-
get genes could affect sterol metabolism, the incorporation of
[**Clacetate into cholesterol in 293T cells transfected with
SREBP1a, either the wild type or the K333Q mutant, was
determined (Fig. 9B). Cholesterol synthesis in vector-trans-
fected control cells was low and was induced in response to
expression of wild-type SREBPI1a. Interestingly, cholesterol
synthesis was further enhanced in cells expressing the stabi-
lized form of SREBP1a. Taken together, these results indicate
that stabilization of transcriptionally active SREBP1la could
affect the expression of SREBP target genes and lipid metab-
olism.

DISCUSSION

Here we present evidence that SREBPs interact with the
transcriptional coactivator p300 in vivo, resulting in acetylation
of the SREBPs. Acetylation of SREBPla and SREBP2 en-
hances the stability of these transcription factors. In SREBP1a,
we have mapped the acetylation to a specific lysine residue
(K333) in its core DNA-binding domain. Acetylation or muta-
tion of this residue stabilizes SREBP1a by preventing ubiquiti-
nation of the same lysine residue, indicating that competition
between acetylation and ubiquitination controls the function of
SREBPIa.

SREBPs are known to interact with CBP and p300, and
these interactions are important for the transcriptional activity
of this family of transcription factors. We now demonstrate
that SREBP1a colocalizes with the acetyltransferase p300 in
nuclear speckles in vivo (Fig. 1). A large number of nuclear
proteins, including transcription factors, coactivators, and
corepressors, have been localized to various subnuclear parti-
cles (11). Interestingly, it has been demonstrated that activa-
tion of Ras induces relocalization of p53 and CBP to PML
bodies and that Ras-induced acetylation of p53 is lost in
PML "/~ fibroblasts (33). In addition, the transcription factor
EVII1 colocalizes with CBP and P/CAF in nuclear speckles and

formed in duplicate. The levels of Flag-SREBP1a in samples 4 (WT)
and 7 (K333Q) were determined by Western blotting using anti-Flag
antibodies (inset).
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FIG. 8. Acetylation of SREBPla prevents its ubiquitination.
(A) Flag-tagged wild-type SREBPla and the K333R mutant were
expressed in 293T cells in the absence or presence of HA-ubiquitin.
Thirty-six hours after transfection, SREBP1a was immunoprecipitated
from cell lysates and resolved by SDS-PAGE. The ubiquitination of
SREBP1a was determined by Western blotting using anti-HA antibod-
ies (a-HA). The migration of molecular mass standards (in kilodal-
tons) is indicated to the right. The levels of SREBP1a in the immu-
noprecipitates were determined by Western blotting using anti-Flag
antibodies (a-Flag). (B) GST-SREBP1a was used as the substrate in in
vitro ubiquitination reactions in the absence or presence of rabbit
reticulocyte lysate (RRL). Where indicated, GST-SREBP1a was acety-
lated prior to the ubiquitination reaction (lane 3). The samples were
resolved by SDS-PAGE, and the ubiquitination of SREBP1a was de-
termined with antiubiquitin antibodies («-UB). The migration of mo-
lecular mass standards (in kilodaltons) is indicated to the right. The
amount of SREBP1la and its acetylation were determined with anti-
SREBP1a (a-SRE1) and anti-acetyl lysine (a-AcK) antibodies, respec-
tively.

is acetylated by both of these coactivators (9). Certain CBP-
containing nuclear structures are rich in components of the 26S
proteasome (4). It is, therefore, tempting to hypothesize that
CBP- or p300-mediated acetylation of SREBP protects it from
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FIG. 9. Stabilization of SREBP1a affects cholesterol metabolism.
(A) 293T cells were transfected with the vector alone (—) or Flag-
tagged wild-type SREBP1a (WT) or K333Q (MUT). Thirty-six hours
after transfection, total RNA was extracted and used to determine the
expression of the LDLR and HMG-CoA reductase genes by quanti-
tative real-time PCR. The results are presented as the factors by which
mRNA levels increased relative to the mRNA levels found in cells
transfected with the vector alone. The results represent the averages =
standard deviations of one representative experiment performed in
triplicate. (B) 293T cells were transfected with either the vector alone
(—) or Flag-tagged wild-type SREBP1a or K333Q (MUT). Thirty-six
hours after transfection, cells were placed in fresh media supple-
mented with ['*Cacetate. Nonpolar lipids were extracted and resolved
by thin-layer chromatography (TLC). Radioactive products were visu-
alized after exposure of the TLC plates to X-ray film.

degradation within these structures. Further studies, using con-
focal microscopy, are necessary to characterize these structures
and to determine if the subnuclear localization of SREBPs is of
functional importance.

We found that SREBPla and SREBP2 are acetylated by
both CBP and p300, but not by P/CAF (Fig. 2). In SREBP1a,
the acetylation was dependent on its N-terminal p300/CBP-
binding domain and the acetylated residues were mapped to its
core DNA-binding domain (Fig. 3). Further studies identified
K333 as the major acetylation site (Fig. 4). Acetylation or
mutation of K333 did not affect DNA binding. However, we
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observed that p300 enhanced the DNA-binding activity of
SREBP1a in vitro in the absence of acetylation. It was recently
demonstrated that p300 enhances the DNA-binding activity of
Spl, and this effect was independent of the acetyltransferase
activity of p300 (46). Further studies are necessary to deter-
mine if p300 affects the DNA-binding activity of SREBPs in
vivo and if this is of functional importance. The DNA-binding
domain is also acetylated in SREBP2, although the targeted
lysine residue(s) is not identical (unpublished data). Further
studies are needed to identify the acetylated residues in
SREBP2 and to determine if acetylation of these residues
affects the function of SREBP2. Further studies are also nec-
essary to determine if acetylation of K324 and K333 in
SREBP1a has distinct functional effects.

We observed a significant increase in the expression of trans-
fected SREBPs in the presence of cotransfected p300, and this
effect was dependent on the acetyltransferase activity of p300
(Fig. 4 and 5). Interestingly, we observed a similar enhanced
expression when the major acetylated residue in SREBPla
(K333) was mutated. These observations indicated that the
acetylated residues in SREBP1a and SREBP2 are involved in
regulating the stability of these proteins, potentially by inhib-
iting their degradation. Indeed, when we determined the half-
life of SREBP1a, we found that the degradation of the wild-
type protein was very rapid, while acetylation or mutation of
K333 stabilized the protein (Fig. 7).

Transcriptionally active SREBP is rapidly turned over, es-
pecially when cells accumulate high levels of cholesterol. In
addition, SREBPs are stabilized by proteasome inhibitors, and
the expression of SREBP-regulated genes is induced in re-
sponse to these inhibitors, indicating that the stability of
SREBPs is regulated by the ubiquitin-proteasome pathway.
Indeed, it was recently demonstrated that SREBP1a is ubiqui-
tinated in vivo, although the lysine residues targeted by this
modification were not identified (20). Thus, one interpretation
of our results is that K333 confers instability on SREBP]1a,
potentially because this lysine residue is also targeted by ubiq-
uitination. This hypothesis gained support from our observa-
tion that wild-type SREBP1a is ubiquitinated in vivo and that
mutation of K333 decreased the ubiquitination of SREBP1la
(Fig. 8). These observations were confirmed by our demon-
stration that p300-mediated acetylation of SREBPla pre-
vented its ubiquitination in vitro. It has been demonstrated
that the expression levels of E2F1 are enhanced following
coexpression with P/CAF (24). This enhanced expression was
dependent on the HAT domain of P/CAF, indicating that
acetylation of E2F1 is important for this effect. However, when
the acetylated lysines in E2F1 were mutated, the mutant pro-
tein did not accumulate. Rather, and in contrast to the case for
SREBPIa, the lysine-mutated version of E2F1 was rapidly
degraded. Further studies are, therefore, necessary to deter-
mine if competition between ubiquitination and acetylation of
common lysine residues is responsible for the stabilization of
E2F1 in response to P/CAF expression. There have also been
reports of a potential correlation between the acetylation and
stability of p53 and Mdm2 (21, 22, 29, 36). It is, however,
unclear if acetylation of these proteins is the only factor con-
tributing to the observed effects, and the stabilization was not
linked to individual lysine residues. The issue is further com-
plicated by the fact that p53 is destabilized through its inter-
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action with p300 and CBP under certain conditions (18). How-
ever, our results are similar to those reported for the inhibitory
Smad7 protein (17). Acetylation or mutation of the acetylated
lysine residues in Smad7 stabilized the protein and protected it
from transforming growth factor B-induced degradation. Fur-
thermore, it was demonstrated that the acetylated residues in
Smad7 were targeted by ubiquitination and that acetylation of
these residues prevented the subsequent ubiquitination of
Smad7 by the ubiquitin ligase Smurfl.

The potential link between acetylation or deacetylation and
ubiquitination received further support from the recent iden-
tification of the components of the murine histone deacetylase
6 (HDAC6) complex (42). It was demonstrated that a number
of the proteins in this complex are involved in the ubiquitin-
signaling pathway. For acetylated SREBPs to be degraded they
need to be deacetylated and ubiquitinated. Interestingly, we
have found that SREBP1a and SREBP2 interact with certain
HDACs (unpublished data). Future studies will address
whether acetylated SREBPs are substrates of HDACs and if
deacetylation of SREBPs promotes their ubiquitination and
degradation.

Our results suggest that acetylation regulates the stability
and, thereby, the transcriptional activity of SREBPs. The most
common treatment for elevated cholesterol levels in humans is
a group of drugs called statins. These compounds block cho-
lesterol synthesis and, therefore, activate SREBPs. Activation
of SREBPs leads to an enhanced expression of the LDLR gene
and, thereby, increased clearance of LDL from the circulation.
We hypothesize that compounds that enhance the acetylation
of SREBPs could increase the levels of transcriptionally active
SREBP in cells. Such compounds could potentially be used to
enhance the cholesterol-lowering activities of statins. This hy-
pothesis is supported by the results presented in Fig. 9, where
cells expressing a stabilized form of SREBPla (K333Q) ex-
pressed higher levels of the LDLR and HMG-CoA reductase
genes, well-established SREBP target genes. In addition, the
synthesis of cholesterol in the cells expressing the stabilized
form of SREBP1la was enhanced.

It is striking that SREBP1a undergoes two different modifi-
cations, which both target the same lysine residue. We propose
that acetylation of specific lysines in SREBPs prevents subse-
quent ubiquitination of the same residues, thereby blocking
proteasome-mediated degradation. Furthermore, our studies
define acetylation-dependent stabilization of transcription fac-
tors as a novel mechanism for coactivators to regulate gene
expression. The ubiquitin-proteasome pathway regulates a
large number of nuclear proteins, and many of these are also
acetylated. Therefore, it will be of the utmost importance to
determine if competition between acetylation and ubiquitina-
tion is a general mechanism to regulate protein stability.
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