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Protein acetylation has emerged as a means of controlling levels of mRNA synthesis in eukaryotic cells. Here
we report that acetyl coenzyme A (acetyl-CoA) stimulates RNA polymerase II transcription in vitro in the
absence of histones. The effect of acetyl-CoA on basal and activated transcription was studied in a human RNA
polymerase II transcription system reconstituted from recombinant and highly purified transcription factors.
Both basal and activated transcription were stimulated by the addition of acetyl-CoA to transcription reaction
mixtures. By varying the concentrations of general transcription factors in the reaction mixtures, we found that
acetyl-CoA decreased the concentration of TFIID required to observe transcription. Electrophoretic mobility
shift assays and DNase I footprinting revealed that acetyl-CoA increased the affinity of the general transcrip-
tion factor TFIID for promoter DNA in a TBP-associated factor (TAF)-dependent manner. Interestingly,
acetyl-CoA also caused a conformational change in the TFIID-TFIIA-promoter complex as assessed by DNase
I footprinting. These results show that acetyl-CoA alters the DNA binding activity of TFIID and indicate that

this biologically important cofactor functions at multiple levels to control gene expression.

Transcription from natural RNA polymerase II promoters is
tightly controlled by the combined actions of positive and neg-
ative regulatory factors, including site-specific activators, re-
pressors, cofactors, and chromatin-associated proteins. For
transcription of any given gene, a complex array of signals must
ultimately by integrated at the promoter to set the proper level
of RNA production. Protein acetylation is one such signal
implicated in controlling levels of mRNA synthesis in eu-
karyotes. It has been shown that specific lysines in the N ter-
mini of core histones are acetylated in transcriptionally active
regions of chromatin (reviewed in references 6 and 39). The
prevailing model suggests that acetylation of histones relieves
the repressive effects of chromatin and allows the transcription
machinery access to promoters, resulting in a localized dere-
pression of transcription (reviewed in reference 40). Several
nuclear histone acetyltransferases have been identified, includ-
ing Tetrahymena p55 and the human coactivators CREB bind-
ing protein (CBP), p300, P/CAF, GCNS, and TAF ;250 (3, 7,
27, 29, 42). Transcriptional activators can recruit acetyltrans-
ferases to promoters, where they acetylate histones in nucleo-
somes (38). Conversely, deacetylases are thought to be re-
cruited to chromatin by transcriptional repressors (reviewed in
reference 31).

Histones are not the only substrates of nuclear acetyltrans-
ferases. The tumor suppressor p53 is a substrate of acetylation
by p300 (22). Acetylation at specific lysines stimulates DNA
binding by p53 in response to DNA damage (22, 34). TFIIE
and TFIIF can be acetylated by P/CAF, p300, and TAF 250,
although the functions of these posttranslational modifications
have not been identified (15). HMG I(Y) is acetylated by CBP
resulting in disruption of the interferon-B enhanceosome and
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a decrease in transcription (28). Acetylation of HMG-17 by
P/CAF alters its interaction with nucleosomes (19). Acetyla-
tion of GATA-1 by p300 stimulates DNA binding and may
alter the conformation of the GATA-1-DNA complex (5). The
transcriptional activator EKLF is acetylated by p300 and CBP
in its activation domain (44). These emerging data support a
model in which protein acetylation is a general mechanism for
regulating RNA polymerase II transcription in higher eu-
karyotes.

Structural studies combined with biochemical experiments
have revealed that acetyl coenzyme A (acetyl-CoA) can alter
the conformation of the proteins that it binds. It is well docu-
mented that acetyl-CoA alters the conformation and activity of
metabolic enzymes when it binds as an allosteric effector (2,
43). The histone acetyltransferase activities of human GCNS5
and P/CAF were found to be stabilized by acetyl-CoA (18).
X-ray crystallography and biochemical experiments on the hi-
stone acetyltransferase Hatl support the proposal that this
enzyme undergoes a conformational change upon binding
acetyl-CoA (9). Recently, X-ray crystallography revealed that
the enzyme serotonin N-acetyltransferase undergoes a striking
conformational change upon binding the substrate acetyl-CoA
(20). In this case, acetyl-CoA induces the formation of a bind-
ing site for the second substrate, serotonin. Thus, acetyl-CoA is
emerging as an important cofactor in transcriptional regula-
tion, not only as a substrate for enzymatic reactions but also as
a cofactor for inducing conformational changes in some of the
proteins to which it binds.

In this study, we have investigated whether acetyl-CoA can
act as a cofactor for human RNA polymerase II transcription
in the absence of histones. To carry out these experiments, we
developed an in vitro transcription system responsive to tran-
scriptional activators that is reconstituted from recombinant
and highly purified human general transcription factors. Our
results show that acetyl-CoA increases both basal and activated
transcription in the absence of histones and reveal that acetyl-
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CoA is a cofactor that stimulates the binding of TFIID to
promoter DNA.

MATERIALS AND METHODS

Transcription factors. The following recombinant proteins were expressed and
purified as described previously: human TATA binding protein (TBP) (33),
human TFIIA (30, 36), human TFIIB (16), human TFIIE-34 and TFIIE-56 (32),
c-Jun (4), and GAL4-p53 (37). Human RAP30 and human RAP74 were ex-
pressed in Escherichia coli (1, 10, 35) and purified (24) as described previously.
Human RNA polymerase II was purified from HeLa nuclear pellets through the
DEAE-5PW step as described previously (26). Human TFIIH was purified from
HeLa cytoplasmic extracts through the phenyl column as described previously
(11). Nuclear extracts were prepared from Jurkat cells by the method of Dignam
et al. (8).

A method for immunopurifying human TFIID was developed and will be
described in detail elsewhere (J. Goodrich and R. Tjian, unpublished data).
Briefly, HeLa cell nuclear extracts were fractionated by phosphocellulose chro-
matography (8). Proteins eluting between 0.5 M and 1.0 M KCl were pooled, and
TFIID was further immunopurified using an anti-hTAF;130 monoclonal anti-
body. Immunoprecipitated material was washed extensively, and TFIID was
specifically eluted from antibody beads with 2 column volumes of buffer contain-
ing an epitope peptide.

In vitro transcription. Transcription reactions using the reconstituted tran-
scription system were performed as previously described (14, 24) with the fol-
lowing modifications: the MgCl, concentration was 6 mM; TFIID (~3 ng, or as
indicated in the figure legends) and TFIIA (20 ng) were added in place of
recombinant TBP; and where indicated, GAL4-p53 and cJun were preincubated
with promoter DNA for 5 min on ice. After the addition of general transcription
factors, the reaction mixtures were transferred to 30°C for 30 min before addition
of nucleoside triphosphates. RNA synthesis was allowed to proceed for 20 min at
30°C. Acetyl-CoA (Sigma or Pharmacia) at concentrations indicated in the fig-
ures and sodium butyrate (Sigma) at a final concentration of 1 mM were added
to transcription reaction mixtures immediately prior to the addition of RNA
polymerase II and general transcription factors. We observed that the concen-
tration of acetyl-CoA required for maximum stimulation of transcription varied
widely (100 nM to 3 uM) with different sources, lots, and ages of acetyl-CoA. We
believe that this variability is associated with the fraction of the CoA in the
acetylated form at the time the experiment is performed. The source of acetyl-
CoA used in each experiment is indicated in the figure legends. Transcription in
a Jurkat nuclear extract was carried out as described above, except that purified
general transcription factors were replaced by 4 pl of nuclear extract.

G-less transcription reactions were stopped with 100 .l of a solution contain-
ing 3.1 M ammonium acetate, 10 pg of carrier yeast RNA, and 15 wg of
proteinase K. After ethanol precipitation, the samples were resolved by dena-
turing polyacrylamide gel electrophoresis (6% polyacrylamide) (PAGE) and
quantitated by PhosphorImager analysis. Reactions utilizing the (AP1)s-Elb-
chloramphenicol acetyltransferase (CAT) and (GAL4)s-E1b-CAT templates
were stopped with 90 pl of a solution containing 1% sodium dodecyl sulfate
(SDS), 0.02 M EDTA, 0.2 M NaCl, and 10 pg of carrier yeast RNA. After
extraction with phenol-chloroform and ethanol precipitation, the RNA was sub-
jected to primer extension using a CAT-specific primer as previously described
(13). Products were resolved by denaturing PAGE (8% polyacrylamide) and
quantitated by PhosphorImager (Molecular Dynamics) analysis.

Mg?*-agarose mobility shift assays. Mg>"-agarose gel shifts were performed
as previously described (25). For the mobility shift assays, a 133-bp DNA frag-
ment (containing the adenovirus major late promoter region —53 to +33) was
excised from plasmid pBS-MLP (14) with EcoRI and HindIIl, end labeled with
T4 polynucleotide kinase in the presence of [y-*?P]JATP, and purified from an
8% nondenaturing polyacrylamide gel. TFIID and TFIIA were incubated with
promoter DNA (final concentration, 0.7 nM) for 20 min at 30°C under buffer
conditions that were identical to those used for transcription in a reaction volume
of 10 pl. The reaction products were removed to ice and loaded onto a 1.4%
agarose gel (14 cm) in 0.5X Tris-borate-EDTA (TBE) containing 5 mM mag-
nesium acetate. Electrophoresis was performed at 4°C and 100 V for 3 h. The
gels were transferred to DES1 paper (Whatman), dried, and subjected to auto-
radiography.

DNase I footprinting. DNase I footprints were performed with either a 287-bp
DNA fragment (—212 to +75) containing five GAL4 sites upstream of the
adenovirus major late core promoter (—53 to +33) or a 230-bp DNA fragment
(=152 to +78) containing plasmid DNA sequence upstream of the adenovirus
major late core promoter (—53 to +33). Both DNA fragments were generated by
PCR and were *?P labeled on the 5’ end of the template strand. TFIID and
TFIIA (in amounts indicated in figure legends) were incubated with promoter
DNA (at final concentrations indicated in the figure legends) for 20 min at 30°C
under buffer conditions that were identical to those used for transcription in a
reaction volume of 10 wl. Then 1 pl of a solution containing 0.15 U of DNase I
(Promega) per ul and 10 mM CaCl, was added to each reaction. After a 30-s
incubation at 30°C, the reactions were stopped with 40 pl of stop solution
containing 25 mM EDTA, 125 mM KClI, and 10 pg of carrier yeast RNA. SDS
was added to each reaction mixture to a final concentration of 0.5%. The
reaction mixtures were incubated at 65°C for 15 min and then placed on ice for
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10 min. After a 10-min centrifugation at 16,000 X g in a microcentrifuge, the
supernatants were transferred to new tubes. DNA was ethanol precipitated and
resuspended in formamide loading buffer. Products were resolved by denaturing
PAGE (8% polyacrylamide).

RESULTS

Reconstitution of a highly purified human transcription sys-
tem that responds to activators. While acetylation of proteins
involved in transcription has been documented, the effects of
acetyl-CoA on RNA polymerase II transcription in a purified
in vitro transcription system have not been investigated. To
reveal mechanisms by which acetyl-CoA regulates transcrip-
tion, we established a human in vitro transcription system
composed of highly purified native factors (RNA polymerase
II, TFIID, and TFIIH) and recombinant factors (TFIIA,
TFIIB, TFIIE, and TFIIF). This system differs from one de-
scribed previously (14, 24) by the addition of immunopurified
human TFIID and recombinant human TFIIA in place of
recombinant TBP (Fig. 1A). Human TFIID was immunopuri-
fied using an anti-hTAF;130 monoclonal antibody, washed
extensively with high concentrations of salt, and eluted with an
epitope peptide. The eluted TFIID shown in Fig. 1A is highly
purified and is devoid of antibody heavy and light chains. The
schematic in Fig. 1B depicts the five promoter templates used
in transcription experiments.

We tested this highly purified human TFIID in the recon-
stituted transcription system for the ability to mediate tran-
scriptional activation. As shown in Fig. 1C, the transcription
system is completely dependent on the addition of TFIID. For
mediating activation by the chimeric activator GAL4-p53, the
immunopurified human TFIID had activity comparable to that
of a crude TFIID fraction (phosphocellulose 1 M KCI eluate
[see Materials and Methods]). This transcription system also
responds to other transcriptional activators, including c-Jun
(Fig. 1D). Transcription with this system has been analyzed
using both a G-less cassette assay (Fig. 1B and C) and primer
extension (Fig. 1B and D). The in vitro transcription system is
highly dependent on the addition of recombinant TFIIA, and
the immunopurified TFIID shows a significant level of DNA
binding in Mg”*-agarose gel shifts assays only in the presence
of recombinant TFIIA (data not shown).

Acetyl-CoA stimulates basal and activated transcription in
the absence of histones. Although prevailing models predicted
that chromatin templates would be needed to observe stimu-
lation of transcription by acetyl-CoA, we hypothesized that
acetyl-CoA might affect transcription in the absence of his-
tones. We tested this hypothesis by adding increasing amounts
of acetyl-CoA to transcription reaction mixtures with the ad-
enovirus major late core promoter contained on naked DNA
templates. Surprisingly, acetyl-CoA stimulated both basal tran-
scription (short G-less transcript) and GALA4-pS53-activated
transcription (long G-less transcript) more than fivefold (Fig.
2A). These results demonstrate that acetyl-CoA can serve as a
cofactor for RNA polymerase II transcription in the absence of
histones. Stimulation of transcription by acetyl-CoA was not
limited to the adenovirus major late promoter and GAL4-p53
activation but was also observed with c-Jun-activated transcrip-
tion using a template containing the adenovirus E1b TATA
box and upstream AP-1 sites (Fig. 2B).

We asked if acetyl-CoA could stimulate basal and activated
transcription in a crude nuclear extract. Since all of the general
transcription factors used in the reconstituted transcription
system are present in a nuclear extract, we expected that tran-
scription in a nuclear extract would be responsive to acetyl-
CoA, unless other factors specifically inhibited the acetyl-CoA
stimulation of transcription or degraded the acetyl-CoA. As
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FIG. 1. Reconstitution of a purified human RNA polymerase II transcription
system that responds to activators. (A) Purified human TFIID and TFIIA.
Human TFIID was purified from HeLa nuclear extracts by phosphocellulose
chromatography followed by immunopurification with an anti-TAF;;130 mono-
clonal antibody and elution with an epitope peptide in 2 column volumes of
buffer. The eluted TFIID (5 wl) and protein remaining on antibody beads (5 pl)
after elution were resolved by SDS-PAGE and visualized by silver staining.
Asterisks depict the locations of bands containing antibody heavy and light
chains. Recombinant human TFIIA was overexpressed in E. coli, purified to near
homogeneity, resolved by SDS-PAGE, and visualized by staining with Coomassie
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shown in Fig. 2C, both basal (lanes 1 to 3) and GAL4-p53-
activated (lanes 4 to 6) transcription were stimulated by acetyl-
CoA. The fact that these results with a crude nuclear extract
are similar to those observed with the reconstituted transcrip-
tion system supports the use of the reconstituted system to
study the mechanism by which acetyl-CoA stimulates tran-
scription from naked DNA templates.

Acetyl-CoA decreases the concentration of TFIID required
in transcription reactions. We next investigated the mecha-
nism by which acetyl-CoA stimulated transcription from naked
DNA templates. We hypothesized that acetyl-CoA might fa-
cilitate the recruitment of general transcription factors to pre-
initiation complexes by stimulating protein-DNA or protein-
protein interactions. This hypothesis was examined by titrating
general transcription factors into transcription reactions in the
absence and presence of acetyl-CoA. We found that the con-
centration of TFIID required for transcription was decreased
by the addition of acetyl-CoA with both the adenovirus major
late promoter (Fig. 3A) and the adenovirus Elb promoter
(Fig. 3B). Given that TFIID is responsible for promoter rec-
ognition and a number of the TFIID subunits bind promoter
DNA (reviewed in references 12 and 17), the results of our in
vitro transcription experiments suggest that acetyl-CoA in-
creases the affinity of TFIID for promoter DNA.

Acetyl-CoA stimulates transcription and promoter DNA
binding by TFIID but not TBP. To determine whether the
TBP-associated factor (TAF) subunits of TFIID were required
for the response of transcription to acetyl-CoA, we investigat-
ed the effect of acetyl-CoA in a transcription system reconsti-
tuted with recombinant TBP in place of TFIID. To ensure that
similar amounts of TFIID and TBP were added to the tran-
scription reaction mixtures, we determined the relative con-
centrations of recombinant TBP and immunopurified TFIID
by using Western blot analysis (Fig. 4A). Similar amounts of
TBP and TFIID were then used in transcription assays to de-
termine the effect of acetyl-CoA on TBP-driven transcription.
As shown in Fig. 4B, the TAF subunits of TFIID were required
to observe the stimulation of transcription by acetyl-CoA. It is
interesting that the level of transcription observed with TFIID
was lower than that observed with TBP (compare lane 4 to lane
1). Acetyl-CoA caused an increase in the level of transcription
with TFIID that approached the level of transcription ob-
served with TBP.

We directly tested the effect of acetyl-CoA on TFIID bind-
ing by performing Mg>*-agarose mobility shift assays using the
adenovirus major late core promoter. We also compared the
effect of acetyl-CoA on DNA binding by TBP, again to deter-
mine if the TAF subunits of TFIID are involved in the acetyl-
CoA response. Similar amounts of TBP and TFIID were used

brilliant blue. (B) Five DNA templates were used in the transcription experi-
ments shown in Fig. 1 through 4. (GAL4)s-MLP-G-less consists of five GAL4
sites upstream of the adenovirus major late core promoter and a 390-bp G-less
cassette. MLP-G-less(short) consists of the adenovirus major late core promoter
and a 190-bp G-less cassette. (AP-1)5-E1b-CAT consists of five AP-1 sites up-
stream of the adenovirus Elb TATA box and the coding region for CAT.
(GALA4)5-E1b-G-less consists of five GAL4 sites upstream of the adenovirus E1b
TATA box and a 390-bp G-less cassette. (GAL4)s-E1b-CAT consists of five
GALA4 sites upstream of the adenovirus E1b TATA box and the coding region for
CAT. (C) The in vitro transcription system containing immunopurified TFIID
(lanes 5 and 6) responds to the activator GAL4-p53 (30 ng). The response is
similar to that observed using a crude TFIID fraction (P1.0; lanes 1 and 2), and
the system is completely dependent on the addition of TFIID (lanes 3 and 4).
The DNA template used in this experiment was (GAL4)s-MLP-G-less. (D) The
in vitro transcription system containing immunopurified TFIID responds to the
activator c-Jun (50 ng). The DNA template used in this experiment was (AP-
1)5-E1b-CAT, and transcription was monitored by primer extension.
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FIG. 2. Acetyl-CoA stimulates basal and activated transcription from naked
DNA templates in vitro. (A) Acetyl-CoA stimulates basal and GAL4-p53-acti-
vated transcription from the adenovirus major late core promoter in a reconsti-
tuted transcription system. Acetyl-CoA was titrated into transcription reaction
mixtures in which basal (short RNA) and GAL4-p53 activated (long RNA)
transcription were monitored simultaneously. The reaction mixtures in lanes 1 to
4 contained 0, 1, 3, and 10 pM (final concentrations) acetyl-CoA (Sigma),
respectively. (B) Acetyl-CoA stimulates basal and c-Jun-activated transcription
from the adenovirus E1b TATA box in a reconstituted transcription system.
Acetyl-CoA (Pharmacia; final concentration, 100 nM) was added to transcription
reaction mixtures in the absence and presence of c-Jun (50 ng). The DNA
template used in this experiment was (AP-1)5-E1b-CAT, and transcription was
monitored by primer extension. (C) Acetyl-CoA stimulates basal and activated
transcription in a Jurkat nuclear extract. Acetyl-CoA (Pharmacia) was added to
transcription reaction mixtures to final concentrations of 37.5 nM (lanes 2 and 5)
and 125 nM (lanes 3 and 6). The reaction mixtures in lanes 4 to 6 also contained
GALA4-p53. The DNA template used in this experiment was (GAL4)s-E1b-CAT,
and transcription was monitored by primer extension.

in mobility shift assays to determine the effect of acetyl-CoA on
DNA binding. The binding of TFIID to the adenovirus major
late promoter was dramatically stimulated by acetyl-CoA (Fig.
4C, lanes 6 through 9). In contrast, the binding of TBP to
promoter DNA was not stimulated by acetyl-CoA, indicating
that the TAF subunits of TFIID were required to observe the
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acetyl-CoA stimulation of TFIID DNA binding (Fig. 4C, lanes
1 through 4). In other experiments, we found that the binding
of a partial TFIID complex containing only two subunits,
TAF;250 and TBP, was not stimulated by acetyl-CoA (data
not shown). Thus, TAF;250, TBP, and TFIIA were not suffi-
cient to respond to acetyl-CoA in vitro.

Acetyl-CoA causes a conformational change in the TFIID-
TFIIA-DNA complex. To further investigate the effect of acetyl-
CoA on DNA binding by TFIID, we used DNase I footprint-
ing. As shown in Fig. 5A, acetyl-CoA strongly stimulated TFIID
binding to the adenovirus major late promoter, resulting in a
DNase I footprint that extended almost continuously from
positions —140 to +32 with respect to the transcription start
site (+1). Bands at positions +3 and —15 were not protected
from DNase I cleavage. In addition, bands in the region from
positions —42 to —65 were not protected, while an enhance-
ment of cleavage was observed at approximately —45. We con-
clude that acetyl-CoA stimulates promoter DNA binding by
TFIID, resulting in extensive interaction of TFIID and TFITA
with promoter DNA over a region of approximately 170 bp.

The protection from positions —70 to —140 was reproduc-
ibly stimulated by acetyl-CoA but was unexpected since this
region contains four of the five GALA4 sites that were engi-
neered upstream of the major late promoter. To distinguish
between the effects of acetyl-CoA on the affinity of TFIID for
DNA and the extended protection observed in the upstream
region, we increased both the TFIID and DNA concentrations
in footprinting reactions. As shown in Fig. 5B, this resulted in
significant protection in the region from positions —40 to +25
in the absence of acetyl-CoA (compare lanes 1 and 2). Under
these conditions, there was no evidence for protection up-
stream of position —70. When acetyl-CoA was included in the
reaction mixtures, extension of the footprint in the region from
—70 to —140 was clearly observed. To determine if the DNA
sequence in the upstream region (which consists of 5 GAL4

A
TFIID (~ng): 1 1 83 3 7 7
Acetyl-CoA: - + - + - +
e wumw N
1 2 3 4 5 6
Major late promoter
B

TFID(~ng): 2 2 8 8
Acetyl-CoA: - + - +

1 2 3 4
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FIG. 3. Acetyl-CoA decreases the concentration of TFIID required for in
vitro transcription from naked DNA templates. (A) TFIID was titrated into
transcription reaction mixtures containing the (GAL4)s-AdMLP-G-less tem-
plate and GAL4-p53 in the absence (odd lanes) and presence (even lanes) of
acetyl-CoA (Sigma; final concentration, 1 pM). (B) TFIID was titrated into
transcription reaction mixtures containing the (GAL4)s-E1b-G-less template
and GALA4-p53 in the absence (odd lanes) and presence (even lanes) of acetyl-
CoA (Sigma; final concentration, 1 nM).
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FIG. 4. Acetyl-CoA stimulates transcription and TFIID binding to promoter
DNA in a reaction dependent upon TAFs. (A) Western blots were carried out to
determine the relative concentration of recombinant TBP (lanes 1 to 3) versus
immunopurified TFIID (lanes 4 to 6), using an affinity-purified polyclonal anti-
body against TBP. (B) The TAF subunits of TFIID are required for acetyl-CoA
stimulation of transcription from a naked DNA template in vitro. Transcription
reactions were reconstituted with 0.08 ng of TBP (lanes 1 to 3) or 0.08 .l (~2 ng)
of TFIID (lanes 4 to 6). All reaction mixtures contained TFIIA, and the DNA
template used was (GAL4)s-MLP-G-less. Acetyl-CoA (Pharmacia) was added to
transcription reaction mixtures to a final concentration of 30 nM (lanes 2 and 5)
or 100 nM (lanes 3 and 6). (C) Acetyl-CoA stimulates the binding of TFIID to
promoter DNA in a TAF-dependent reaction. Mg>"-agarose mobility shift as-
says were performed with immunopurified TFIID, recombinant TBP, and re-
combinant TFIIA on a DNA fragment containing the adenovirus major late core
promoter. Reaction mixtures contained 0.3 ng of TBP (lanes 1 to 4) or 0.3 pl
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sites) played a role in the extended DNase I footprint, we
performed footprinting with a second DNA template contain-
ing the same core promoter but with plasmid DNA sequence in
the upstream region. As shown in Fig. 5C, acetyl-CoA caused
a DNase I footprint that extended upstream of position —70
with this DNA fragment as well. We conclude that acetyl-CoA
causes a conformational change in the TFIID-TFIIA-DNA
complex that results in extensive protein-DNA interactions
upstream of position —70.

DISCUSSION

In this study we show that RNA polymerase II transcription
is stimulated by acetyl-CoA in vitro in the absence of histones.
The transcriptional stimulation results from increased affinity
of TFIID for promoter DNA. Taken together with observa-
tions that transcriptional activation in vivo involves acetylation
of histones and with recent discoveries that some transcrip-
tional activators and coactivators are also targets of acetyla-
tion, our findings support a model in which acetyl-CoA acts as
a cofactor in the stimulation of transcription at multiple levels.

There are several possibilities for the mechanism by which
acetyl-CoA increases the binding of TFIID to promoter DNA:
(i) acetylation of TFIID (or TFIIA) subunits stimulates DNA
binding; (ii) acetyl-CoA stimulates the interaction between
TFIID and TFIIA; and (iii) acetyl-CoA binding to TFIID
induces a conformational change that results in higher-affinity
DNA binding. The first possibility seemed very likely, given
that TFIID contains the TAF;250 acetyltransferase and that
some of the other TAFs have sequence and structural similar-
ity to core histones (21, 23, 41). To directly determine if sub-
units of TFIID and TFIIA are targets of acetylation, we per-
formed reactions using [°H]- and ["*C]acetyl-CoA and looked
for acetylation by filter binding and SDS-PAGE. The many
experiments we performed did not provide any evidence for
protein acetylation when as much as 5 pmol of highly purified
TFIID and TFIIA was used. In addition, we were unable to
detect acetylation of any protein in the reconstituted transcrip-
tion system when acetylation reactions were performed under
transcription conditions. We also performed experiments to
address the second possibility, namely, that acetyl-CoA stimu-
lated the interaction between TFIID and TFIIA. All of the
experiments shown here were performed with saturating
amounts of recombinant TFIIA. Addition of more TFIIA to
transcription and DNA binding reaction mixtures could not
substitute for acetyl-CoA (data not shown). In the absence of
TFIIA, where TFIID-driven transcription and TFIID DNA
binding are decreased by over 10-fold, we observed that acetyl-
CoA stimulated transcription in vitro and TFIID binding in
mobility shift assays (data not shown). While these results are
consistent with a model in which TFIID alone responds to
acetyl-CoA, we cannot be sure that the immunopurified TFIID
is completely devoid of TFIIA.

We favor the third model, in which acetyl-CoA binding to
TFIID induces a conformational change that results in higher-
affinity DNA binding. The protection of the region from posi-
tions —70 to —140 by TFIID in the presence of acetyl-CoA is
consistent with a conformational change in the TFIID-TFIIA-
DNA complex. The TAF};250 acetyltransferase binds acetyl-
CoA as a substrate and therefore represents a likely target for

(~8 ng) of TFIID (lanes 6 to 9). All reaction mixtures contained 20 ng of
recombinant TFIIA. Acetyl-CoA (Pharmacia) was titrated into reactions at the
following final concentrations: 30 nM (lanes 2 and 7), 100 nM (lanes 3 and 8),
and 300 nM (lanes 4 and 9).
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FIG. 5. Acetyl-CoA stimulates TFIID binding to the adenovirus major late promoter, resulting in an extended DNase I footprint. (A) With subsaturating amounts
of TFIID, acetyl-CoA stimulates TFIID binding to promoter DNA, as observed by DNase I footprinting. Reaction mixtures (lanes 1 to 3) contained 0.3 pl (~8 ng)
of TFIID and 20 ng of recombinant TFIIA. Acetyl-CoA (Pharmacia) was added to the reaction mixtures at final concentrations of 30 nM (lane 2) or 100 nM (lane
3). The reaction mixtures contained 0.4 nM 287-bp DNA fragment (positions —212 to +75) with five GALA4 sites upstream of the adenovirus major late core promoter
(positions —53 to +33) that was 3?P labeled on the 5" end of the template strand. Footprinting reactions were resolved by denaturing PAGE and analyzed with a
PhosphorImager. Positions relative to the transcriptional start site (+1) are indicated on the left. Protected regions and an enhanced band are indicated on the right
by brackets and an asterisk, respectively. (B) Acetyl-CoA causes an extension of the TFIID-TFIIA footprint into the region of the template DNA upstream of —70.
Reaction mixtures (lanes 2 to 4) contained 0.8 ul (~22 ng) of TFIID and 20 ng of recombinant TFITA. Acetyl-CoA (Pharmacia) was added to the reaction mixtures
at final concentrations of 30 nM (lane 3) or 100 nM (lanes 4 and 6). Reaction mixtures contained 1 nM 287-bp DNA fragment (positions —212 to +75) with five GAL4
sites upstream of the adenovirus major late core promoter (positions —53 to +33) that was *?P labeled on the 5’ end of the template strand. Footprinting reactions
were resolved by denaturing PAGE and analyzed by autoradiography. Positions relative to the transcriptional start site (+1) are indicated on the left. Protected regions
and enhanced bands are indicated on the right by brackets and asterisks, respectively. (C) The sequence of the upstream region is not critical for the extended DNase
I footprint in response to acetyl-CoA. Reaction mixtures (lanes 1 and 2) contained 0.6 wl (~16 ng) of TFIID and 20 ng of recombinant TFITA. Acetyl-CoA (Pharmacia)
was added at a final concentration of 30 nM (lane 2). Reaction mixtures contained 0.4 nM 230-bp DNA fragment (positions —152 to +78) with plasmid DNA sequence
upstream of the adenovirus major late core promoter (positions —53 to +33) that was 3?P labeled on the 5’ end of the template strand. Footprinting reactions were
resolved by denaturing PAGE and analyzed with a PhosphorImager. Positions relative to the transcriptional start site (+1) are indicated on the left. Protected regions
and an enhanced band are indicated on the right by brackets and an asterisk, respectively.
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an acetyl-CoA-induced conformational change. In Mg "-aga-
rose mobility shift assays, however, acetyl-CoA did not stimu-
late DNA binding by a minimal complex containing TAF ;250
and TBP, indicating that other subunits of TFIID are involved
in responding to acetyl-CoA. These subunits may bind acetyl-
CoA themselves or may play a direct role in DNA binding
when acetyl-CoA binds TAF;;250.

We observed that both basal and activated transcription
were stimulated by acetyl-CoA in vitro. These studies indicate
that under our minimal in vitro transcription conditions,
GALA4-p53 and c-Jun do not regulate the acetyl-CoA stimula-
tion of transcription. It remains possible, however, that activa-
tors and repressors regulate the acetyl-CoA effect on DNA
binding by TFIID to chromatin templates. In addition, the
concentration of acetyl-CoA in the nuclei of cells may not
remain static. The observations presented here provide a sce-
nario in which variations in the concentration of nuclear acetyl-
CoA could regulate the overall level of RNA polymerase II
transcription. We have been unable to find reliable published
estimates of nuclear acetyl-CoA concentrations under different
physiological conditions; however, it seems possible that fac-
tors such as cell cycle progression, developmental stimuli, and
apoptosis will alter the concentration of nuclear acetyl-CoA,
resulting in general changes in levels of mRNA transcription.
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