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A missense mutation within the histone acetyltransferase (HAT) domain of the TATA binding protein-
associated factor TAF1 induces ts13 cells to undergo a late G1 arrest and decreases cyclin D1 transcription. We
have found that TAF1 mutants (�844-850 and �848-850, from which amino acids 844 through 850 and 848
through 850 have been deleted, respectively) deficient in HAT activity are unable to complement the ts13 defect
in cell proliferation and cyclin D1 transcription. Chromatin immunoprecipitation assays revealed that histone
H3 acetylation was reduced at the cyclin D1 promoter but not the c-fos promoter upon inactivation of TAF1 in
ts13 cells. The hypoacetylation of H3 at the cyclin D1 promoter was reversed by treatment with trichostatin A
(TSA), a histone deacetylase inhibitor, or by expression of TAF1 proteins that retain HAT activity. Transcrip-
tion of a chimeric promoter containing the Sp1 sites of cyclin D1 and c-fos core remained TAF1 dependent in
ts13 cells. Treatment with TSA restored full activity to the cyclin D1–c-fos chimera at 39.5°C. In vivo genomic
footprinting experiments indicate that protein-DNA interactions at the Sp1 sites of the cyclin D1 promoter
were compromised at 39.5°C in ts13 cells. These data have led us to hypothesize that TAF1-dependent histone
acetylation facilitates transcription factor binding to the Sp1 sites, thereby activating cyclin D1 transcription
and ultimately G1-to-S-phase progression.

Transcription of protein-encoding genes requires the action
of a large complex of transcription factors. To date, the mo-
lecular actions of many of these protein components remain to
be demonstrated. The formation of the basic transcription
machinery involves the assembly of a functional preinitiation
complex, which contains RNA polymerase II (pol II) and a set
of general transcription factors (TFIIA, TFIIB, TFIID, TFIIE,
TFIIF, and TFIIH) (6, 28). The first step in preinitiation com-
plex formation is the binding of TFIID to promoter DNA and
the subsequent recruitment of the remaining general factors
and RNA pol II. Therefore, TFIID plays an essential role in
transcriptional initiation.

TAF1 is the largest subunit of TFIID and is a histone acetyl-
transferase (HAT) that acetylates histones H3 and H4 in vitro
(22). The importance of the HAT activity of TAF1 in the
transcription process remains controversial and has yet to be
clearly demonstrated. A single missense mutation (Gly to Asp)
in the HAT domain of TAF1 induces the temperature-sensi-
tive mutant ts13 cell line, derived from baby hamster kidney
cells, to arrest in the late G1 phase of the cell cycle at the
nonpermissive temperature of 39.5°C (5, 8). Transcription
from a subset of protein-encoding genes including the cell
cycle regulators cyclin A, cyclin D1, and cyclin E is also com-
promised (29, 30, 35, 40). We have demonstrated that the HAT
activity of the ts13 allele of TAF1 is temperature sensitive in

vitro such that the mutant protein is four to five times less
effective than wild-type TAF1 in acetylating histones at higher
temperatures (4). These data were the first indication that
inactivation of TAF1 HAT activity is contributing to the ts13
mutant phenotype. Therefore, the ts13 cell line provides a
portal to the action of TAF1 HAT activity in the transcription
process.

Conditional mutations in the yeast homologue of TAF1 also
produce G1 cell cycle arrest and defects in gene transcription
(10, 40). Further characterization of yeast TAF1 mutants sug-
gests that the transcriptional defect is due to a lack of TFIID
recruitment (21). We have elected to further investigate the
role of TAF1 in the transcription process by using cyclin D1 as
our model gene. The decrease in cyclin D1 mRNA levels
occurs relatively quickly after ts13 cells have been shifted to
39.5°C (35). This rapid response suggests that transcription of
cyclin D1 is directly affected by the ts13 mutation in TAF1.

Consistent with studies described in yeast, we have reported
that TAF1 is required for the efficient binding of TFIID to the
initiator region of the cyclin D1 promoter in mammalian cells
(9). Interestingly, the recruitment of TFIID, by insertion of a
TATA binding protein (TBP) binding site upstream of the
initiator, was sufficient to restore basal but not Sp1-activated
cyclin D1 transcription at 39.5°C in ts13 cells. These findings
suggest that TAF1 is serving dual functions at the cyclin D1
promoter, one essential for efficient binding of TFIID to the
initiation site and the other to mediate Sp1 activation of cyclin
D1 transcription.

Commitment to cell division is made in G1 in response to
many stimuli, including growth factors and other mitogens.
Cyclin D1, the first cyclin expressed in the cell cycle, is tran-
scriptionally upregulated by many factors (1, 43). Analysis of
the human cyclin D1 promoter has revealed the presence of
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binding sites for several transcription factors that are essential
for promoter activity (1, 24). In the absence of growth factors,
the cyclin D1 protein is rapidly degraded via a ubiquitin-de-
pendent proteasome pathway (3). Therefore, cyclin D1 protein
levels are controlled at both the transcriptional and posttran-
scriptional levels.

Chromatin remodeling by histone modification is an impor-
tant aspect of transcriptional regulation. Acetylation of his-
tones on N-terminal lysine residues is thought to alter the
structure of nucleosomes and/or nucleosomal arrays, which in
turn increases the accessibility of transcription factor binding
sites in promoter DNA (14, 32, 34). We have carried out
structure-function studies on the HAT domain of TAF1 to
determine whether a causal relationship can be demonstrated
between inactivation of TAF1 HAT activity and the ts13 defect
in cyclin D1 transcription and cell proliferation. Here we re-
port a positive correlation between the level of histone H3
acetylation and occupancy of the Sp1 sites at the cyclin D1
promoter with cyclin D1 promoter activity and TAF1 acetyl-
transferase activity. Our studies provide the first pieces of
experimental data suggesting that histones are acetylated by a
TAF1-dependent mechanism in vivo and that the acetylation
of histone H3 within the proximal promoter region is required
for Sp1 activation of cyclin D1 transcription.

MATERIALS AND METHODS

Tissue culture cell lines. ts13 and ts13R3 cells were grown in Dulbecco’s
modified Eagle medium (DMEM) (Gibco) supplemented with 10% fetal bovine
serum (FBS) (JRH Biosciences), 2 mM L-glutamine, and penicillin/streptomycin
in a humidified incubator containing 10% CO2 at 33.5°C and 39.5°C, respectively.
To inactivate TAF1 and induce cell cycle arrest, ts13 cells were shifted to 39.5°C.
ts13 cells that stably express hemagglutinin (HA)-tagged wild-type (WT) or
mutant TAF1 were established as previously described (9) with the following
modifications. Subclones stably expressing the mutant in which amino acids 574
through 595 have been deleted (�574-595) or the E742Q mutant were estab-
lished by selection for growth at 39.5°C instead of resistance to 1 mg/ml G418.
After 1 to 2 weeks of selection, expression of the HA-tagged TAF1 mutants in
pools of clones was determined by anti-HA Western blot analysis. HA-positive
pools were propagated in 200 �g/ml G418 at 33.5°C to maintain expression of the
HA-TAF1 proteins. Sf9 insect cells were propagated in Hink’s TNM-FH insect
medium (JRH Biosciences) containing 10% FBS, L-glutamine, and penicillin/
streptomycin. Cultures were grown in spinner flasks at 27°C in the absence of
CO2.

Construction of hTAF1 mutants. The EcoRI fragment of TAF1 was cloned
into the EcoRI site of pBlueScript SK(�) to generate pSK-hTAF1EcoRI. To
construct the deletion mutants, pSK-hTAF1EcoRI was linearized at the unique
HindIII, ScaI, or NcoI site or an introduced StuI site (a change of ATA to GCC
at positions 2548 through 2550) in the TAF1 coding region. The linearized DNA
fragments were digested with Bal31 nuclease. The resulting products were blunt
ended, gel purified, and circularized. DNA sequencing was carried out to deter-
mine the reading frame and the amino acids deleted. The E742Q, C746A, and
G923/925D point mutations were generated by site-directed mutagenesis using
the following primers: for E742Q, 5�-AATATGGGCAAACTGT-3�; for C746A,
5�-GTTTACGCCCATACATCT-3�; and for G923/925D, 5�-GATGCTGACTA
TGATGAGAAA-3�. The EcoRI fragment of in-frame deletions and point mu-
tants was then subcloned into the full-length TAF1 coding sequence in pBlue-
Script SK(�). Each TAF1 mutant was then cloned into the cytomegalovirus-
driven mammalian expression vector CS2�MT for synthesis of myc epitope-
tagged versions of human TAF1 (hTAF1) in ts13 cells. Mammalian expression
vectors for HA-tagged hTAF1 mutant proteins also were constructed. The
unique EcoRV-PstI fragment from CS2�HA-WT-TAF1, a plasmid containing
wild-type HA-TAF1 coding sequence downstream of the cytomegalovirus pro-
moter, was replaced with the equivalent fragment derived from the CS2�MT-
TAF1 mutant constructs described above.

ts13 complementation assays. ts13 cells were seeded at �7.5 � 105 cells/10-cm
dish and grown overnight at 33.5°C. Cells were transfected with 0.5 �g of the
indicated hTAF1 expression construct by calcium phosphate precipitation. Ap-

proximately 6 h posttransfection, the DNA precipitate was removed, cells were
washed with phosphate-buffered saline (PBS), and fresh medium (DMEM plus
10% FBS) was added. Half the plates were then shifted to the nonpermissive
temperature of 39.5°C. The presence of viable proliferating cells was monitored
after 1 to 2 weeks.

Reporter plasmid constructs. Promoters for transient transfection assays were
cloned into pGL2-basic (Promega), a reporter plasmid that contains the lucif-
erase coding region. Human cyclin D1 reporter plasmid was constructed by
subcloning the EcoRI to PvuII fragment of pD1-G065 (kindly provided by Yue
Xiong) into the SmaI site of pGL2-basic. c-fos reporter contains sequence from
�356 to �58 (�356/�58) of the mouse gene as previously described (41).
�183/�21 cyclin D1 luciferase reporter construct (�183/�21 cycD1-luc) was
generated by PCR amplification of �714/�109 cycD1-luc (9) with primers 5�-C
GCTTTGGGCTTGTCCCCT-3� and 5�-ATCTGCCGCTCTCTGCTACGCG-
3�, followed by cloning of the PCR product into the SmaI site of pGL2-basic. The
reporter construct containing only the c-fos core was constructed by introducing
a SacII site at position �64 of �356/�58 c-fos–luc to generate SacII/�64 c-fos–
luc. The SacII containing c-fos plasmid was then digested with SacII and DraIII,
blunt ended with Klenow fragment, and the vector recircularized. Sp1/c-fos–luc
chimera was constructed as follows. SacII/�64 c-fos–luc was digested with
DraIII, incubated with Klenow fragment to create blunt ends, and then digested
with SacII. The Sp1 sites from the cyclin D1 promoter were isolated by intro-
ducing a SacII site at position �53 of cyclin D1-pCRII TOPO using the
QuikChange site-directed mutagenesis kit (Stratagene) and primers 5�-GTCAC
ACGGACCCGCGGGGAGTTTTG-3� and 5�-CAAAACTCCCCGCGGGTCC
GTGTGAC-3�. A PCR product was amplified from the construct mentioned
above using primers 5�-TTTGGGCTTGTCCCCTCGGCG-3� and 5�-ATCTGC
CGCTCTCTGCTACTG-3�, and it was then digested with SacII, and the result-
ing fragment was subcloned into the blunt DraIII/SacII-digested c-fos plasmid
described above. The �183/�21 cycD1-luc plasmid containing upstream activa-
tion sites (UAS) was generated by introducing a SacII site at position �173 by
using primers 5�-TTTGGGCTTGTCCCCGCGGCGCTCGCAG-3� and 5�-CTG
CGAGCGCCGCGGGGACAAGCCCAAA-3�, and the plasmid linearized at
the newly engineered SacII site. UASs containing oligonucleotides 5�-CGGAA
GACTCTCCTCCGGC-3� and 5�-CGGAGGAGAGTCTTCCGGC-3� were an-
nealed to produce SacII overhangs, multimerized, and ligated into the SacII-
linearized cyclin D1-luc vector described above. The resulting �183/�21 cycD1-
luc plasmid contains three tandem UAS sites, as determined by DNA
sequencing.

Transient transfection assays. Before the introduction of DNA, ts13 cells,
seeded into 24-well plates, were maintained at 33.5°C. Cells were then switched
to DMEM containing no FBS and no antibiotics. In total, 0.2 �g of the indicated
CS2�MT-hTAF1 expression vector, 0.05 �g simian virus 40 (SV40) beta-galac-
tosidase expression plasmid, and 0.2 �g of the cyclin D1 or c-fos reporter
construct in pGL2-basic were transfected into the cells using the Lipofectamine
and Plus reagents as described by the manufacturer (Invitrogen) with the fol-
lowing modification; the amount of Plus reagent used was reduced by 50%. After
3 h, FBS to a 10% final concentration and antibiotics were added to the cell
culture medium and half the cells were shifted to 39.5°C. Whole-cell lysates were
prepared using Report lysis buffer (Promega) between 16 and 18 h post-serum
addition. The amounts of luciferase and beta-galactosidase activity were deter-
mined as described previously (42). Beta-galactosidase activity was used to cor-
rect for differences in transfection efficiency. When cells were treated with his-
tone deacetylase (HDAC) inhibitors, ts13 cells were maintained at 33.5°C and
transfected with DNA as described above. Following the addition of antibiotics
and 10% FBS (final concentration), sodium butyrate (SB) or trichostatin A
(TSA) was added to the cell culture medium. The cells were maintained at 33.5°C
for 15 min, after which, half the plates were shifted to 39.5°C. For the Sp1
recruitment experiments, 0.2 �g �183/�21 cycD1-luc or �183/�21 cycD1-luc
containing UAS was cotransfected with 0.2 �g Sp1-Gal4 or Gal4-pcDNA3 (17).
Promoter activity was determined 16 to 18 h after serum addition as described
above.

Expression of recombinant hTAF1 proteins. Recombinant wild-type and mu-
tant hTAF1 proteins were expressed using a baculovirus expression system in Sf9
insect cells. Recombinant virus was generated using the BaculoGold transfection
system (PharMingen). For protein production, Sf9 cells were seeded at �7.5 �
106 cells/10-cm dish and infected with recombinant baculovirus at a multiplicity
of infection of 1 to 2. Forty-eight hours postinfection, whole-cell lysates were
prepared by sonication in 0.4 M HEMG buffer (25 mM HEPES-KOH, pH 7.6,
400 1mM KCl, 12.5 mM MgCl2, 0.1 mM EDTA, 10% glycerol) containing 0.1%
NP-40, 1 mM dithiothreitol (DTT), and 0.2 mM phenylmethylsulfonyl fluoride.
Protein interaction assays were performed as follows. One hundred microliters of
wild-type and mutant hTAF1 cell lysates were incubated with anti-HA ascites

4322 HILTON ET AL. MOL. CELL. BIOL.



followed by protein A-Sepharose (PAS). Purified hTAF1 immobilized on anti-
HA-PAS was incubated with crude Sf9 lysates containing FLAG-Drosophila
TAF2 (dTAF2) or His-human TBP (hTBP) for 2 h at 4°C. After extensive
washing, proteins retained on the resin were identified by Western blotting using
anti-HA, anti-FLAG, and anti-TBP antibodies.

In vitro histone acetyltransferase assays. Wild-type and mutant hTAF1 con-
taining Sf9 cell lysates were incubated with either an anti-HA ascites or anti-
hTAF1 monoclonal antibody (MAb) 6B3 followed by PAS. hTAF1 proteins
immobilized on PAS were washed three times with 0.4 M HEMG buffer con-
taining 0.1% NP-40 and 1 mM DTT, followed by two washes with assay buffer (50
mM Tris-HCl, pH 8.0, 10% glycerol, 0.1 mM EDTA, 1 mM DTT, 0.2 mM
phenylmethylsulfonyl fluoride). The isolated complexes were resuspended in
assay buffer, and one-third to one-quarter of the sample was used per reaction.
Reaction mixtures containing 20 �g core histones (type II-AS from calf thymus;
Sigma) and 0.25 �Ci [3H]acetyl-coenzyme A (CoA) (Amersham) were incubated
for 60 min at 30°C, filtered through P81 paper, and washed with 50 mM sodium
carbonate (pH 9.2). The amount of acetylated histones retained on the filter was
measured by liquid scintillation. A fraction of the purified hTAF1 proteins was
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), followed by silver staining to assess protein purity and levels.

Small-scale sucrose density gradient sedimentation. Stable ts13 cell lines
expressing WT, �844-850, or �848-850 TAF1 were cultured at 33.5°C and
39.5°C, and nuclear extracts were prepared as previously described (42). One-
milliliter 10 to 30% linear sucrose gradients were generated as described previ-
ously (36), by layering 200 �l of 30%, 25%, 20%, 15%, and 10% sucrose solutions
in a centrifuge tube. Diffusion was allowed to proceed for 1 h at room temper-
ature, and the gradients subsequently were cooled at 4°C for a minimum of 30
min. Nuclear extracts (�750 �g in a 100-�l volume) were loaded onto each
gradient, and the gradients were centrifuged at 50,000 rpm for 16 h at 4°C in a
Beckman TLS-55 rotor. Native protein molecular mass markers (carbonic anhy-
drase, 29 kDa; bovine serum albumin, 66 kDa; alcohol dehydrogenase, 150 kDa;
and �-amylase, 200 kDa) were run in parallel as an indicator of the sedimenta-
tion profile. After centrifugation, fractions (100 �l each) were recovered, begin-
ning at the top of the gradient as described previously (37), subjected to trichlo-
roacetic acid precipitation, separated on 12% SDS-polyacrylamide gels, and
analyzed by Western blotting using anti-HA (Santa Cruz), anti-TBP (rabbit
polyclonal serum), anti-mouse TAF4 (32TA), and anti-human TAF5 (MAb 6B1)
antibodies.

Chromatin immunoprecipitation. ts13 cells, seeded on 10-cm plates, were
incubated at 33.5°C or 39.5°C for 16 to 18 h and then cross-linked by the addition
of 400 �l of 37% formaldehyde to 10 ml medium. After 15 min, cells were washed
twice with PBS and lysed in 0.5 ml immunoprecipitation (IP) buffer (50 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, and 0.5%
Nonidet P-40) containing protease inhibitors. The nuclear pellet was washed and
resuspended in 1.0 ml IP buffer and sonicated for 4 � 10 s (Branson Sonifier 250,
output 4, duty cycle 80) to produce DNA fragments of 300 bp in average length.
A volume of 0.5 ml of the nuclear extract was incubated with 1 �g anti-diacet-
ylated histone H3 antibody (Upstate Biotechnology) for 2 h at 4°C, after which
25 �l PAS was added, and the samples incubated for an additional hour at 4°C.
Immunoprecipitated complexes were washed five times with IP buffer, and
bound DNA/protein complexes were eluted with 2� 250 �l elution buffer (1%
SDS, 0.1 M NaHCO3). The cross-links were reversed by the addition of 20 �l 5
M NaCl and incubation overnight at 65°C. DNA/protein complexes were pre-
cipitated with ethanol and glycogen as carrier. The pellet was resuspended in 100
�l proteinase K buffer (10 mM Tris-HCl, pH 7.8, 5 mM EDTA, 0.5% SDS) and
digested with 2 mg/ml proteinase K for 30 min at 50°C. DNA was purified by one
phenol extraction, two phenol-chloroform extractions, and two chloroform-
isoamyl alcohol extractions, ethanol precipitated, and resuspended in 25 �l
Tris-EDTA. To control for the specificity of the immunoprecipitation, the anti-
diacetylated histone H3 antibody was preincubated with 0.05 mM histone H3
(acetyl Lys9 and Lys14) blocking peptide before the antibody was added to the
nuclear extract.

For PCR analysis, 0.5 to 2.0 �l of purified DNA was used as a template. PCRs
were carried out in 65 mM Tris-HCl, pH 8.8, 40 mM NaCl, 10 mM �-mercap-
toethanol, 3 mM MgCl2, 10% dimethyl sulfoxide with 0.4 mM deoxynucleoside
triphosphates; and 1 U Vent Exo� (New England Biolabs). The cyclin D1
proximal promoter region was amplified with 30 to 35 cycles of 94°C for 30 s,
59°C for 30 s, and 72°C for 30 s, using primers 5�-CGCTTTGGGCTTGTCCC
CT-3� and 5�-ATCTGCCGCTCTCTGCTACGCG-3�. The c-fos promoter was
amplified with 25 to 30 rounds of the cycle described above using primers
5�-AATCCTACATGCGGAGAGTCCAGG-3� and 5�-GAGCGCGGTCACTG
CTCGTT-3�. PCR products were subjected to 1.25% agarose gel electrophoresis
and visualized by ethidium bromide staining.

In vivo genomic footprinting of the hamster cyclin D1 promoter. ts13 and
ts13R3 cells were arrested in G0 by serum starvation for 36 h at 33.5°C and then
released at either 33.5°C or 39.5°C by the addition of 10% FBS. Approximately
8 h post-serum addition, cells were treated with 0.01% dimethyl sulfate (DMS)
for 2 min. The methylated genomic DNA was isolated as described previously
with the following minor modifications (23). For the preparation of genomic
DNA, the ethyl ether extraction was eliminated from the protocol and the
isopropanol precipitation was replaced with an ethanol precipitation. Methylated
guanines and adenines were chemically cleaved, and the sites of cleavage in the
hamster cyclin D1 promoter were mapped using the technique of ligation-me-
diated PCR (33). Briefly, 5 �g genomic DNA served as the template in a
first-strand synthesis reaction with the following primers: for the upper strand,
5�-CTGCCTCGCCGTCTACTGCC-3�; and for the lower strand, 5�-TATCTAC
GAAGGTCGAGCTGG-3�. Linkers were then ligated onto the blunt-ended
products. Next, a linker and nested gene-specific primer (for the upper strand,
5�-GTCTCCGAGCGCGCGAATCT-3�; for the lower strand, 5�-CGCTTTGG
GCTTGTCCCCTCGG-3�) were used to amplify the cleavage products. The
resulting PCR products were end labeled with the following 32P-labeled primers:
for the upper strand, 5�-ATCTGCCGCTCTCTGCTACGCG-3�; and for the
lower strand, 5�-TCGGCGCTCGCAGCTCCCGA-3�. Reaction products were
separated on denaturing 6% polyacrylamide gels and visualized by autoradiog-
raphy.

RESULTS

hTAF1 mutants defective in histone acetyltransferase activ-
ity. Whether a primary function of TAF1 in RNA pol II-
dependent transcription is to alter chromatin structure by his-
tone acetylation is a question that has been somewhat
controversial. Our work and that of others have demonstrated
that TAF1 plays a role in the recruitment of TFIID to core
promoters (9, 21). However, the observation that a mutation in
TAF1 that disrupts HAT activity leads to defects in transcrip-
tion is consistent with the idea that this enzymatic activity of
TAF1 is also important for efficient mRNA synthesis.

Sequence alignment of HAT enzymes has revealed the pres-
ence of distinct classes, including the Gcn5/PCAF, MYST, and
CBP superfamilies (19). Within each family, there is high se-
quence homology, similar substrate specificity, and similar
functional context for the acetyltransferases. TAF1 shows very
limited sequence similarity with other HATs and therefore has
been categorized into its own distinct family (18). Structural
analysis of the HAT domains of GCN5 and PCAF has identi-
fied four conserved motifs, termed A, B, C, and D, that form a
central catalytic core capable of binding acetyl-CoA and the
histone substrate (25). Alignment of the hTAF1 HAT domain
with these conserved motifs revealed very limited sequence
homology (Fig. 1A). Mutational analysis of HAT domains has
identified residues in each motif necessary for enzymatic ac-
tivity. In particular, the conserved glutamate residue at posi-
tion 173 in yeast Gcn5 (yGcn5) is essential for HAT activity
and is proposed to function as a general base for catalysis (37,
38). We used the alignment with yGcn5 and CBP, along with
mutagenesis information, as a guideline for designing deletion
and point mutations in hTAF1 that would potentially disrupt
HAT activity (15, 20). A total of eight different mutations
between amino acids 517 and 976 of hTAF1 were introduced
into the coding region (Fig. 1B). The G923/925D double mu-
tant has been previously described and was found to be func-
tionally equivalent to wild-type TAF1 for HAT activity (4).

Next, we tested the ability of each hTAF1 mutant to acetyl-
ate histones in vitro. HA-tagged versions of wild-type and
mutant hTAF1 were expressed, immunoaffinity purified (Fig.
2A), and added to reaction mixtures containing core histones
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and [3H]acetyl-CoA. A dramatic decrease in histone acetyla-
tion was detected with two overlapping hTAF1 deletion mu-
tants, �844-850 and �848-850, from which 7 and 3 amino acids
were removed, respectively (Fig. 2B). By contrast, the remain-
ing deletion and point mutations had no significant effect on
HAT activity. The inability to disrupt enzymatic activity by
targeting regions of TAF1 that display limited amino acid
homology to motifs important for catalysis by other well-char-
acterized enzymes supports the idea that the HAT domain of
TAF1 may be structurally distinct and will need to be more
precisely defined for further investigation.

Complementation of the ts13 mutant phenotype by hTAF1
mutants. Although a complete loss of TAF1 protein is lethal,

the single missense mutation found in ts13 and tsBN462 cells
alters transcription of select genes and leads to G1 cell cycle
arrest. The isolation of the identical glycine-to-aspartic acid
missense mutation in two independent genetic screens points
to the importance of this residue in TAF1 function (8). We
have previously shown that the HAT activity of the ts13 allele
of hTAF1 is decreased at higher temperatures in vitro suggest-
ing that this enzymatic activity is impaired at nonpermissive
temperature in ts13 cells (4). To further implicate the impor-
tance of TAF1 HAT activity in cell cycle progression, we as-
sessed whether the mutations engineered into hTAF1 affected
complementation of the ts13 proliferation defect. Expression
constructs for the wild-type and mutant forms of hTAF1 and a

FIG. 1. Mutations in HAT domain of human TAF1. (A) Alignment of the HAT domains of Gcn5, CBP, and hTAF1 in the conserved motifs
is shown. The dashes indicate that the motif continues in that direction. Five independent alignments demonstrate that TAF1 exhibits very limited
sequence similarity to other HATs. Amino acids that compromise yGcn5 HAT activity when mutated are indicated by the asterisks. An aspartic
acid residue important for CBP HAT activity is indicated by the square in alignment 5. Based on these alignments, different regions spanning the
TAF1 HAT domain were targeted via site-directed or deletion mutagenesis to identify residues essential for HAT activity. The amino acids deleted
are underlined in black below the alignments. The positions of two single point mutants, E742Q and C746A, are shown in alignment 4. (B) The
locations, within the TAF1 HAT domain, of five deletions, three point mutations, and the single missense mutation (G716D) of ts13 cells are
indicated. The G923/925D double point mutant disrupts a putative acetyl-CoA binding site and has been previously described (3).
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control vector were transfected into ts13 cells maintained at
the permissive (33.5°C) or nonpermissive (39.5°C) tempera-
ture. At 5 to 7 days posttransfection, expression of wild-type
hTAF1 and all mutants that retained HAT activity resulted in
viable proliferating cells at 39.5°C (data not shown). Comple-
mentation of the proliferation defect was not observed with the
two HAT-defective mutants, �844-850 and �848-850. No vis-
ible change in cell growth was observed at 33.5°C in the pres-
ence of any of the hTAF1 mutant constructs. These data sug-
gest that disruption of HAT activity compromises the ability of
TAF1 to overcome the cell cycle arrest of ts13 cells.

Another hallmark of the ts13 mutant phenotype is the de-
crease in the transcription of a subset of protein-encoding
genes, including cyclin D1 (29, 30, 35, 42). Expression of wild-

type hTAF1 is sufficient to restore transcriptional activity to
the cyclin D1 promoter (42). Therefore, we examined the abil-
ity of the hTAF1 mutants to support cyclin D1 transcription in
transient transfection assays (Fig. 3). In the presence of the
ts13 allele, the cyclin D1 promoter was 20 to 50 times more
active at 33.5°C than at 39.5°C. This dramatic difference in

FIG. 2. Histone acetyltransferase activity of hTAF1 mutants.
(A) HA-tagged wild-type (WT) and mutant TAF1 proteins were im-
munopurified from baculovirus-infected Sf9 extracts using an anti-
human TAF1 monoclonal antibody (6B3). An aliquot of each sample
was run on SDS-polyacrylamide gels and visualized by silver staining.
The positions of molecular weight standards (MW; on the left) and
immunoglobulin heavy chain (IgH) are indicated. (B) hTAF1 proteins,
immobilized on PAS, were added to reaction mixtures containing
purified calf thymus histones and [3H]acetyl-coenzyme A. Assays were
incubated for 60 min at 30°C, and the amounts of acetylated histones
were measured by filter binding, followed by liquid scintillation. The
data are averages from four independent experiments, each carried out
in duplicate, with standard errors of the means (SEM) shown. Only the
deletion of amino acids between 844 and 850 compromised TAF1
HAT activity.

FIG. 3. Complementation of cyclin D1 transcriptional defect by
hTAF1 mutants in ts13 cells. (A) ts13 cells, maintained at permissive
(33.5°C) or nonpermissive (39.5°C) temperature, were transiently
transfected with the control (Ctrl) or indicated myc-tagged hTAF1
expression vector, the human cyclin D1 or mouse c-fos luciferase re-
porter construct, and an SV40-driven beta-galactosidase plasmid. Ap-
proximately 24 h posttransfection, the transcriptional activity of the
cyclin D1 or c-fos reporter was measured and corrected for transfec-
tion efficiency. (Lower panel) Dependence on hTAF1 function was
calculated by dividing the amount of normalized luciferase activity for
each reporter at 33.5°C by the amount of activity at 39.5°C. A larger
ratio reflects a stronger requirement for TAF1 function. The data
presented are from one representative experiment carried out in trip-
licate and have been reproducibly observed in three independent ex-
periments. The error bars represent SEM. TAF1 mutants lacking HAT
activity (�844-850 and �848-850) failed to complement the ts13 defect
in cyclin D1 transcription. (Upper panel) The expression levels of the
TAF1 mutants were determined by Western blotting using the anti-
human TAF1-specific MAb 6B3 and found to be comparable for all
proteins. The amount of protein loaded was corrected for differences
in transfection efficiency by normalizing for beta-galactosidase activity
expressed from the cotransfected SV40 beta-galactose construct.
(B) HA-tagged wild-type, �669-685, and �844-850 hTAF1 proteins
immobilized on anti-HA-PAS were incubated with Sf9 cell lysates
containing FLAG-dTAF2 and His-hTBP. The retained proteins were
analyzed by SDS-PAGE and Western blotting using anti-HA, anti-
TBP, and anti-FLAG antibodies.
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transcriptional activity was quantified by dividing the amount
of luciferase activity detected at 33.5°C by the amount of ac-
tivity detected at 39.5°C, with larger ratios reflecting a greater
dependence on TAF1 function (Fig. 3). Transcription from the
c-fos reporter remained largely unaffected and exhibited a ratio
between 1 and 3. When expressed in ts13 cells, only the TAF1
deletion mutants deficient in HAT activity, �844-850 and
�848-850, were unable to restore transcription to the cyclin D1
promoter at 39.5°C (ratios greater than 30) while having little
effect on c-fos promoter activity. This was in stark contrast to
the remaining hTAF1 mutants that behaved similar to the
wild-type protein in complementing the cyclin D1 transcrip-
tional defect. We confirmed, by Western blotting using an
anti-human TAF1 specific monoclonal antibody (6B3), that
comparable amounts of the wild-type and mutant proteins
were expressed in the transfected ts13 hamster cells (Fig. 3A).

Integrity of TFIID complexes containing hTAF1 mutants.
TAF1 is an integral component of the TFIID complex and is
thought to serve a critical scaffolding function (2, 31). The
deletion of the residues from �844-850 and �848-850 could
lead to gross protein misfolding and disruption of the TFIID
complex. To eliminate this possibility, we investigated the bind-

ing of different TAF1 mutants to subunits of TFIID. Coimmu-
noprecipitation experiments were conducted in vitro with two
hTAF1 binding partners: TAF2 and TBP. HA-tagged WT and
mutant hTAF1 were immobilized on anti-HA-PAS and se-
quentially incubated with FLAG-TAF2 followed by His-hTBP.
After extensive washing, bound proteins were analyzed by
Western blotting. We observed that �844-850, a HAT-defi-
cient mutant, and �669-685, a mutant that retains HAT and
complementation function, both bound to FLAG-dTAF2 and
His-hTBP as effectively as WT-TAF1 (Fig. 3B). Therefore, the
deletion of residues 844 through 850 does not appear to cause
gross changes in protein structure.

We also examined the abilities of �844-850 and �848-850 to
assemble into TFIID by small-scale sucrose gradient sedimen-
tation (36). ts13 subclones that constitutively express HA-
tagged WT or mutant TAF1 were maintained at 33.5°C or
39.5°C for 24 h. Nuclear extracts were prepared and subjected
to sedimentation analysis using 10 to 30% sucrose gradients
(Fig. 4). As expected, WT-TAF1, from cells maintained at
33.5°C or 39.5°C, sedimented towards the bottom of the gra-
dient, at a molecular mass significantly greater than 200 kDa.
In parallel gradients, the sedimentation profiles for �844-850

FIG. 4. Sucrose density sedimentation of TFIID complexes from ts13 nuclear extracts containing WT or HAT-deficient TAF1 protein. Nuclear
extracts prepared from ts13 cells, incubated at 33.5°C or 39.5°C, and expressing the indicated TAF1 protein, were layered onto 10 to 30% sucrose
gradients and subjected to density sedimentation. The presences of the indicated TFIID subunits in collected fractions were determined by
Western blotting using anti-HA (Santa Cruz) for HA-TAF1, anti-mouse TAF4 MAb, anti-human TAF5 MAb, and anti-TBP polyclonal antibodies.
The sedimentation of native molecular weight standards is indicated by the arrows. Fraction 1 represents the top of the gradient, and fraction 11
represents the bottom.
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and �848-850 showed that a fraction of the mutant proteins
behaved similarly to WT-TAF1, indicating that the mutant
proteins are able to associate with a large protein complex at
33.5°C and 39.5°C. Cosedimentation of WT and mutant TAF1
with TBP, TAF4, and TAF5 suggests that the TAF1 proteins
are incorporated into TFIID, even under conditions in which
the mutant TAF1s are unable to complement the ts13 prolif-
eration and transcription defects. These data have led us to
propose that the �844-850 and �848-850 mutations selectively
disrupt the acetyltransferase activity of TAF1 and not the abil-
ity of TAF1 to assemble into the TFIID complex.

HDAC inhibitors partially restore cyclin D1 transcription in
ts13 cells. To gather more evidence for the contribution of
histone acetylation to cyclin D1 promoter activity, we tested
the effects of HDAC inhibitors SB and TSA on cyclin D1
transcription in ts13 cells. We have previously cloned the ham-
ster cyclin D1 promoter and found that a fragment between
positions �183 and �21, conserved in rats, mice, and humans,
was as active as the full-length promoter and highly dependent
on TAF1 activity (9). Therefore, ts13 cells maintained at
33.5°C were transfected with either �183/�21 cycD1 or �356/
�58 c-fos luciferase reporter construct, treated with 1 mM SB
or 500 ng/ml TSA, and then either kept at 33.5°C or shifted to
39.5°C for 12 to 16 h. While both HDAC inhibitors slightly
decreased c-fos transcription at 39.5°C (Fig. 5B), 6.4- and
5-fold increases in �183/�21 cycD1-luc transcription were ob-
served in the presence of SB and TSA, respectively (Fig. 5A).
This increase in promoter activity translated into a partial
decrease in TAF1 dependence, as the ratios of transcription at
33.5°C and 39.5°C decreased from 58.4 to 14.2 and 5.8 after
treatment with SB and TSA, respectively. Because the initial
concentration of HDAC inhibitors used altered cyclin D1 tran-
scription at 33.5°C, we treated ts13 cells with lower doses of
drug. Under these conditions, no significant effect on cyclin D1
promoter activity was observed at 33.5°C (Fig. 6A), and both
SB and TSA increased cyclin D1 transcription at 39.5°C in a
dose-dependent manner (Fig. 6B). These findings support the
conclusion that histone acetylation is a feature of the molecu-
lar mechanism regulating cyclin D1 transcription.

Hypoacetylation of H3 at the cyclin D1 promoter upon in-
activation of TAF1 in ts13 cells. TAF1 was first identified as a
histone acetyltransferase. It has been subsequently reported to
acetylate nonhistone proteins, including the small subunit of
the basal transcription factor TFIIE (11). Therefore, we used
the technique of chromatin immunoprecipitation to directly
assess the state of histone acetylation at the cyclin D1 and c-fos
promoters in ts13 cells under conditions permissive and restric-
tive for TAF1 function. We focused on histone H3, as this
protein has been reported to be the preferred histone substrate
for TAF1 HAT activity in vitro (22). We found that the cyclin
D1 promoter between positions �183 and �21 and the c-fos
core promoter region were associated with acetylated histone
H3 at 33.5°C in ts13 cells. However, the amount of acetylated
H3 at the cyclin D1 promoter was reduced approximately five-
fold when the cells were shifted to 39.5°C (Fig. 7B). No tem-
perature-dependent reduction in H3 acetylation was observed
at the c-fos promoter. The specificity of the chromatin immu-
noprecipitation reaction was demonstrated by the addition of a
peptide that blocked the anti-acetylated H3 antibody. The

presence of the blocking peptide prevented the precipitation of
promoter fragments.

The state of histone acetylation was also examined in ts13
subclones that constitutively expressed either wild type or dif-
ferent mutants of hTAF1. In cells expressing WT TAF1, �574-
595, or E742Q, comparable levels of H3 acetylation were as-
sociated with the cyclin D1 and c-fos promoters at 33.5°C and
39.5°C (Fig. 7B). By contrast, H3 remained hypoacetylated at
39.5°C in ts13 cells expressing the HAT-deficient TAF1 pro-
teins �844-850 and �848-850 (Fig. 7B). The expression level of
each TAF1 mutant was monitored at 39.5°C by anti-HA West-
ern blotting and found to be similar for all subclones examined
(Fig. 7A). These data collectively support the conclusions that
loss of histone acetylation is a primary consequence of the ts13
mutation and that amino acids 848 to 850 of TAF1 are impor-
tant for histone H3 acetylation at the cyclin D1 promoter.

Requirement for TAF1 activity in Sp1 site binding at the
cyclin D1 promoter. The acetylation of histones is a mechanism
for increasing the accessibility of promoter DNA to transcrip-
tion factors. Therefore, we examined the occupancy of the Sp1

FIG. 5. Effect of histone deacetylase inhibitors on cyclin D1 and
c-fos promoter activity in ts13 cells. rlu, relative light units. (A) ts13
cells, incubated at 33.5°C, were transfected with �183/�21 cyclin D1
luciferase reporter construct and an SV40-driven beta-galactosidase
gene, as a control for transfection efficiency. Cells were then treated
with either 1 mM SB or 500 ng/ml TSA, and half the cells were shifted
to 39.5°C. Approximately 24 h later, the transcriptional activities of the
cyclin D1 reporter construct at the two temperatures were measured
and corrected for variations in transfection efficiency. All experiments
were performed in duplicate, and the data shown are the averages
from three independent experiments, with SEM indicated. Treatment
with the HDAC inhibitors significantly increased cyclin D1 promoter
activity under conditions in which TAF1 function was compromised in
ts13 cells (39.5°C). (B) The �356/�58 c-fos luciferase reporter was
transfected into ts13 cells and analyzed as described for panel A. The
results presented are averages from three separate experiments, each
carried out in duplicate. Error bars represent SEM. The activity of the
c-fos promoter was not significantly altered by the HDAC inhibitors at
39.5°C.
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sites of cyclin D1 at 33.5°C and 39.5°C by in vivo genomic
footprinting. By monitoring protection from DMS methyl-
ation, we observed a significant increase in the accessibility of
nucleotides within the three adjacent Sp1 sites at 39.5°C com-
pared to at 33.5°C (Fig. 8A, compare lanes 2 and 3 and lanes
6 and 7). Under conditions of TAF1 inactivation (39.5°C), an
increase in DNA methylation over the Sp1-B binding site and
the guanine at position �148 of the Sp1-C binding site was
detected on the upper strand. On the lower strand, all three
Sp1 binding sites showed extensive increases in DNA methyl-
ation at 39.5°C. These footprinting studies enabled us to define
a DNA element, which we have named TDE2, for TAF1-
dependent DNA element 2, spanning nucleotides �109 to

�159 (Fig. 8B). Within this region, the nucleotides that repro-
ducibly displayed increases in DNA methylation mapped to the
Sp1 binding sites. By contrast, temperature-dependent differ-
ences in the methylation protection patterns were not detected
with genomic DNA isolated from ts13R3 cells, which consti-
tutively express wild-type human TAF1 (Fig. 8A, compare
lanes 4 and 5 and lanes 8 and 9). These findings suggest that
inactivation of TAF1 HAT activity, and not heat shock effects,
is responsible for the compromised interaction of Sp1 and/or
other transcription factors with the Sp1 sites in the cyclin D1
promoter.

Proximal Sp1 sites in the cyclin D1 promoter are dependent
on TAF1 activity and histone acetylation. We have previously

FIG. 6. Dose response of cyclin D1 transcription to sodium bu-
tyrate and TSA in ts13 cells. ts13 cells were transfected with �183/�21
cyclin D1 luciferase reporter and an SV40-driven beta-galactosidase
gene at 33.5°C. Cells were then treated with increasing concentrations
of SB or TSA, and half the cells were shifted to 39.5°C. The amounts
of luciferase activity, corrected for transfection efficiency, were deter-
mined at 33.5°C (A) and 39.5°C (B). The data presented are from one
representative experiment carried out in triplicate, with standard er-
rors provided (error bars). A dose-dependent increase in cyclin D1
transcription was detected but only at 39.5°C. rlu, relative light units.

FIG. 7. Hypoacetylation of histone H3 at the cyclin D1 promoter
upon inactivation of TAF1 in ts13 cells. (A) ts13 cells and ts13
subclones that constitutively express the indicated HA-tagged TAF1
protein were maintained at 39.5°C for 24 h. Whole-cell lysates were
prepared and subjected to 8% SDS-PAGE. The expression level of
HA-tagged TAF1 proteins was determined by Western blotting using
an anti-HA antibody. (B) Chromatin isolated from ts13 cells and ts13
subclones maintained at 33.5°C or 39.5°C was subjected to chromatin
immunoprecipitation analysis using an antibody against diacetylated
(acetyl Lys9 and Lys14) histone H3 (Upstate). The precipitated
genomic DNA was purified and the presence of hamster cyclin D1 and
c-fos promoter sequence was determined by PCR. Reaction products
were analyzed by agarose gel electrophoresis and visualized by
ethidium bromide staining. To control for antibody specificity, immu-
noprecipitation reactions were carried out in the presence (�) or
absence (�) of a blocking peptide (acetyl [Ac] H3 peptide) that binds
to the anti-diacetylated histone H3 antibody. PCRs carried out with
the unbound supernatant or in the absence of DNA template are
shown in lanes “unbound” and “no DNA,” respectively. In the absence
of the AcH3 peptide, a decrease in histone H3 acetylation was ob-
served at 39.5°C at the cyclin D1 promoter but not the c-fos promoter
and only in cells expressing TAF1 proteins deficient in HAT activity
(�844-850 and �848-850).
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proposed that TAF1 carries out two independent functions at
the cyclin D1 promoter, one in the core region and the other at
the upstream activating Sp1 sites (9). The role of TAF1 at the
core appears to be in the recruitment of TFIID to the initiator,
in agreement with studies carried out with yeasts (21). To
determine if the Sp1 sites also can confer TAF1 dependence to
the promoter, we eliminated the TAF1-dependent core region
of cyclin D1 by constructing a hybrid promoter containing the
Sp1 sites of cyclin D1 upstream of the TAF1-independent c-fos
core. The c-fos core promoter was equally active at 33.5°C and
39.5°C in ts13 cells (Fig. 9A). The addition of the Sp1 sites onto
the c-fos core (Sp1/c-fos) activated transcription at 33.5°C but
not at 39.5°C (Fig. 9A). Therefore, the Sp1 sites of cyclin D1
are sufficient to confer TAF1 sensitivity to TAF1-independent
promoter elements.

Next, we tested the effect of TSA on transcription from the

Sp1/c-fos hybrid construct in ts13 cells. Treatment with 200
ng/ml TSA had no effect on c-fos core promoter activity but
was able to restore full transcriptional activity to the Sp1/c-fos
hybrid at 39.5°C (Fig. 9A). The observed stimulation of Sp1-
dependent transcription upon the addition of the HDAC in-
hibitor suggests that acetylation of histones or other proteins
within the cyclin D1 promoter is playing an important role in
the activation of cyclin D1 transcription.

By chromatin immunoprecipitation, a significant increase in
the amount of acetylated H3 bound to the cyclin D1 promoter
was observed at 39.5°C in TSA-treated cells compared to un-
treated cells (Fig. 9B). By contrast, 200 ng/ml TSA had no
effect on histone H3 acetylation at 33.5°C. The changes in H3
acetylation were specific to the cyclin D1 promoter, as no effect
was observed at the c-fos promoter after TSA treatment (Fig.
9B). These findings lend further support to our hypothesis that

FIG. 8. In vivo genomic footprinting reveals a reduction in Sp1 site occupancy at the cyclin D1 promoter when TAF1 is inactivated in ts13 cells.
(A) In vivo DNA methylation pattern between nucleotides �180 and �65 of the hamster cyclin D1 promoter is shown. ts13 and ts13R3 cells were
subjected to DMS treatment at the indicated temperature. The modified genomic DNA was chemically cleaved and the positions of methylated
guanines and adenines were mapped by ligation-mediated PCR using nested cyclin D1 gene-specific primers. Both the upper and lower strands
were examined. The cleavage pattern obtained from genomic DNA methylated in vitro in the absence of cellular protein is shown in lanes 1 and
10. The solid lines between the ts13 and ts13R3 samples indicate nucleotides that demonstrated increased methylation at 39.5°C in ts13 cells, but
not in ts13R3 cells, in three independent experiments. The positions of putative binding sites for the transcription factors Sp1 and cyclic AMP
responsive binding protein (CREB/ATF) are also shown. (B) The DNA sequence of the region analyzed is provided. The asterisks indicate
nucleotides that repeatedly displayed increased methylation in ts13 but not in ts13R3 cells at 39.5°C. Protection of the Sp1 sites from DNA
methylation decreased dramatically at 39.5°C.
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histone H3 acetylation mediated by TAF1 is required for Sp1
activation of cyclin D1 transcription.

Recruitment of Sp1 partially bypasses the requirement for
TAF1 activity at the cyclin D1 promoter. The binding of Sp1 to
the cyclin D1 promoter DNA appears to be disrupted at 39.5°C
in ts13 cells. Therefore, would providing an alternative mech-
anism for recruiting Sp1 to the promoter overcome the re-
quirement for TAF1 in activating cyclin D1 transcription? To
address this question, three tandem DNA binding sites for
Gal4 (UAS) were inserted immediately upstream of the Sp1
sites in the cyclin D1 promoter. The presence of the Gal4
binding sites allowed for the recruitment of Sp1 as a Gal4
DNA binding domain fusion in a manner that was independent
of the endogenous Sp1 sites. We found that the cotransfection
of the UAS-cyclin D1-luc reporter and a Gal4-Sp1 expression
plasmid increased transcription levels at 39.5°C greater than
eightfold but only from a reporter construct containing the
UAS sites (Fig. 10, lower panel). A smaller, twofold increase in
transcription was observed at 33.5°C (Fig. 10, upper panel).
The combination of the two effects resulted in a significant
decrease in the overall dependence on TAF1 activity. The
inability to fully restore promoter activity at 39.5°C by artificial
recruitment of Sp1 is consistent with our previous findings that
the core promoter of cyclin D1 requires a function of TAF1 for
recruitment of TFIID to the initiator (9).

In summary, we provide the first piece of biochemical evi-
dence suggesting that acetylation of histones, specifically his-
tone H3, at the cyclin D1 promoter is TAF1 dependent in vivo
and that this modification plays an important role in transcrip-
tional regulation of cyclin D1 expression. To extend these
findings we have gathered data suggesting that the binding of
transcription factors to the Sp1 sites in the cyclin D1 promoter
is mediated by TAF1 and histone H3 acetylation. Our current

hypothesis is that at the cyclin D1 promoter, TAF1 is respon-
sible for altering chromatin structure by histone acetylation,
thereby facilitating Sp1 transcription factor binding and acti-
vating gene expression. The identification of signaling path-
ways that modulate the HAT activity of TAF1 will provide new
insight into the regulation of cyclin D1 transcription and the
control of cell cycle progression.

DISCUSSION

We have previously shown that the HAT activity of the ts13
conditional allele of TAF1 is severely compromised at elevated
temperatures in vitro (4). Here, we identify additional HAT-
defective hTAF1 mutants (�844-850 and �848-850) that fail to
complement the G1 arrest and cyclin D1 transcription defect of
ts13 cells. However, the molecular action of TAF1 HAT activ-
ity in mediating gene transcription remains unclear. Specifi-
cally, what are the physiological substrates of this enzymatic
activity of TAF1 and is it important for transcriptional regu-
lation? To tackle this problem, we have utilized the TAF1-
dependent cyclin D1 promoter as our model system and pro-
vide data suggesting that TAF1 mediates acetylation of histone
H3, an event required for transcription factor binding and
activation of cyclin D1 transcription. We show that treatment
with HDAC inhibitors restores Sp1-dependent transcriptional
activation to the cyclin D1 promoter under conditions in which
TAF1 HAT activity is compromised. Using the techniques of
chromatin immunoprecipitation, in vivo genomic footprinting,
and transient transfection, a direct correlation between the
levels of histone H3 acetylation, Sp1 site occupancy, and cyclin
D1 transcription can be demonstrated. These results provide
evidence for a possible role of histone acetylation by TAF1 in
the activation of gene transcription. Alternatively, TAF1, as a

FIG. 9. TAF1 function and H3 acetylation in Sp1 activation of cyclin D1 transcription. (A) Sp1 sites of the hamster cyclin D1 promoter confer
TAF1 sensitivity in ts13 cells. The c-fos core promoter (c-fos) or a hybrid construct (Sp1/c-fos) consisting of Sp1 sites from the hamster cyclin D1
promoter upstream of the c-fos core was transfected into ts13 cells. The amount of luciferase activity, corrected for differences in transfection
efficiency, was determined for cells incubated at 33.5°C or 39.5°C and treated with 0 (�) or 200 ng/ml (�) TSA. The data are the results from two
independent experiments, each carried out in duplicate. Error bars indicate SEM. Treatment with TSA increased transcription from the cyclin D1
but not the c-fos promoter at 39.5°C in ts13 cells. rlu, relative light units. (B) Treatment with HDAC inhibitor TSA restores H3 acetylation at the
cyclin D1 promoter in ts13 cells. The amount of histone H3 acetylation at the cyclin D1 (upper panels) and c-fos (lower panels) promoters in ts13
cells was determined at the indicated temperatures as described in Fig. 6B. For these studies, ts13 cells were treated with either 0 (�TSA) or 200
ng/ml TSA (�TSA) prior to chromatin immunoprecipitation and PCR analyses. Treatment with TSA was sufficient to reverse the decrease in H3
acetylation observed on the cyclin D1 promoter at 39.5°C while having no effect at the c-fos promoter. AcHe pep, blocking peptide for
anti-diacetylated H3 antibody.
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component of TFIID, may be directly or indirectly involved in
the recruitment of a coactivator complex containing an enzyme
that modifies the necessary histones to activate cyclin D1 tran-
scription. Additional experiments will be needed to distinguish
between these two possibilities.

There exists considerable evidence in support of a scaffold-
ing function for TAF1in the TFIID complex. Mutations in
TAF1 that disrupt the TFIID complex could lead to defects in
mRNA synthesis and a cell cycle arrest. We do not favor this
interpretation, because our protein-protein interaction and
density gradient sedimentation studies indicate that the TAF1
mutants unable to complement the ts13 defects incorporate
into TFIID. Characterization of yeast TAF1p has mapped the
domain essential for TFIID assembly to a region distinct from
the HAT domain (31). Deletions within the centrally con-
served domain of yeast TAF1, which is homologous to the
human TAF1 HAT domain, have little or no effect on the
integrity of the yeast TFIID complex. Therefore, we conclude
that the deletion of residues 844 to 850 selectively disrupts the
HAT activity of TAF1. These amino acids display weak ho-

mology to a putative motif A in the histone acetyltransferase
CBP. This region of CBP contains a potential acidic catalytic
residue that, when mutated, compromises CBP HAT activity
(20). Future studies will be needed to further characterize the
contribution of each residue deleted in �848-850 to TAF1
HAT activity.

Expression of CIITA, a transcriptional activator and histone
acetyltransferase, bypasses the promoter requirement for
TAF1 in major histocompatibility complex class I transcription
in ts13 cells (27). The restoration of promoter activity requires
the acetyltransferase activity of CIITA and provides additional
evidence that the primary defect in ts13 cells responsible for
the mutant phenotype is a reduction in histone acetylation
under nonpermissive conditions.

The promoter of cyclin D1 is an ideal model system to study
TAF1 function in the transcription process. The proximal pro-
moter of cyclin D1 contains the initiator region and binding
sites for a limited number of transcription factors, including
NF-	B, CREB, and Sp1. Changes in histone acetylation can
influence the binding of one or more of these transcription
factors. Sp1 sites are crucial for cyclin D1 transcription, as a
deletion of this region in the hamster gene leads to a 10-fold
decrease in promoter activity (9). Similar findings have been
reported for the human and rat promoters (13, 24). Studies of
epithelial cells have demonstrated that Sp1 is a G1 cell cycle-
specific transcription factor and an important regulator of cy-
clin D1 expression (7). We have obtained evidence indicating
that binding to the Sp1 sites of cyclin D1 is mediated by histone
H3 acetylation. We propose that the acetylation event is TAF1
dependent and relieves the repressive chromatin environment
thereby allowing for Sp1 binding, which is essential for growth
factor responsiveness and recruitment of the transcriptional
machinery. In support of this hypothesis, the binding of Sp1 to
GC boxes in the SV40 promoter has been shown to be reduced
10- to 20-fold, although not completely abrogated, when as-
sembled into nucleosomal DNA (16).

Cyclin D1 transcription occurs during the G1 phase of the
cell cycle. Thus, it can be inferred that during other stages of
the cell cycle, the cyclin D1 promoter is inactivated, possibly
due to the presence of repressive nucleosomes that hinder the
binding of transcription factors. The cyclin B1 promoter is
regulated by its acetylation state across the cell cycle (12).
Studies by Zhang et al. (44) demonstrate that the tumor sup-
pressor INI1/hSNF5 represses cyclin D1 transcription by re-
cruiting HDAC activity to the promoter region, thereby lead-
ing to the deacetylation of histones in the cyclin D1 promoter,
transcriptional repression, and cell cycle arrest. Therefore, the
robust activation of cyclin D1 transcription may be, in fact, a
two-step process that first requires the removal or inactivation
of an inhibitory deacetylase complex, followed by the recruit-
ment and activation of HAT activity, which we propose is
provided by TAF1, to stimulate gene transcription.

Other genes that appear to be affected by the ts13 mutation
in TAF1 include EGFR (39), cyclin D3 (29, 30), and VDAC3
(26). A comparison of the promoter regions of these TAF1-
dependent genes and cyclin D1 reveals two common charac-
teristics: (i) the absence of a canonical TBP binding site or
TATA box between positions �25 and �30 and (ii) the pres-
ence of GC-rich Sp1 binding sites in the proximal promoter
region. Previously, we have demonstrated that TAF1 plays a

FIG. 10. Artificial recruitment of Sp1 partially overcomes the re-
quirement for TAF1 function at the cyclin D1 promoter. ts13 cells
were transfected with �183/�21 cycD1-luc (�UAS) or �183/�21
cycD1-luc containing three tandem copies of the Gal4 DNA binding
site upstream of the Sp1 sites (�UAS), the beta-galactosidase expres-
sion plasmid, and the Gal4 (�) or Gal4-Sp1 expression vector at
33.5°C. The transcriptional activity of cells maintained at 33.5°C or
shifted to 39.5°C was determined and adjusted for differences in trans-
fection efficiency. All experiments were performed in duplicate, and
the averages of three independent experiments are given. The error
bars represent SEM. The recruitment of Sp1 thru Gal4 binding sites
increased cyclin D1 promoter activity more than eightfold at 39.5°C. A
smaller twofold stimulation in transcription was detected at 33.5°C.
The overall effect was a decrease in TAF1 dependence in ts13 cells. rlu,
relative light units.
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role in the recruitment and binding of TFIID to core promot-
ers that lack a strong TBP binding site. Here we present data
describing a second function for TAF1 in Sp1 activation of
cyclin D1 transcription. Further characterization of the ts13
transcription defect may allow us to uncover and classify pro-
moters that are directly regulated by activities of TAF1. It
appears that promoter architecture will determine which ac-
tivities of the TAF1 protein are required for high levels of gene
transcription.
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