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The largest transcription factor IID (TFIID) subunit, TBP-associated factor 1 (TAF1), possesses protein kinase and histone
acetyltransferase (HAT) activities. Both enzymatic activities are essential for transcription from a subset of genes and G1 pro-
gression in mammalian cells. TAF7, another TFIID subunit, binds TAF1 and inhibits TAF1 HAT activity. Here we present data
demonstrating that disruption of the TAF1/TAF7 interaction within TFIID by protein phosphorylation leads to activation of
TAF1 HAT activity and stimulation of cyclin D1 and cyclin A gene transcription. Overexpression and small interfering RNA
knockdown experiments confirmed that TAF7 functions as a transcriptional repressor at these promoters. Release of TAF7 from
TFIID by TAF1 phosphorylation of TAF7 increased TAF1 HAT activity and elevated histone H3 acetylation levels at the cyclin
D1 and cyclin A promoters. Serine-264 of TAF7 was identified as a substrate for TAF1 kinase activity. Using TAF7 S264A and
S264D phosphomutants, we determined that the phosphorylation state of TAF7 at S264 influences the levels of cyclin D1 and
cyclin A gene transcription and promoter histone H3 acetylation. Our studies have uncovered a novel function for the TFIID
subunit TAF7 as a phosphorylation-dependent regulator of TAF1-catalyzed histone H3 acetylation at the cyclin D1 and cyclin A
promoters.

Cell proliferation involves the coordinated expression of pro-
tein encoding genes that control progression through the cell

cycle. These regulators include cyclin D1, a growth factor sensor
that integrates extracellular signals with the core cell cycle machin-
ery (35). Overexpression of cyclin D1, which accelerates entry into
S phase, is frequently found in human cancers and is often asso-
ciated with a poor prognosis (34). Common mechanisms for cy-
clin D1 overexpression in cancer cells are gene amplification and
gene rearrangements, causing abnormally elevated levels of tran-
script and protein. Such genomic aberrations are not a feature of
all cancer cells that overexpress cyclin D1, suggesting the involve-
ment of alternative transcriptional upregulation mechanisms.

In eukaryotes, expression of protein-encoding genes is carried
out by the RNA polymerase II (Pol II)-dependent transcription
machinery. Initiation of transcription is mediated by members of
either the TFIID or the SAGA (TFTC, PCAF, SAGA) family of
coactivator complexes (8, 12, 27, 30, 38, 40). TFIID complexes
contain the TATA-binding protein (TBP) and a set of TBP-asso-
ciated factors (TAFs) (8, 38). The SAGA family of complexes does
not contain TBP and instead is composed of the histone acetyl-
transferase Gcn5 and a subset of TAFs present in TFIID. Members
of the SAGA family are essential for transcription of only 10% of
yeast genes, which suggests that TFIID complexes are responsible
for the majority of RNA Pol II-dependent transcription (17).
Within TFIID, TBP and the �14 TAFs interact to form a trilobed
structure, as determined by immunoelectron microscopy (20).
TAF1, the largest subunit of TFIID, makes extensive contacts with
TBP and many other TAFs, including TAF7.

Human TAF1 is a unique molecule in that it possesses intrinsic
protein kinase, histone acetyltransferase (HAT), and ubiquitin-
activating and -conjugating activities (6, 24, 29). We previously
reported that TAF1 HAT activity is required for efficient tran-
scription of cyclin D1 and cyclin A genes in mammalian cells (7,
16). The HAT domain of TAF1 is located in the central region of

the protein and is highly conserved in all eukaryotes. In vitro,
histones H3 and H4 and the basal transcription factors TFIIE�
and TFIIF have been identified as the substrates for TAF1 HAT
activity (18, 24). Recent work has suggested that TAF7, another
TFIID subunit, may play a pivotal role in the regulation of TAF1
HAT activity. Gegonne et al. identified TAF7 as a protein capable
of directly binding to TAF1 and inhibiting TAF1 HAT activity
(10). TAF1 also contains two independent serine/threonine kinase
domains, one in the N terminus (NTK) and one in the C terminus
(CTK) of the protein. Kinase activity has been demonstrated in
vitro for human, yeast, and Drosophila TAF1 (6, 22, 23). Both
domains are classified as atypical kinases and share little amino
acid homology with each other; however, the NTK and CTK do-
mains both are capable of autophosphorylation and transphos-
phorylation of substrates such as the TFIID subunit TAF7 (11).

In the ts13 mutant hamster cell line, a temperature-sensitive
missense mutation in the HAT domain of TAF1 causes a G1/S
phase cell cycle arrest at the nonpermissive temperature of 39.5°C
(7, 14). These cells exhibit transcriptional downregulation of cy-
clins A, D1, and E but not c-fos or c-myc (32, 37, 39). Thus, TAF1
HAT inactivation does not induce a global defect in gene tran-
scription but rather has an effect at only a subset of promoters.
Transfection of TAF1 kinase mutants into ts13 cells failed to res-
cue the G1/S phase cell cycle arrest (26, 31). Thus, TAF1 HAT
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activity alone cannot promote G1/S phase progression, which sug-
gests that the kinase activity of TAF1 also is required.

Here we present data in support of a model in which TAF7,
when associated with the TFIID complex and bound to TAF1,
serves as a negative regulator of TAF1 HAT activity and cyclin D1
and cyclin A gene transcription. Overexpression of TAF7 in HeLa
cells inhibited cyclin D1 and cyclin A gene transcription and
caused the cells to accumulate in early S phase. In contrast, deple-
tion of TAF7 from TFIID complexes by small interfering RNA
(siRNA) knockdown increased histone H3 acetylation at both cy-
clin promoters and stimulated cyclin D1 and cyclin A gene tran-
scription. We found that TAF1 phosphorylation of TAF7 on ser-
ine-264 disrupted TAF7 binding to TAF1. Release of TAF7 from
the TFIID complex via a phosphorylation-dependent mechanism
activated TAF1 HAT activity and H3 histone acetylation at the
cyclin D1 and cyclin A promoters. Expression of a TAF7 mutant,
S264A, refractory to TAF1 phosphorylation, was even more effec-
tive at reducing H3 acetylation and transcription at target pro-
moters than comparable levels of wild-type (WT) TAF7. Our
studies have uncovered a novel function for the TAF7 subunit of
TFIID as a phosphorylation-dependent transcriptional regulator
and demonstrate that altering the subunit composition of TFIID
can have profound consequences on TFIID function and gene
transcription.

MATERIALS AND METHODS
Tissue culture cell lines. HeLa cells were grown in Dulbecco’s modified
Eagle medium (DMEM) (Gibco) supplemented with 10% fetal bovine
serum (FBS) (HyClone), 2 mM L-glutamine, and penicillin-streptomycin
in a humidified incubator containing 5% CO2 at 37°C. Sf9 insect cells were
propagated in Hink’s TNM-FH insect medium containing 10% FBS, L-
glutamine, and penicillin-streptomycin. Cultures were grown at 27°C in
the absence of CO2.

siRNA knockdown. HeLa cells were seeded at 3.3 � 104 cells/well in a
24-well plate and maintained for 16 h in antibiotic-free DMEM contain-
ing 10% FBS. Cells were transfected with 50 nM siGENOME TAF7 siRNA
(ThermoScientific) or nontargeting siRNA (Dharmacon) and 1 �l of
DharmaFECT 3 reagent (Dharmacon). After 72 h of incubation at 37°C in
antibiotic-free DMEM containing 10% FBS, cells were harvested for sub-
sequent analysis.

RNA isolation and two-step qRT-PCR analysis. RNA was harvested
from cells using TRIzol reagent according to the manufacturer’s protocol
(Gibco BRL). Transcript levels were determined by two-step quantitative
reverse transcription PCR (qRT-PCR). First, cDNA was synthesized from
1 �g of RNA using the iScript cDNA synthesis kit (Bio-Rad). One micro-
liter of cDNA was analyzed by quantitative-PCR (q-PCR) on a MX3000
platform (Stratagene) using SsoFast EvaGreen Supermix (Bio-Rad) and
primers for the TAF7, cyciln D1, cyclin E, cyclin A, c-fos, GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase), and ARBP genes (primer se-
quences available upon request).

Transient transfections. HeLa cells were seeded at 1 � 105 cells/well
in a 24-well plate. Cells were transfected with 0.5 �g TAF7 expression
plasmid using FuGENE HD transfection reagent (Roche) according to the
manufacturer’s protocol. Between 48 and 72 h posttransfection, cells were
harvested and subjected to RNA expression, protein expression, or cell
cycle analysis.

HeLa nuclear extracts and immunoprecipitation of TFIID. For
preparation of nuclear extracts, HeLa cells were resuspended in buffer A
(10 mM HEPES [pH 7.9], 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithio-
threitol [DTT]) and incubated on ice for 15 min. Cells were lysed by
pushing through a 25-gauge needle 5 times. The crude nuclear pellet was
isolated by centrifugation for 20 s at 12,000 � g, resuspended in buffer C
(20 mM HEPES [pH 7.9], 25% [vol/vol] glycerol, 0.42 M NaCl, 1.5 mM

MgCl2, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride [PMSF],
0.5 mM DTT), and incubated for 30 min at 4°C. After centrifugation for 5
min at 12,000 � g, the supernatant/nuclear extract was incubated with 0.5
�l anti-TBP polyclonal antibody (gift from R. Tjian) overnight at 4°C. Ten
microliters of protein A–Sepharose CL-4B (GE Healthcare) was added,
and the samples were incubated for 2 h at 4°C. The precipitated proteins
were washed 5 times with buffer C and analyzed by Western blot or equil-
ibrated with kinase buffer and used in kinase assays.

Cell cycle analysis. HeLa cells were resuspended at 3 � 106 cells/ml,
and cold 70% ethanol was added dropwise while vortexing. Cells were
fixed for 1 h at 4°C, washed 2 times with phosphate-buffered saline (PBS),
resuspended in propidium iodide (PI) staining buffer (1� PBS, 2% FBS,
50 �g/ml propidium iodide, 200 �g/ml RNase A, 0.1% Igepal), and incu-
bated for 3 h at 4°C. Data were collected on a FACScan machine using
CellQuest Pro software (Becton, Dickinson and Company) and analyzed
using FlowJo software (Tree Star, Inc.).

Cell synchronization. HeLa cells were synchronized using a thymi-
dine/nocodazole block protocol. Cells were incubated for 24 h in DMEM
with 10% FBS containing 2 mM thymidine (USB). Thymidine was re-
moved by washing once with PBS, and the cells were released from the
block by incubation in DMEM containing 10% FBS for 3 h. Nocodazole
was added to the media at 100 ng/ml for 12 h to arrest the cells at G2/M.
Cells were released into the cell cycle by washing with PBS, and fresh
DMEM containing 10% FBS was added. Cells were collected by centrifu-
gation at different time points for subsequent analysis.

Chromatin immunoprecipitations. Synchronized HeLa cells, seeded
on 10-cm plates, were 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 lysed cells were
centrifuged, and the nuclear pellet was collected, resuspended in 1.0 ml IP
buffer, and sonicated 4 times for 20 s (Branson Sonifier 450, output 2, duty
cycle 60). Half of the nuclear extract was incubated overnight at 4°C with
either 1 �l of anti-TAF1 (gift from X. Liu), anti-TBP (gift from R. Tjian),
anti-histone H3 K9K14Ac (Upstate), anti-histone H3 K9Ac (Upstate), or
anti-TAF7 (gift from I. Davidson) antibody. The other half of the nuclear
extract was incubated with mouse IgG (Abcam). Ten microliters protein
A–Sepharose CL-4B (GE Healthcare) was added, and the samples were
incubated for 2 h 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). Cross-links
were reversed by the addition of 20 �l 5 M NaCl and incubation overnight
at 65°C. Samples were ethanol precipitated with glycogen as a carrier, and
pellets were resuspended in 100 �l proteinase K buffer (10 mM Tris-HCl
[pH 7.8], 5 mM EDTA, 0.5% SDS) and digested with 200 �g/ml protei-
nase K for 30 min at 50°C. DNA was purified by two phenol-chloroform
extractions and one chloroform-isoamyl alcohol extraction, ethanol pre-
cipitated, and resuspended in 25 �l TE (10 mM Tris-HCl [pH 8.0], 1 mM
EDTA [pH 8.0]). Twenty-five nanograms of purified chromatin immu-
noprecipitation (ChIP) DNA was amplified with SsoFast EvaGreen Su-
permix (Bio-Rad) using primers spanning the promoter of cyclin D1 and
other genes. qPCRs were performed on the MX3000 platform (Strat-
agene).

In vitro kinase assays. TFIID complexes immunoprecipitated from
synchronized HeLa cell nuclear extracts were immobilized on anti-
TBP antibody bound to protein A–Sepharose CL-4B (GE Healthcare).
The immobilized proteins were incubated for 30 min at 30°C in 25 �l
of phosphorylation buffer (25 mM HEPES [pH 7.9], 12.5 mM MgCl2,
100 mM KCl, 0.1 mM EDTA) with 1 �Ci [�-32P]ATP and 200 ng
His-TAF7�N (comprising amino acids [aa] 103 to 349) as exogenous
kinase substrate. Reaction products were subjected to SDS-PAGE and
transferred to nitrocellulose, and the membrane was exposed to film to
detect phosphorylated His-TAF7�N. The same membrane was probed
overnight at 4°C with anti-TAF1 antibody (gift from X. Liu), diluted
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1:10,000 in PBST (PBS containing 0.1% Tween 20), or with anti-His
antibody (Bethyl), diluted 1:5,000 in PBST, to determine the total
amount of TAF1 and His-TAF7�N in each reaction. The appropriate
horseradish peroxidase (HRP)-conjugated secondary antibody was
used at 1:5,000 to 1:10,000 dilutions. For kinase reactions that did not
involve the addition of recombinant His-TAF7�N as the substrate,
TFIID was immunoprecipitated from HeLa nuclear extracts that were
fractionated on phosphocellulose as described previously (5). The 1.0
M KCl elution from the phosphocellulose column (P1.0) was incu-
bated with anti-TBP antibody and protein A–Sepharose CL-4B and
extensively washed. The immobilized proteins, equilibrated with the
appropriate reaction buffer, were used in in vitro kinase assays. The
identity of phosphorylated TFIID subunits was determined by immu-
noblotting with different TAF antibodies. Anti-TAF7 antibody (a gift
from I. Davidson) was used at a 1:5,000 dilution and the anti-TAF5
monoclonal antibody (MAb 6B1) at a 1:2,500 dilution. To confirm the
TAF7 phosphosites, 150 ng of baculovirus-expressed and purified glu-
tathione S-transferase (GST)–TAF1 CTK was incubated with 250 ng of
purified, bacterially expressed recombinant WT or mutant His-TAF7
under kinase conditions as described above. Reaction products were
separated on SDS-polyacrylamide, and the TAF7 proteins were visu-
alized by silver staining. Silver-stained SDS-polyacrylamide gels were
dried between cellophane and subjected to autoradiography to detect
phosphorylated His-TAF7.

Expression and purification of recombinant TAF1 and TAF7 pro-
teins. Full-length hemagglutinin (HA)-tagged TAF1, GST-tagged TAF1
CTK, and GST-tagged TAF1 C.RAP were expressed and purified from
15-cm plates of Sf9 cells infected with 1 ml of recombinant baculovirus as
described previously (7). Proteins were affinity purified using an anti-HA
antibody column or glutathione-Sepharose beads (GE Healthcare). For
expression of His-tagged TAF7 proteins, cDNA of TAF7 was PCR ampli-
fied and subcloned into the BamHI and SalI sites of pET28a. TAF7 S264A
and S264D mutants were created using the QuikChange site-directed mu-
tagenesis kit (Stratagene). TAF7 expression constructs were transformed
into BL21* cells for protein expression. Starter cultures of 2 ml were di-
luted into 100 ml LB containing 30 �g/ml kanamycin, and cells were
grown to an optical density (OD) of 1.0 at 600 nm. TAF7 expression was
induced by the addition of 0.1 mM IPTG (isopropyl-�-D-thiogalactopy-
ranoside). After 16 h, cells were harvested and lysed in 0.4 M HEMG
buffer (400 mM KCl, 25 mM HEPES [pH 7.9], 12.5 mM MgCl2, 0.5 mM
EDTA, 0.1% NP-40, 10% glycerol). His-TAF7 was purified using Ni-ni-
trilotriacetic acid (NTA)- agarose (Qiagen) and competitively eluted from
the beads with 200 mM imidazole.

In vitro histone acetyltransferase assay. TFIID immunoprecipitated
from the P1.0 phosphocellulose fraction of HeLa nuclear extracts and
immobilized on protein A–Sepharose was washed 2 times with assay buf-
fer (50 mM Tris-HCl [pH 8.0], 10% glycerol, 0.1 mM EDTA, 1 mM DTT,
0.2 mM PMSF) and resuspended in 30 �l assay buffer containing 300 ng
histone H3 peptide (aa 1 to 20) and 0.25 �Ci [3H]acetyl coenzyme A
([3H]acetyl-CoA) (Amersham). Reaction mixtures 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 H3 peptide retained on the
filter was measured by liquid scintillation.

Mass spectrometry. Excised Coomassie-stained gel bands contain-
ing TAF7 were subjected to in-gel proteolytic digestion with trypsin as
described previously (36). Following gel slice digestion, the digestion
products were desalted using micro-C18 ZipTips (Millipore) per the
manufacturer’s instructions and dried by vacuum centrifugation. The
resulting peptide sample was resuspended in 14 �l of 0.1% formic acid,
and 5 �l was analyzed by liquid chromatography/electrospray ioniza-
tion-mass spectrometry (LC/ESI-MS) with a two-dimensional (2D)
nano-high-pressure liquid chromatography (HPLC) system (Eksi-
gent) coupled to a LTQ-OrbiTrapXL (Thermo Scientific) mass spec-
trometer using an LC-MS ion source configuration as described pre-
viously (21). The protein database search engine MASCOT (Matrix

Science) version 1.01 was used to search a protein database appended
with the TAF7 sequence. Search parameters included variable phos-
phorylation modification on serine and threonine and oxidation mod-
ification on methionine. Phosphopeptides identified with high confi-
dence were manually validated by checking the mass deviation of the
phosphopeptide identification (less than 5 ppm) and checking the
thoroughness and quality of the fragmentation spectra.

RESULTS
TAF7 inhibits transcription at a subset of cell cycle genes. The
histone acetyltransferase (HAT) activity of TAF1, the largest sub-
unit of TFIID, is required for transcription of cyclin D1, E, and A
genes as well as G1-to-S phase progression (7, 14). It has been
reported that TAF7, another TFIID subunit, binds to TAF1 and
inhibits the HAT activity of TAF1 (10). These findings have led us
to investigate whether TAF7 functions as an inhibitor of cyclin
gene transcription. We performed siRNA knockdown experi-
ments of TAF7 in HeLa cells and examined the effect of decreasing
TAF7 protein levels on the transcriptional activity of different
TAF1-dependent and -independent genes by quantitative RT-
PCR. After 72 h of siRNA treatment, TAF7 mRNA (Fig. 1A) and
total protein levels (data not shown) were reduced by 80 to 90%
compared to cells treated with the nontargeting control siRNA.
More importantly, the amount of TAF7 found incorporated into
endogenous TFIID complexes also was reduced by �50% com-
pared to that in control-treated cells (Fig. 1B). We observed that
loss of TAF7 resulted in a 40% increase in cyclin D1 and cyclin A
transcript levels but unexpectedly had no significant effect on the
expression level of cyclin E, another TAF1-dependent cell cycle
gene (Fig. 1A). Knockdown of TAF7 also had no effect on c-fos
and GAPDH expression levels (Fig. 1A). These data suggest that
TAF7 serves as an inhibitor of gene transcription but only at a
subset of RNA polymerase II promoters.

To gather additional evidence that TAF7 functions as a tran-
scriptional repressor, we overexpressed TAF7 in HeLa cells with
the expectation that increasing TAF7 protein levels will lead to a
reduction in cyclin D1 gene transcription. Immunoprecipitation
followed by Western blotting revealed that the exogenously ex-
pressed tandem affinity purification (TAP)-tagged TAF7 was in-
corporated into endogenous TFIID complexes (Fig. 1D). We ob-
served that most of the TAP-TAF7 overexpressed in the cells
remained as free protein, and only a small fraction of the total
TAP-TAF7 was incorporated into the endogenous TFIID (data
not shown). Despite this low incorporation efficiency, overex-
pression of TAF7 decreased cyclin D1 and cyclin A transcript lev-
els by 50 to 75% but had no significant effect on cyclin E, c-fos, and
GAPDH transcript levels (Fig. 1C), consistent with our knock-
down data. These complementary loss and gain of function stud-
ies strongly indicate that TAF7 is an inhibitor of gene transcription
and that its repressor function displays promoter selectivity.

TAF7 is a cell cycle regulator. Cyclin D1 is required for pro-
gression through G1 into S phase (32). Our data suggest that TAF7
is a negative regulator of cyclin D1 expression, which prompted us
to ask if altering TAF7 protein levels would change the dynamics
of cell cycle progression. TAF7, as a yellow fluorescent protein
(YFP) fusion protein, was overexpressed in HeLa cells, and the
DNA content and cell cycle profiles of YFP-positive and YFP-
negative cells were determined using propidium iodide staining
and flow cytometry. After 72 h, we observed a significant increase
in the percentage of YFP-positive, TAF7-overexpressing cells ac-
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cumulating in early S phase compared to YFP-negative cells (Fig.
2). This accumulation of S phase cells coincided with a decrease in
the number of YFP-positive cells in the subsequent G2 phase of the
cell cycle (Fig. 2C). One interpretation for these results is that
TAF7 overexpression causes cells to arrest just past the G1/S phase
boundary. Therefore, TAF7 can serve as a novel and unexpected
regulator of early S phase progression.

TAF1 opposes TAF7 binding at the cyclin D1 and cyclin A
promoters. To elucidate the mechanism of TAF7’s inhibitory
function in gene transcription, the technique of chromatin immu-
noprecipitation (ChIP) was used to examine the localization of
TAF1, TAF7, and TBP at the cyclin D1 and cyclin A promoters as
cells progressed through the different stages of the cell cycle. HeLa
cells were synchronized at G2/M phase using a thymidine/nocoda-
zole block. At 4-hour intervals after removal of the drug, DNA
content was analyzed by propidium iodide staining and flow cy-
tometry. We observed that under these conditions, HeLa cells en-
tered the G1 phase approximately 4 h after drug removal. Approx-
imately 70% of the cells were in G1 at the 8-h time point and
progressed into S phase at 12 h (Fig. 3A). ChIP experiments with
anti-TAF1 and anti-TBP antibodies revealed peaks of TAF1 and
TBP recruitment to the cyclin D1 promoter during G1, when cy-
clin D1 is highly expressed in proliferating cells (Fig. 3B, left
panel). Peaks of TAF1 and TBP binding to the cyclin A promoter
were observed at the G1/S phase boundary, consistent with
the later time course of cyclin A induction during the cell cycle

(Fig. 3B, right panel). ChIP analysis of TAF7 promoter occupancy
was performed using an anti-TAF7 antibody (19TA) kindly pro-
vided by I. Davidson. The Davidson group showed that 19TA was
able to immunoprecipitate both free and TFIID-bound TAF7
from cell lysates (19). We observed that at both the cyclin D1 and
cyclin A promoters, high levels of TAF1 binding were associated
with low levels of TAF7 (Fig. 3C). The decrease in TAF7 binding
could not be explained by the release of TFIID, as TBP remained
bound to the cyclin D1 and cyclin A promoters under conditions
of low TAF7 promoter occupancy. The inverse correlation be-
tween TAF1 and TAF7 binding suggests that these two TFIID
subunits have opposing functions in the regulation of cyclin D1
and cyclin A gene transcription.

TAF1 kinase activity opposes TAF7 binding at the cyclin D1
promoter. Protein phosphorylation by TAF1 kinase has been
shown to disrupt TAF7 binding to TAF1 in vitro (11). We asked if
the near absence of TAF7 at the cyclin D1 promoter under condi-
tions of high TAF1 occupancy could be mediated by TAF1 kinase
activity. To address this question, TFIID was immunoprecipitated
from HeLa nuclear extracts prepared from cells at different stages
of the cell cycle. TAF1 kinase activity in the precipitated proteins
was monitored using purified recombinant TAF7 as the exoge-
nous substrate in an in vitro kinase assay. We found that phos-
phorylation of TAF7 was stimulated in early G1, approximately 4 h
after release from the nocodazole block, and remained elevated for
approximately 4 to 6 additional hours (Fig. 4A). Compared to the

FIG 1 TAF7 functions as a transcriptional repressor at a subset of promoters. (A) HeLa cells were treated with 50 nM control (white bars) or TAF7 (black bars)
siRNA for 72 h. Total RNA was collected, and transcript levels for TAF7, cyclin D1, cyclin A, cyclin E, GAPDH, and c-fos were determined by qRT-PCR. Results
are averaged from 3 independent experiments, each done in triplicate. *, P � 0.05; **, P � 0.005; ***, P � 0.001. (B) HeLa cells were treated with siRNA as
described for panel A. TFIID complexes were immunoprecipitated using an anti-TBP antibody. Precipitated proteins were separated on SDS-polyacrylamide,
and the indicated TFIID subunits were detected by immunoblotting. (C) HeLa cells were transfected with pGLUE empty vector (white bars) or TAP-TAF7
expression plasmid (black bars). Forty-eight hours posttransfection, total RNA was collected and analyzed by qRT-PCR as described for panel A. Results are
averaged from 3 independent experiments, each done in triplicate. ***, P � 0.001. (D) HeLa cells were transfected with TAP-TAF7 expression plasmid. After 48
h, immunoprecipitations were carried out using an anti-TBP antibody. Precipitated proteins were analyzed by SDS-PAGE and immunoblotted for the indicated
TFIID subunits.
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TAF7 occupancy profile shown in Fig. 3C, high levels of TAF1
kinase activity coincided with low levels of TAF7 binding to the
cyclin D1 promoter and vice versa (Fig. 4B). These results are in
agreement with our hypothesis that TAF1 phosphorylation of
TAF7 regulates the association of TAF7 with TAF1 and thus with
the TFIID complex.

TAF1 phosphorylation of TAF7 disrupts their protein-pro-
tein interaction. TAF1 possesses two independent serine/threo-
nine kinase domains. Each of these domains is capable of auto-

phosphorylation and transphosphorylation of substrates (6). It is
unknown whether TAF1 autophosphorylation, transphosphory-
lation of TAF7, or both functions are necessary for the dissociation
of TAF7 from TAF1 within the TFIID complex. Therefore, we
examined the consequences of transphosphorylating TAF7 on
TAF1 protein binding. Bacterially expressed and purified TAF7,
with an N-terminal histidine tag (Fig. 4C, His-TAF7), was prein-
cubated under kinase conditions in the absence or presence of
purified GST-tagged TAF1 C-terminal kinase domain (Fig. 4C,
GST-CTK). The GST-CTK fragment of TAF1 (Fig. 4F, CTK) lacks
the interaction domain for TAF7 (RAPiD) but retains the ability
to transphosphorylate TAF7. The mock phosphorylated and pre-
phosphorylated His-TAF7 proteins were affinity purified away
from the GST-CTK fragment using Ni-NTA-agarose beads. The
isolated TAF7 proteins were subsequently incubated in the ab-
sence of any ATP with a purified C-terminal TAF1 fragment that
includes the TAF7 interaction domain, CTK domain, and an N-
terminal GST tag (Fig. 4C, GST-C.RAP; Fig. 4F, C.RAP). The
amount of TAF7 that coimmunoprecipitated with the GST-
C.RAP fragment was determined by immunoblotting. We ob-
served that prephosphorylated TAF7 exhibited a 50% reduction in
C.RAP TAF1 binding compared to the mock phosphorylated pro-
tein (Fig. 4D and E). These results demonstrate that transphos-
phorylation of TAF7 significantly lowers its binding affinity for
the TAF1 protein.

Phosphorylation and release of TAF7 activate the TAF1 HAT
domain. We have found that transphosphorylation of TAF7 can
disrupt the interaction of TAF7 with TAF1. Thus, will TAF1 phos-
phorylation of TAF7 be sufficient to stimulate release of TAF7
from the TFIID complex and lead to activation of TAF1 HAT
activity? Intact TFIID complexes were immunoprecipitated from
partially fractionated HeLa cell nuclear extracts enriched for
TFIID using an anti-TBP polyclonal antiserum (38). Immunopre-
cipitated proteins, visualized by silver staining (Fig. 5A, SS), were
incubated with radiolabeled ATP under kinase reaction condi-
tions to allow for protein phosphorylation. Kinase reaction prod-
ucts were transferred to nitrocellulose following SDS-PAGE and
analyzed by autoradiography and immunoblotting to identify the
phosphorylated proteins (Fig. 5A, kinase and IB). As previously
shown, TAF1 was autophosphorylated in the context of TFIID; we
also detected transphosphorylation of TAF7. In parallel reactions,
the TFIID immobilized on Sepharose beads was preincubated un-
der kinase conditions in the absence or presence of 1 mM cold
ATP to allow for protein phosphorylation, and the dissociation of
TAF1, TBP, and TAF7 from TFIID was subsequently examined.
The amount of each TFIID subunit either found in the unbound
supernatant (S) or associated with TFIID complexes (B) was de-
termined by immunoblotting and quantified using ImageJ soft-
ware (Fig. 5B and C). We observed that incubation with ATP
increased the amount of TAF7 found in the unbound supernatant
by �50%, representing an increase in TAF7 subunits no longer
associated with the TFIID complex. This increase in TAF7 in the
supernatant was accompanied by a corresponding decrease in the
amount of TAF7 bound to TFIID (Fig. 5C). In contrast, the level of
TAF1 and TBP detected in the unbound supernatant remained
unaffected by ATP. These findings further suggest that the associ-
ation of TAF7 with the TFIID complex is regulated by protein
phosphorylation.

The only component of TFIID shown to possess histone acetyl-
transferase activity is the TAF1 subunit, and histone H3 is a sub-

FIG 2 TAF7 is a regulator of early S phase progression. HeLa cells were tran-
siently transfected with YFP-TAF7 expression plasmid. After 72 h, cells were
fixed and stained with propidium iodide. YFP fluorescence and DNA content
were determined by flow cytometry. The cell cycle profiles of YFP-negative (A)
and YFP-positive (B) cells from one representative experiment are provided.
Percentages of cells in each cell cycle phase, as defined by the indicated gates,
are provided. (C) Cell cycle distribution of YFP-negative and YFP-positive
cells from 11 independent transfections is shown. ***, P � 0.001; n.s., not
significant.
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strate for TAF1 HAT activity (24). We used these two pieces of
information to investigate the role of TAF7 phosphorylation in
regulating TAF1 HAT activity. TFIID, immunoprecipitated from
phosphocellulose-fractionated HeLa nuclear extracts, was prein-
cubated with ATP to promote TAF7 phosphorylation and release
from the TFIID complex. The level of histone acetyltransferase
activity was subsequently measured using a histone H3 N-termi-
nal peptide (aa 1 to 20) as the substrate in an in vitro HAT assay
(Fig. 5D). The expectation is that release of TAF7, an inhibitor of
TAF1 HAT activity, would lead to an increase in acetylation of the
H3 peptide. We found that preincubation of TFIID with ATP
(prephosphorylated TFIID) increased the level of H3 acetylation
compared to preincubation in the absence of ATP (TFIID). Our
protein binding and acetyltransferase assays suggest that dissoci-
ation of TAF7 from the TFIID complex via a phosphorylation-
dependent mechanism stimulates TAF1 HAT activity.

To gather evidence that TAF7 functions as a regulator of TAF1
HAT activity in vivo, we used TAF7 siRNA knockdown to decrease
the amount of TAF7 within TFIID complexes and carried out
ChIP experiments to examine the level of H3 acetylation at a num-
ber of different promoters. We reported previously that acetyla-

tion of histone H3-K9K14 by the TAF1 HAT domain is necessary
for efficient cyclin D1 promoter function (7, 16). Treatment with
TAF7 siRNA led to an increase in H3-K9K14 acetylation levels at
both the cyclin D1 and cyclin A promoters (Fig. 5E). Changes in
H3 acetylation levels were not observed at the cyclin E, c-fos, and
GAPDH promoters (Fig. 5E), consistent with our earlier finding
that the transcriptional activity of these promoters is not subject to
TAF7 repression (Fig. 1C). These data suggest that TAF7 is a bio-
logically significant negative regulator of TAF1 HAT activity in
vivo.

TAF1 phosphorylates TAF7 on serine-264 to regulate protein
binding of TFIID subunits. To gain more insight into the molec-
ular aspects of this regulatory mechanism, we set out to map the
relevant sites of phosphorylation. Mass spectrometry analysis of
peptides derived from TAF7 overexpressed in Sf9 and HEK293
cells identified two potential phosphosites on TAF7, serine-159
and serine-264 (Table 1). To determine if TAF1 is the kinase re-
sponsible for these posttranslational modifications, serine-to-ala-
nine point mutants of TAF7 at residues 159 and 264 were created,
expressed in bacteria, and used as the substrates for TAF1 in in
vitro kinase assays. While the S159A mutant was phosphorylated

FIG 3 Inverse correlation between TAF1 and TAF7 binding at the cyclin D1 and cyclin A promoters. (A) HeLa cells were synchronized by thymidine/nocodazole
block and collected at the indicated time points after drug removal. Percentage of G1 cells was determined by propidium iodide staining and flow cytometry. (B)
Chromatin immunoprecipitation experiments were performed using anti-TAF1 or anti-TBP antibody, and samples were analyzed by qPCR using primers
spanning the cyclin D1 and cyclin A promoters. The y axis shows the average percent input detected from one representative experiment carried out in triplicate.
Time period when cells are predominantly in G1 is indicated by the shaded gray box. (C) ChIP experiments using anti-TAF7 antibody were carried out and
analyzed as described for panel B.
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at levels similar to those of WT TAF7, S264A exhibited a large
reduction in total phosphorylation levels, suggesting that this
amino acid is a substrate for TAF1 kinase activity (Fig. 6A). The
level of phosphorylation for the S264 mutant, although reduced
compared to that of WT TAF7, was still above background, sug-
gesting that other serine or threonine residues in the TAF7 protein
can serve as the substrates for TAF1 kinase activity. Next, we en-
gineered a phosphomimetic serine-to-aspartic acid mutation at
S264 (S264D) to test if phosphorylation of TAF7 S264 is sufficient
to disrupt TAF1 binding. Comparable to what was observed for
prephosphorylated TAF7 (Fig. 4E), the phosphomimetic S264D
mutant showed a 50% reduction in TAF1 C.RAP binding com-
pared to WT TAF7 and the S264A mutant, which cannot be phos-
phorylated on serine-264 (Fig. 6B and C). These data suggest that
TAF1 phosphorylation of TAF7, more specifically at S264, can
disrupt their protein-protein interaction.

To demonstrate that phosphorylation of S264 is biologically
relevant, we examined the effect of this posttranslational modifi-
cation on the efficiency of TAF7 incorporation into endogenous

TFIID complexes in vivo. For these studies, YFP-tagged WT or the
TAF7 S264D mutant was expressed in HeLa cells by transient
transfection, and the amount of exogenously expressed TAF7
present in endogenously assembled TFIID complexes was deter-
mined. We found that when expressed at comparable levels, the
phosphomimetic TAF7 S264D mutant was incorporated less effi-
ciently into TFIID complexes than its WT counterpart (Fig. 6D).
No change in the levels of TAF1 and TBP found in TFIID was
observed with expression of the phosphomimetic mutant. These
studies demonstrate that the phosphorylation state of TAF7 on
S264 can dictate the subunit composition of TFIID in cells.

Regulation of gene expression and histone H3 acetylation by
TAF7 serine-264 phosphorylation. Next, we wanted to explore
the consequences of overexpressing the TAF7 S264A and
S264D mutants on cyclin D1 and cyclin A gene transcription.
Following transfection of the empty vector, WT TAF7, S264A,
or S264D expression plasmid into HeLa cells (Fig. 7A), cyclin
D1, cyclin A, and c-fos transcript levels were measured by qRT-
PCR. We found that the S264A mutant, which should be re-

FIG 4 TAF7 phosphorylation by TAF1 kinase hinders their interaction. (A) HeLa cells were synchronized using a thymidine/nocodazole block and collected at
the indicated time points after drug removal. For TAF1 kinase activity, HeLa nuclear extracts were prepared and immunoprecipitated with anti-TBP Sepharose
beads. Bound proteins were added to in vitro kinase assays using recombinant His-TAF7 as the substrate. Phosphorylated TAF7 was detected by autoradiography
(p-TAF7). Total TAF1 and His-TAF7 protein levels were monitored by Western blotting. (B) Phosphorylated TAF7 in kinase assays was quantified using ImageJ
software. TAF1 kinase activity is expressed as intensity of TAF7 phosphorylation corrected for total TAF1 protein. Kinase activity was compared to TAF7 ChIP
data presented in Fig. 3C. (C) Purified baculovirus-expressed TAF1 fragments, GST-CTK and GST-C.RAP, and bacterially expressed His-TAF7 were visualized
by Coomassie blue staining. (D) Purified His-TAF7 preincubated with buffer (mock) or TAF1 CTK (pre-phos) was isolated using Ni-agarose beads (input) and
incubated with C-terminal TAF1 fragment (GST-C.RAP). Proteins coprecipitating with GST-C.RAP (IP: Glut-Seph) were detected by immunoblotting with the
indicated antibody. (E) TAF1 binding was quantified using ImageJ software. *, P � 0.05; n � 5. (F) Schematic diagram of full-length TAF1 and TAF1 fragments
used in panels D and E are shown. Domains shown are as follows: NTK, N-terminal kinase; HAT, histone acetyltransferase domain; RAPiD, TAF7 interaction
domain; and CTK, C-terminal kinase.
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fractory to regulation by TAF1 phosphorylation, was even
more effective at repressing cyclin D1 and cyclin A gene tran-
scription than WT TAF7 (Fig. 7B and C, left panels). To our
surprise, the S264D mutant actually had a stimulatory effect on
cyclin D1 and cyclin A gene transcription and appeared to be
functioning as a dominant negative mutant (Fig. 7B and C, left
panels). One possible explanation for this unexpected increase

FIG 5 Phosphorylation disrupts TAF7 binding and stimulates TAF1 HAT activity. (A) TFIID was immunoprecipitated from fractionated HeLa nuclear extracts
(enriched for TFIID) with an anti-TBP antibody and visualized by silver staining (SS). Proteins precipitated in the absence of antibody also are shown. In vitro
kinase assays were performed with the precipitated proteins. Reaction products were separated on SDS-polyacrylamide, transferred to nitrocellulose, visualized
by autoradiography (kinase), and subjected to immunoblotting (IB). The positions of molecular weight standards are shown. (B) TFIID was immunoprecipitated
as described for panel A. In vitro kinase assays using cold ATP were carried out with TFIID immobilized on anti-TBP Sepharose beads. The supernatant (S)
and bound (B) fractions were collected, and the amount of TAF1, TBP, and TAF7 present was determined by immunoblotting. (C) Signal intensities were
quantified using ImageJ software, and the percent total for each protein in the bound and supernatant fractions was calculated. *, P � 0.05; n � 3. (D)
Immunoprecipitated TFIID was incubated in the absence (TFIID) or presence (pre-phos TFIID) of cold ATP prior to assaying for HAT activity. [3H]acetyl-
CoA incorporation into a human histone H3 peptide (aa 1 to 20) was measured by liquid scintillation. Results from one representative experiment are
shown. **, P � 0.005; n � 3. (E) HeLa cells were treated with 50 nM control (white bars) or TAF7 (black bars) siRNA for 72 h. ChIPs were performed using
anti-histone H3 K9K14Ac antibody and analyzed by qPCR at the indicated promoters. The y axis shows fold change in H3 K9K14Ac relative to
control-treated cells. *, P � 0.05; ***, P � 0.001; n � 3.

TABLE 1 TAF7 phosphopeptides identified by mass spectrometry

Phosphopeptidea Positionb P value

YIEpSPDVEK S159 0.920
YIEpSPDVEKEVKR S159 0.950
LNEpSDEQHQENEGTNQLVMGIQK S264 0.996
QLQDKLNEpSDEQHQENEGTNQLVMGIQK S264 0.991
a A “p” precedes the phosphorylated amino acid.
b The position of the phosphorylated amino acid in TAF7 protein.
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in mRNA expression is that the S264D mutant competes with
the endogenous WT TAF7 for assembly into TFIID complexes.
Due to the reduced ability of S264D to remain associated with
TFIID, the outcome is an increase in TFIID complexes lacking
a TAF7 subunit, leading to cyclin D1 and cyclin A expression
above normal levels. As expected, neither WT TAF7 nor
the TAF7 mutants had any effect on the transcription levels
of the c-fos gene (Fig. 7D, left panel). These data further sup-
port the hypothesis that the inhibitory function of TAF7 is
regulated by serine-264 phosphorylation.

According to our model, the inability of TAF1 to phosphory-
late the S264A mutant should produce TFIID complexes in which

TAF7 cannot be dissociated by phosphorylation, thus inhibiting
TAF1 HAT activity and reducing histone H3 acetylation at target
promoters. We used ChIP to investigate the levels of histone H3
acetylation at the cyclin D1, cyclin A, and c-fos promoters follow-
ing expression of the TAF7 WT and S264A and S264D mutants in
HeLa cells (Fig. 7, right panels). In agreement with our gene ex-
pression results, promoter-selective inhibition of H3 acetylation
was observed with the TAF7 WT at both cyclin loci; however, the
TAF7 S264A mutant was the most effective at reducing H3 acety-
lation levels at these loci while having no effect at the c-fos pro-
moter (Fig. 7B to D, right panels). Once again, the S264D mutant
was an ineffective repressor of H3 acetylation in comparison to the
TAF7 WT and S264A mutant. These ChIP results establish a con-
nection between phosphorylation of TAF7, histone H3 acetyla-
tion, and gene regulation at the cyclin D1 and cyclin A promoters.

DISCUSSION

Our studies have identified the TFIID subunit TAF7 as a novel
regulator of cyclin D1 and cyclin A gene transcription. We pro-
pose that activation of cyclin D1 and cyclin A gene transcription
can occur via a phosphorylation-dependent mechanism in which
TAF7 is phosphorylated by the TAF1 subunit of TFIID. This phos-
phorylation event results in release of TAF7 from the TFIID com-
plex, stimulation of TAF1 HAT activity, acetylation of core pro-
moter histones, and increased transcription. The phosphorylation
and dissociation of TAF7 from TFIID complexes at the cyclin D1
and cyclin A promoters is most prevalent during the G1 phase of
the cell cycle and potentially represents a novel downstream event
of mitogenic signaling pathways that induce cyclin D1 and cyclin
A gene transcription.

Acetylation of histones is well established as an important
mechanism for activating gene transcription. Much effort has
been placed on the characterization of histone acetyltransferases
(HATs), enzymes that catalyze these posttranslational modifica-
tions. HATs can be regulated through a variety of molecular
mechanisms. Autoacetylation within the activation loop of p300
and phosphorylation of CREB binding protein (CBP) stimulate
their rates of histone acetylation (1, 13). CBP HAT activity also
can be stimulated by its interaction with select transcriptional ac-
tivators (2, 13). We have discovered that TAF1 HAT activity is
regulated by an inhibitory protein interaction that is disrupted by
protein phosphorylation. Intriguingly, the protein kinase respon-
sible resides in TAF1, the same polypeptide that possesses the HAT
domain subject to regulation. To our knowledge, TAF1 is the first
example of a polypeptide that possesses two catalytic activities that
are functionally connected. Whether this mode of regulation takes
place within a single molecule in cis or between two TAF1 proteins
in trans remains to be determined.

ts13 cells are conditional mutants that arrest in the late G1

phase of the cell cycle when shifted to the nonpermissive temper-
ature of 39.5°C. Characterization of these mutant cells established
that the G1/S phase cell cycle arrest is due to a missense mutation
in the TAF1 HAT domain that abrogates catalytic activity (7, 14).
Expression of WT TAF1 rescued the ts13 cell cycle arrest while
expression of HAT-deficient mutants was ineffective (7). Unex-
pectedly, the introduction of TAF1 constructs containing disrup-
tive kinase domain mutations also failed to complement the ts13
mutant phenotype (26). These data indicate that both TAF1 HAT
and kinase activities are required for normal cell cycle progression.
Our studies have extended these findings by placing both enzy-

FIG 6 TAF1 phosphorylation of TAF7 at serine-264 disrupts their protein
interaction. (A) His-tagged WT and TAF7 mutant proteins were expressed in
bacteria, affinity purified, and used as the substrates for TAF1 CTK. Phosphor-
ylated TAF7 was detected by autoradiography (pTAF7). Equal loading of TAF7
substrates was confirmed by silver staining (TAF7). (B) The indicated His-
tagged WT and TAF7 mutant proteins (input) were incubated with GST-TAF1
C.RAP. Pulldowns with glutathione-Sepharose were performed, and precipi-
tated proteins were subjected to SDS-PAGE and immunoblotting. (C) TAF1
binding was quantified as described for Fig. 4E. ***, P � 0.001; n � 4. (D) The
YFP-tagged TAF7 WT or S264D mutant was transiently expressed in HeLa
cells for 48 h. Nuclear extracts were prepared, and total levels of the YFP-tagged
TAF7 WT and S264D mutant were determined by immunoblotting (input)
using anti-YFP antibody. TFIID was immunoprecipitated using an anti-TBP
antibody, and the indicated subunits were detected by immunoblotting.
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matic activities of TAF1 in the same signaling pathway and adding
to our molecular understanding of their function during G1 to S
phase progression in mammalian cells.

We and others have reported previously that the HAT activity
of TAF1 is required for efficient transcription from a subset of
protein encoding genes (25, 31, 33, 39). TAF7 is a negative regu-
lator of TAF1 HAT activity and inhibits transcription from only a
subset of genes (10). Based on these results, we anticipated that
transcription levels of genes driven by promoters dependent on
TAF1 HAT activity also would be subject to inhibitory actions by
TAF7. Unexpectedly, elevating TAF7 levels only inhibited tran-
scription of the TAF1-dependent cyclin A and D1 genes and had

no effect on cyclin E gene transcription, another gene that requires
TAF1 HAT activity for efficient promoter activity. These data in-
dicate that although the subset of genes dependent on TAF1 HAT
activity overlaps genes regulated by TAF7, these two subpopula-
tions are not identical. One possible explanation is that the inhib-
itory effects of TAF7 can be bypassed by the recruitment of an-
other enzyme that catalyzes the histone modifications necessary
for efficient gene transcription. Further studies will be necessary to
identify additional TAF1-dependent genes resistant to the inhib-
itory effects of TAF7 and to determine the specific set of factors
present at each of these promoters that accounts for their differ-
ential regulation.

FIG 7 TAF7 S264 phosphorylation stimulates cyclin D1 and cyclin A gene transcription and promoter H3 acetylation. (A) HeLa cells were transfected with
TAP-tagged control (empty), TAP-TAF7 (WT), TAP-S264A, or TAP-S264D plasmid. After 48 h, whole-cell extracts were prepared and expression levels of TAF7
proteins were determined by immunoblotting using an anti-HA antibody. GAPDH protein levels were measured to ensure equal protein loading. (B to D) For
RNA expression (left panels), total RNA was collected and transcript levels for cyclin D1 (B), cyclin A (C), and c-fos (D) were measured by qRT-PCR. The y axis
shows mRNA levels relative to cells transfected with the empty control plasmid (n � 3). (A to D, right panels) In parallel transfections, H3 K9 acetylation levels
at the indicated promoters were determined by ChIP using anti-histone H3 K9Ac antibody and qPCR. The y axis shows H3 acetylation levels relative to cells
transfected with the empty control plasmid for each promoter (n � 3). *, P � 0.05; **, P � 0.005; ***, P � 0.001.
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Overexpression of TAF7 was sufficient to inhibit cyclin D1 and
cyclin A mRNA expression levels. A question that comes to mind
is “how does TAF7 overexpression mechanistically work in the cell
to repress gene transcription?” One hypothesis is that excess levels
of TAF7 protein would change the dynamics of TFIID assembly
and create more complexes containing TAF7. This shift in TFIID
composition would increase the number of DNA-bound TAF7-
containing complexes at the cyclin D1 and cyclin A promoters,
thereby inhibiting transcription of these genes.

When first isolated, it was generally thought that the subunit
composition of a functional TFIID complex was invariant and
contained a defined set of TAFs conserved from yeast to humans.
Here we present data suggesting that TAF7 dissociates from the
TFIID complex following phosphorylation by the TAF1 kinase,
as cells transition through the G1 phase of the cell cycle (Fig. 4B
and 5B). Immunoelectron microscopy performed with a TAF7
antibody mapped TAF7 at the periphery of the TFIID complex,
near the TAF1 HAT domain (20). This peripheral localization
suggests that TAF7 could easily enter and exit the TFIID com-
plex. Our findings are consistent with recent studies that have
demonstrated TFIID is variable and dynamic in both its sub-
unit composition and overall structure. Several groups have
identified TAF variants that incorporate into the TFIID com-
plex at different stages of development or in different cell types
(9, 15). The disruption and replacement of the canonical TFIID
with a novel complex composed of the TBP-related factor 3
(TRF3) and TAF3 also have been reported in myoblasts under-
going differentiation into myotubes (4). In addition, TAF sub-
units originally identified in TFIID can be found in other tran-
scription regulatory complexes (40). Therefore, regulating the
composition of canonical and noncanonical TFIID complexes
represents an important mechanism for controlling gene tran-
scription.

Loss of the TAF2 subunit of TFIID relative to the other sub-
units has been repeatedly observed during the purification of
TFIID from yeast and human cells, suggesting that the TAF2 sub-
unit readily dissociates from the complex (3). Subsequent struc-
tural analysis of yeast TFIID by cryoelectron microscopy and elec-
tron tomography confirmed the existence of two subpopulations,
TFIID complexes containing the TAF2 subunit and those lacking
TAF2 (28). In the absence of TAF2, significant reorganization of
different domains was observed, suggesting that TFIID demon-
strates significant plasticity and is capable of varying its overall
structure. However, the presence of TAF2 appeared to stabilize
one of four abundant states identified for TFIID. The ts13 single
missense mutation in TAF1, which disrupts the ability of TAF1 to
acetylate histones, is thought to shift the TAF1 protein to an inac-
tive state for HAT activity under nonpermissive conditions. These
results have led us to hypothesize that TAF7 binds to TAF1 and
locks the TFIID complex into a conformation in which the struc-
ture of the TAF1 HAT domain is no longer favorable for catalytic
activity. To test this hypothesis, we have established a collabora-
tion to determine the structure of a TAF1-TAF7 dimer using X-ray
crystallography.

We have discovered a novel role for TAF7 as a negative regu-
lator of transcription and cell cycle progression. Our studies have
determined that activation of cyclin D1 and cyclin A gene tran-
scription requires a previously uncharacterized phosphorylation-
dependent switch in the composition of TFIID. Phosphorylation
catalyzed by the TAF1 kinase leads to dissociation of the TAF7

subunit from TFIID and activation of TAF1 HAT activity. There is
a growing body of evidence that TFIID is a highly dynamic mole-
cule, and we now demonstrate that altering its subunit composi-
tion can have profound consequences on TFIID function and
gene transcription.
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