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Abstract The general transcription factor TFIID is a
macromolecular complex comprising the TATA-binding
protein (TBP) and a set of 13—14 TBP associated factors
(TAFs). This review discusses biochemical, genetic and
electron microscopic data acquired over the past years that
provide a model for the composition, organisation and
assembly of TFIID. We also revisit ideas on how TFIID is
recruited to the promoters of active and possibly repressed
genes. Recent observations show that recognition of acet-
ylated and methylated histone residues by structural
domains in several TAFs plays an important role. Finally,
we highlight several genetic studies suggesting that TFIID
is required for initiation of transcription, but not for
maintaining transcription once a promoter is in an active
state.

Keywords Drosophila - Yeast - Electron microscopy -
Chromatin - Acetylation - Methylation

Introduction

Regulated initiation of transcription by RNA polymerase II
requires the formation of a macromolecular preinitiation
complex (PIC) that assembles over the transcription start
site. In addition to RNA polymerase II (pol II), the PIC
comprises a set of general transcription factors TFIIA, B,
D, E, F and H. In yeast, the mediator (Med) and NC2
complexes are also found at the promoters of most active
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genes [1, 2]. TFID is itself a macromolecular complex
composed of the TATA-binding protein (TBP) and a set of
13-14 TBP-associated factors (TAFs). TFIID has been the
subject of intense study over the last 20 years, and many
review articles have illustrated how our understanding of
its function has progressed during this time (see, for
example, [3-7]). A subset of TAFs is also present in the
Spt-Ada-Gen5-acetyltransferase  (SAGA)-type transcrip-
tional regulatory complexes, and several recent reviews
describe the important roles of these complexes in tran-
scription regulation [7-10].

In this review, we will discuss results concerning the
organisation and assembly of the TFIID complex and how
it is recruited to active promoters, not only through inter-
actions with DNA or activators, but also as a reader of
covalent histone modifications. Lastly, we will address the
question of when the function of TFIID is actually
required. Several studies provide genetic data that should
modify our view of TFIID’s role in transcription.

TFIID comprises core and peripheral modules

TFIID was first characterised in Drosophila and in mam-
mals where immunoprecipitation with antibodies against
the TBP subunit revealed the presence of a set of tightly
associated TAF proteins [11-13]. TFIID was subsequently
biochemically characterised in the yeast Saccharomyces
cerevisiae (hereafter yeast) [14-16]. The genes encoding
the TAFs were isolated in each of these organisms,
allowing the identification of structural and functional
domains that are conserved from yeast to humans. While
initial results suggested that there may be differences in the
composition of TFIID in each species, an extensive series
of biochemical and genetic studies rather showed that the
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core composition is well conserved between yeast and
mammals [5, 17]. This conservation has allowed the
adoption of a unified nomenclature, TAF1-TAF14, that
clearly designates TAF orthologues in different species
[18]. Yeast, TFIID comprises 14 TAFs, and with the
exception of TAF14 the orthologues of each of these pro-
teins have been identified as bone fide TFIID subunits in
Drosophila and mammals.

Biochemical, structural and genetic techniques have all
been used to address the molecular organisation of TFIID.
An initial analysis of the amino acid sequences of TAF6, 9
and 12 revealed a striking similarity to the core H4, H3 and
H2B histones, suggesting the existence of a histone oct-
amer structure within TFIID [19]. Further studies showed
however that 9 of the 13 TAFs contained a histone fold
domain (HFD) specifying the formation of five distinct
TAF heterodimers within TFIID [5, 17]. These heterodi-
mers were also found in the context of native TFIID, thus
underlining that the HFD is a fundamental building block
of TFIID [20].

Genetic, biochemical and electron microscopy (EM)
experiments clearly identified two classes of subunits based
on their stoichiometries [20-22]. TAF1, TAF2, TAF7 and
TBP are present as a single copy, whereas almost all of the
others are present in at least two copies. Therefore, the total
number of heterodimers and their distribution within TFIID
(see below) show that the overall organisation is more
complex than a simple octamer-like core.

Despite the importance of TFIID in transcription initi-
ation, there is a remarkable paucity of structural data on
TFIID subunits, and little is known of the mechanisms
directing its supramolecular assembly. Structural informa-
tion at the atomic level is currently only available for a few
TAF subdomains (see, for example, [23-25]). EM has
however provided detailed information on the overall
shape of native TFIID and the localisation of TAF subunits.
Single molecule analysis and image reconstruction show
that yeast (y)TFIID and human (h)TFIID have a similar
overall organisation comprising three major lobes linked
by connecting regions to form a ‘horseshoe’-shaped
molecular clamp [20, 26, 27]. To date these studies are
limited to low resolution, 32A for hTFIID [28] and 23A
for yTFIID (see Fig. la; [29]), which are not sufficient to
allow docking with the known crystal structures. Structural
heterogeneity, in particular variable TAF2 content, and
dynamic rearrangements of the complex are limitations to
improved resolution.

EM coupled to immunolabelling of complete TFIID or
of subpopulations have allowed the localisation of indi-
vidual TAFs within this structure defining the composition
of the lobes, each of which comprises a unique TAF
combination [20, 22, 29] (see Fig. 1c). TAFs present as a
single copy are found mainly in lobes A and C. The

Yeast TFIID

Fig. 1 Structural organisation of yeast TFIID; (a, b) two opposite
views of the TFIID complex showing the location of TAF1, TAF7
and TBP (white), TAF2 (blue) and a quasi symmetric core module
(red). ¢ Schematic representation of the TAF localisation within
TFIID. The approximate positions of the subunits are derived from
antibody-labelling experiments. The size of the spheres is propor-
tional to the molecular mass of the proteins. Black lines represent
documented protein—protein interactions of histone fold domain
containing TAFs

C-terminus of TAF1 and TAF7 localise on the top of lobe
A, while the N-terminus of TAF1 and TBP localise at the
interface of lobes A and C. TAF2 is also located in the
interface between lobes A and C with its N-terminus close
to the C-lobe and its C-terminus close to the A-lobe where
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it could interact with TAF1. TAFs that are documented to
be present in at least two copies are located in the bottom
part of lobe A and in lobes B and C. The localisation of the
HFD-containing TAFs in native yTFIID is consistent with
the previous genetic, biochemical and structural data on the
formation of specific TAF heterodimers. An exception is
the TAF3/TAF10 heterodimer. In EM immunolabelling,
TAF3 can be observed in lobe B, but no associated TAF10
can be seen, while in lobe A it is not possible to discrim-
inate between the TAF3/TAF10 and the TAFS8/TAF10
heterodimers.

Interestingly, when the potential protein densities of
TAF1, TAF2, TAF7 and TBP are removed from the 23A
yTFIID model (blue and white in Fig. 1a, b), the shape of
the remaining structure is reminiscent of that of a stable
in vitro reconstituted complex composed of TAF5 and the
three HFD-TAF heterodimers TAF4/12, TAF6/9 TAF8/10
[22] and presents an almost symmetric crescent-shaped
structure (red in Fig. la). Residual asymmetry could
result from the binding of the remaining HFD-containing
TAFs. Altogether, the higher resolution structure and the
labelling studies strongly suggest that the 3D architecture
of TFIID is composed of two subcomplexes: (1) a core
complex containing TAF5 and most of the HFD-con-
taining TAF heterodimers (TAF6/9, TAF4/12, TAF8/10,
TAF11/13) that adopts a crescent-shaped twofold sym-
metric structure; (2) a subcomplex containing TAFI,
TAF7, TAF2 and TBP that is recruited to the core com-
plex to form full TFIID (Fig.2). The TAFs shared
between TFIID and SAGA are all found in the core
complex. In SAGA, the TAF8/TAF10 and TAF4/TAF12
heterodimers are replaced by the SPT7/TAF10 and
ADA1/TAF12 heterodimers. This core domain is there-
fore pivotal in the assembly of both of these complexes.
Perhaps competition between the SAGA and TFIID-
specific heterodimerisation partners regulates the relative
abundance of each of these complexes in the cell.

TBP is located in the linker region that lies within the
major cavity of the clamp and is flanked by TAF1, TAF2,
TFIIA and TFIIB, suggesting that this is the principal DNA
binding site [27]. The structure of TFIID complexed with
DNA has not yet been determined, but would be extremely
informative and help to put in perspective the multiple
TAF-DNA-chromatin interactions that have been described
(see below).

TFIID structure may not be static, but rather appears to
be dynamic as distinct ‘open’ and ‘closed’ conformations
have been observed. Cryo-electron microscopy identifies
two distinct conformations where the relative positions of
the three lobes change in a coordinated and reproducible
fashion resulting in an opening or closing of the central
cavity [28]. The significance of these distinct states in
terms of function or PIC formation has not been elucidated.
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Fig. 2 Schematic model for TFIID assembly. a The histone fold
containing TAFs form heterodimers and associates with TAFS5 to
form the core complex. The ability of TAF5 to homodimerise is still
open to question, and it is as yet unclear whether the histone-like
heterodimers associate to form higher order ‘lobe’ structures in the
absence of TAF5. b TAFS5 and the histone-like heterodimers associate
to form the core complex. Variants of this complex in the form of 5
TAF (Drosophila S2 cells), 7 TAF (baculovirus reconstitution in
vitro) or 9 TAF (yeast in vivo) complexes have been described and
are discussed in the text. ¢ The core complex interacts with the
TAF1-TAF7-TBP sub-module to form TFIID. TAF2 may associate
independently with TFIID through interaction with TAFI1, but may
not be always present in TFIID

Also it is not yet clear whether these distinct states result
from an inherent flexibility in the structure or whether they
represent TFIID with different subunit compositions or
TAFs bearing post-translational modifications.
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Evidence that TAF-composition may influence TFIID
topology comes from comparison of the EM structure of
distinct TFIIDs containing either two molecules of TAF4
or TAF4 along with its paralogue TAF4b. TAF4 and
TAF4b are encoded by related genes and share a central
conserved region I, called the TAFH domain, as well as the
larger conserved C-terminal region II containing an atypi-
cal HFD. TAF4 and TAF4b both heterodimerise with
TAF12 and interact with TFIIA [24, 30-33]. A comparison
of the EM structures of TFIID from Hela cells containing
predominantly TAF4 with that purified from Daudi cells
containing TAF4 and TAF4b shows that the complexes
containing TAF4b adopt a more open conformation [34].
This difference is achieved by changes in the relative
positions of lobes A and B. TAF4b localises to lobes B and
C, and TFIIA spans the lobe A—C chanel. Consequently, it
has been proposed that incorporation of TAF4b into TFIID
leads to an ‘open’ conformation of lobe A, facilitating
TAF4b interaction with TFIIA and various transcriptional
activators. These observations thus provide evidence that
differences in subunit composition affect TFIID confor-
mation.

The status of TAF2 as a bona fide subunit of TFIID has
been under debate since it was either missing or present at a
reduced molar ratio in hTFIID preparations [35]. A more
recent study [29] shows that the presence or absence of
TAF2 also affects TFIID structure. Analysis of immuno-
purified yTFIID preparations that are heterogeneous in
TAF2 content revealed complex conformational changes of
the TFIID structure where at least four distinct states could
be observed. The presence of TAF2 selectively stabilises
one of these conformations, whereas in the absence of
TAF2 significant domain reorganizations were observed,
especially in the central lobe, as was noted for hTFIID. The
TAF2-TFIID interaction is therefore labile, and while
TAF2 can be dissociated without compromising TFIID
integrity, its presence or absence can have a major influ-
ence on TFIID conformation. How these differences in
subunit composition and in conformational state influence
TFIID recognition and recruitment to promoters with dif-
ferent core sequences remains to be fully understood. The
possibility that the structure of TFIID can be adapted to
allow for the recognition of a large variety of promoters,
each with distinct activator binding site distributions, is
particularly attractive.

Several TAFs are critical for assembly and stability
of TFIID

Although we now have a better understanding of TFIID
subunit composition and organisation, the mechanism of
assembly is much less well understood. An initial series of

in vitro reconstitution studies put forward the idea that
TAF1 formed a scaffold for TFIID assembly through its
interactions with TBP and several other TAFs [36]. How-
ever, these studies were performed before the full subunit
composition of TFIID was determined, and several TAF
subunits were not included in these assays. More recent
results reveal a more complex mechanism.

Genetic and biochemical studies in yeast have addressed
the role of TAF1 in TFIID assembly. Biochemical analysis
of a series of pseudodiploid yeast strains harbouring dele-
tion mutants in a tagged allele of TAF1 shows that deletion
of the N-terminal domain of TAF1 leads to diminished
association with TBP, but not with the TAFs [37]. In
contrast, deletion of the region between amino acids 200-
303 leads to a loss of interaction with all of the TAFs
except TAF7, but does not affect interaction with TBP.
These data are consistent with the observation that the
N-terminus of TAF1 (the TAND domain) interacts with
TBP [38], while TAF7 interacts directly with several
regions in the C-terminal portion of TAFI1 [39, 40].

Two hybrid assays further show that the TAF1 200-303
region interacts with TAF4 and TAF6, and biochemical
analysis shows that expression of this region alone is suf-
ficient to nucleate the formation of a partial TFIID
complex. Temperature-sensitive (TS) TAF1 mutants with
amino acid substitutions in this region were also isolated
and shown to affect interaction of the TAF1/TBP/TA7
module with the other TAFs. However, immunoprecipita-
tion of TAF4 from the mutant strain shows that although
interaction with TAF1 is lost, TAF4 is associated with
other TAFs in a stable complex.

TFIID stability has also been investigated in Drosophila
Schneider 2 (S2) cells where expression of TAF subunits
was disrupted by siRNA. In this approach, the effect of
siRNA knock-down of individual TAF subunits on TFIID
integrity and an associated proteolytic degradation of the
other TAFs was evaluated [41]. Knock-down of TAF1 did
not destabilise the other tested TAFs, and in its absence a
stable complex comprising TAF4, TAFS, TAF6, TAF9 and
TAF12 was observed. In contrast, siRNA knock-down of
TAF4 or its heterodimerisation partner TAF12 leads to
degradation of TAF1 and most other TAFs, with the
exception of TAF2. This observation shows that TAF4 is
critical for TFIID assembly consistent with the fact that it is
present in two of the globular lobes. Similar observations
were made upon knock-down of TAF5 and TAF6 that also
led to degradation of TAF1, suggesting that TFIID integrity
is compromised. Moreover, expression of the conserved
HFDs of TAF4 and TAF®6 is sufficient to complement the
loss of the corresponding native proteins for assembly and
stability of the TFIID complex.

The idea that TAF4 is critical for TFIID assembly/
stability is relevant to several functional observations. For
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example, in C. elegans, siRNA of TAF4 had the most
potent effect on transcription compared to other TAFs [42].
More recently it has been shown that TAF4 is a target of
the C. elegans oocyte maturation (OMA)-1 and OMA-2,
zinc finger proteins of the CCCH class that bind to RNA
and are important for oocyte maturation and early embry-
onic development [43]. In early embryos, the OMA
proteins bind to TAF4 by mimicking the HFD domain
interaction with TAF12 and sequestering TAF4 in the
cytoplasm, thus silencing transcription at these early
stages. Similarly, it has been proposed that sequestration
of TAF4 by variants of the Huntington protein carrying
expanded polyglutamine domains interferes with tran-
scription and contributes to neurodegenerative disease
[44, 45]. Given the important role of TAF4 in TFIID
assembly, its sequestration would therefore provide a
mechanism to control the overall function of TFIID
through targeting of a single subunit.

Further insight into TFIID assembly comes from
reconstitution of TAF complexes by baculovirus coinfec-
tions. In these studies, a stable and homogenous seven-
subunit complex comprising TAF5 and the TAF4/12
TAF6/9 and TAF8/10 HFD heterodimers could be isolated
[22]. In the absence of TAFS, the stability of this complex
is compromised. EM images of this sub-complex show a
trilobed structure that is reminiscient of the TFIID core
domain. These observations suggest that TAF5 may
dimerise through its N-terminal domain, while its C-ter-
minal domain containing the beta-transducin (WD40)
repeats interacts with the HFD TAFs to form the globular
lobes. The dimerisation of TAFS is still under discussion as
conflicting results have been obtained [25, 46].

Do the HFD-TAF heterodimers assemble by themselves
into higher order ‘lobe’ structures or does TAF5 play an
active role in this process? TS mutations in the WD40
repeats of YTAFS were found to cause broad transcription
defects showing that these motifs are critical in maintaining
the integrity of both the TFIID and SAGA complexes [47].
However, in S2 cells, TAF5 knock-down leads to degra-
dation of TAF1, but not other TAFs. Thus, either some type
of higher order complexes form in the absence of TAFS, or
perhaps heterodimer formation ensures their stability even
without their assembly in ‘lobe’ structures. The full set of
interactions required for the formation of the core TAF
subcomplex therefore remains to be determined.

To further complicate matters, genetic experiments in
mammalian cells revealed that TAF10 is critical for TFIID
integrity. Somatic inactivation of TAF10 by Cre-mediated
deletion in F9 embryonic carcinoma cells, in early embryos
and in adult liver have shown that loss of TAF10 leads to
disassemby of TFIID [48-50]. In contrast, inactivation of
TAF4 in cells that express TAF4b facilitates integration of
TAF4b into TFIID without affecting its stability [51].

Taken altogether, the studies in yeast, Drosophila and
in vitro all suggest a similar modular model of TFIID
organisation and assembly. In each approach, a stable
HFD-containing TAF subcomplex can be formed lacking
TAF1, TAF2, TAF7 and TBP (see Fig. 2a, b). In yeast, this
complex comprises most other TAFs and corresponds to
the pseudo-symmetric core complex described by EM. In
Drosophila, a subcomplex containing only five TAFs was
described, but the presence of several others was not
assayed and so could also be present in this complex. There
is compelling evidence that TAF4, TAF5 and TAF10 all
play primary roles in the assembly and stability of the core
complex and hence of TFIID. The core subcomplex asso-
ciates via TAF4 and TAF6 with a second submodule
comprising TAF1-TBP-TAF7 to assemble the TFIID
complex (see Fig. 2c¢).

These observations can be better understood in the
context of the known EM structure. TAF4 and TAF10 are
both present in at least two distinct lobes. Their loss pre-
sumably destabilises these lobes, leading to release of the
TAF1-TBP-TAF7 module, which in S2 cells is unstable
and degraded. TAFS5 seems to link lobes A and B together
and may be required to assemble the HFD-heterodimers
into stable lobe structures. In contrast, TAF1, TAF7 and
TBP are located on top of the pseudo-symmetric TFIID
core, and this module may be unstable in the absence of the
other TAFs forming the core structure.

TAF2 is not essential for TFIID assembly, but probably
associates with TFIID via interactions with TAF1. More-
over, TAF1 and TAF2 have been shown to form a sub-
complex with TBP that specifically binds to promoter DNA
in vitro [52]. Although the existence of such a subcomplex
has yet to be demonstrated in vivo, the P. falciparum
genome encodes orthologues of TAF1, TAF2 and TBP, but
not of other TAFs (with the possible exception of TAF10),
further highlighting the idea of a functional TAF1-TAF2-
TBP subcomplex [83].

The precise roles of TAF3, TAF7, TAF11 and TAF13 in
the stability and assembly of TFIID remain to be investi-
gated. As mentioned above, TAF7 is known to interact
with TAF1 and to negatively regulate its HAT activity
[39]. TAF7 also interacts with TFIIH and Positive Tran-
scription Elongation Factor b (pTEFb) to inhibit their
ability to phosphorylate the carboxy-terminal domain of
the largest subunit of RNA polymerase II, but is released
upon entry of the polymerase into the preinitiation complex
[53]. TAF7 may therefore function as a check-point regu-
lator suppressing premature transcription initiation [54].
These observations are consistent with the above model of
TFIID organisation where TAF7 can dissociate from the
complex without loss of integrity.

In conclusion, the above results show that TFIID sta-
bility depends on a complex set of interactions in which not
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one, but several TAFs that form the core structure play a
critical role.

Functional TAF subcomplexes in male germ cells

While TFIID has been purified and studied from cell
extracts, the question arises whether the five or seven TAF
subcomplexes of the core structure naturally exist in cells
and whether they have any specific functions or serve
simply as assembly intermediates. Evidence that such
subcomplexes exist and may have specific functions comes
from studies of transcription in male germ cells.

In addition to the core TAFs described above, the
Drosophila genome encodes five additional testits (t)TAF
paralogues that are specifically expressed in a coordinated
manner in spermatocytes. No hitter (nht) (TAF4L), can-
nonball (can) (TAF5L), meiosis I arrest (mia) (TAF6L),
spermatocyte arrest (sa)(TAF8L) and ryan express (rye)
(TAF12L) are paralogues of TAF4, TAFS5, TAF6, TAFS
and TAF12, respectively [55, 56]. These paralogues share
the same structural domains as the corresponding core
TAFs and therefore may form stable 5 or 7-TAF com-
plexes. Such an organisation would require additional
partners (TAF9 and TAFl10a or TAF10b) or as yet
unidentified components as heterodimerisation partners for
the HFDs of dTAF6L and dTAFSL.

A biochemical analysis of their function shows that most
of the tTAF protein localises to the nucleolus where they
are required for a nucleolar relocalisation of the polycomb
(Pc), polyhomeotic (Ph) and dRING (really interesting new
gene) subunits of the Drosophila PRC1 repressor complex
that takes place in spermatocytes [57]. Sequestration of
PRCI facilitates activation of a series of genes required for
germ cell differentiation.

The mechanism described above is not conserved in
mammals. However, the mouse genome encodes two TAF
paralogues involved in spermatogenesis. TAF7L is a pro-
tein with high sequence similarity to somatically expressed
TAF7 that is expressed in spermatogonia and in early
primary spermatocytes, where it is localised in the cyto-
plasm [40, 58]. During spermatocyte development, TAF7L
is imported into the nucleus and accumulates strongly in
post-meiotic round spermatids where it is associated with
TBP.

The import of TAF7L into the nucleus is coordinated
with both a loss of TAF7 expression and a potent upreg-
ulation of TBP. In addition, the expression of TAF4 and
TAF10 are strongly downregulated in round spermatids. As
a consequence, haploid round spermatids strongly express
TAF7L and TBP, but little or no TAF4 and TAF10, sug-
gesting that they do not contain high levels of intact TFIID.
In agreement with this, TAF6 is not associated with TBP in

these cells. Therefore, in contrast to what has been dis-
cussed above, in haploid spermatids a stable and functional
TAF7L-TAF1-TBP complex may exist.

Furthermore, a critical role for TAF1 in spermatogenesis
is suggested by the observation that in old world monkeys,
apes and humans, there is a retrotransposed copy of TAF1
encoding TAFI1L that has been selected to evade meiotic
sex chromosome inactivation of the ancestral TAF1 gene
present on the X chromosome [59]. The study of male
germ cells therefore reveals potential functions for both
the HFD-containing TAFs and the TAFI1-TAF7-TBP
submodules.

Multiple interactions with DNA, activators and covalent
histone modifications are involved in promoter
recruitment of TFIID

While TBP binding to canonical TATA elements has been
well studied both biochemically and structurally [60], the
vast majority of promoters do not contain a recognisable
TATA element. A number of observations indicate that
TFIID recognises promoters through additional interactions
of TAFs with other DNA promoter elements and also
through interaction of TAFs with acetylated and methyl-
ated histone lysine residues.

Genetic evidence showing that TAFs contribute to pro-
moter recognition was first obtained studying the effect of
TS TAF mutations in yeast. A TS mutation in TAF1 affects
the expression of only a limited number of promoters, for
example those of cyclin (CLN)2 or ribosomal protein
(RP)S5 [61]. The dependence of these promoters on
functional TAF1 was shown to reside in the core promoter
sequence and not in the upstream activating sequence
(UAS) element where the gene regulatory factors interact.
The region conferring TAF1 dependence was mapped to a
region around the TATA element, but a precise sequence
element could not be determined.

Using biochemical approaches, multiple TAF-promoter
DNA contacts due to ‘wrapping’ of DNA around TFIID
[62] have been described along with several more specific
TAF-promoter interactions. Cross-linking and electropho-
retic mobility shift assay-mediated binding site selection
has been used to show that the recombinant TAF1-TAF2
complex has specificity for interaction with DNA con-
taining the Initiator (Inr) sequence, a loosely defined
sequence with a 5'-YC/TANT/AYY-3’ consensus [35, 52].
In vitro reconstitution and transcription studies also indi-
cate a role for TAF2 in transcription from Inr containing
promoters. On the other hand, cross-linking has been used
to show that the TAF6-TAF9 heterodimer may contact the
downstream promoter element (DPE), an element found
downstream of the transcription start site that has been well
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characterised in a subset of Drosophila promoters and is
likely also present in mammalian promoters (for review see
[63, 64]). The presence of a DPE is often associated with
that of an Inr, and both elements functionally cooperate.
Most of the TAFs involved in the interaction with promoter
elements are located at the base of lobe A (Fig. 1c) and are
therefore likely to define the major DNA binding interface
within TFIID.

Promoters containing combinations of TATA, Inr or
DPE or other well-defined and -characterised promoter
elements generally belong to the ‘sharp’ class characterised
by a single transcription start site [65—67]. The majority of
promoters, however, fall into the ‘broad’ class character-
ised by multiple start sites, the lack of identifiable promoter
elements and the presence of a CpG island. How does
TFIID get recruited and stabilised at such promoters?
Several lines of evidence suggest that protein-protein
interactions may play a critical role.

A large body of evidence indicates that transcription
activator proteins can interact with TAFs and recruit TFIID
to the promoter. Well-characterised examples are the
interactions between SP1 or CREB (cyclic AMP response
element binding) and TAF4 [68-70]. More importantly it
has been shown that activators can interact with TAFs in
the context of native TFIID and recruit it to promoters
[71, 72].

In addition to the above, interactions between TAFs and
covalently modified histone lysines have been identified
that probably also play an important role in TFIID pro-
moter recognition. A large body of evidence has clearly
established that transcriptionally active promoters are
characterised by the presence of specific covalent modifi-
cations of histone residues (for recent reviews, see [73,
74]). Several marks are tightly associated with active
promoters, such as the trimethylation of lysine 4 on histone
H3 (H3K4me3) and acetylation of lysine 9 on histone H3
(H3K9ac). These and other covalent modifications are
recognised by structural domains present in proteins that
interact with chromatin (for an extensive review, see [73]).
Amongst these domains, three are present in the TAFs, a
double bromodomain in TAFI1, a plant homeodomain
(PHD) in TAF3 and a WD40 repeat domain in TAFS.

The first TAF domain to be characterised as interacting
with modified histones was the double bromodomain in
TAF1. Structural and biochemical studies showed that the
TAF1 bromodomains did not bind the unacetylated H4 tail,
but recognised with low affinity the H4 tail acetylated on
K16, and with a much higher affinity H4 tails doubly
acetylated at positions K5/K12 or K8/K16 [75]. These
marks are characteristic of actively transcribed euchroma-
tin, suggesting that TFIID may be recruited and/or
stabilised at active promoters through interaction of TAF1
with nucleosomes bearing these modifications. As TAF1

has also been reported to be a histone acetyl transferase
[76], it may be both a reader and writer of histone
modifications.

Metazoan TAF3 comprises a C-terminal PHD domain.
Stable isotope labelling with amino acids in cell culture
(SILAC) proteomics experiments identified TAF3 and
other TFIID subunits interacting specifically with histone
tails carrying the H3K4me3 modification via this PHD
domain [77]. Previously it had been reported that the PHD
domains of subunits of a transcriptional repressor complex
(inhibitor of growth, ING2) and the chromatin remodelling
complex (bromodomain PHD finger transcription factor,
BPTF) also interacted specifically with this mark (see [73]
and references therein). However, the affinity of TAF3 for
H3K4me3 is 10-20-fold higher than for ING2 and BPTF
[77, 78]. In addition, the combination of H3K4me3 with
K9 and K14 acetylation strongly increases the interaction
with TFIID, presumably through recognition of the acety-
lated residues by the TAF1 double bromodomains. The
affinity of the TAF3 PHD domain with the H3K4me3 mark
is significantly higher than the bromodomains for the
acetylated resides, suggesting that the PHD-mediated
interaction is dominant, while the bromodomain inter-
actions further stabilise the histone-TFIID complex. In
contrast, binding of TAF3 is reduced when the H3K4me3
modification is coupled with asymmetric dimethylation of
the adjacent arginine (R)2 residue, a mark that anti-corre-
lates with transcriptional activity.

Together these studies suggest a model where interac-
tions with transcriptional activators and with appropriately
modified histone tails act to recruit and stabilise TFIID at
active promoters. These interactions can complement those
of TBP and TAFs with promoter DNA elements or sub-
stitute for these interactions at CpG island-type promoters.
Interestingly, although these histone modifications exist
in yeast, yTAF1 and yTAF3 lack the bromo and PHD
domains, respectively.

As a further complication to the above model, the TAF4
subunit has been shown to interact with heterochromatin
protein (HP)la and HP1y, but not HP1f [79]. The HPI1s
interact with a variety of partner proteins through a con-
served PXVXL motif (for recent reviews, see [80, 81]).
Such a motif has been identified in the C-terminal domain of
TAF4 and shown to be required for interaction with HP1.
The HP1 proteins were first described as heterochromatin-
associated proteins recruited through interactions with
H3K9me3 and involved in gene silencing. More recent
studies however have also shown that HP1s can be found
in euchromatin and be involved in both activation and
repression. It therefore remains to be determined whether
the TAF4-HP1 interaction contributes to recruitment of
TFIID to a subset of active promoters or is involved in
TAF-dependent repression (see below).
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Two further TAF domains may be involved in chro-
matin interactions. As mentioned above, the C-terminus of
TAF5 comprises a WD40 repeat domain. WD40 domains
form a beta-propellor type structure. The WD40 domain in
the WDRS subunit of the SET1 [Drosophila Su(var) 3-9,
Enhancer of zeste (E(z)), and Trithorax (trx)] methylation
complexes has been shown to interact with H3K4 in the di-,
tri- and un-methylated states, with a preference for di-
methylation and also with the H4 tail (for review, see [82]).
It will be interesting to determine whether the TAF4 WD40
domain can also interact with modified histones and
provide yet another surface for TFIID interaction with
chromatin.

Lastly, the amino terminus of TAF2 comprises an
enzymatically inactive amino-peptidase fold [83]. A simi-
lar fold exists in the suppressor of P-element transcription
(SPT)16 subunit of the factor required for transcription
elongation on chromatin templates (FACT) complex and
has been shown to interact with the globular core and tails
of H3 and H4 [84]. It remains to be determined whether
TAF2 can also interact with histones.

Is TFIID required to maintain promoters in an active
state?

Once recruited to active promoters, what is the function of
TFIID? In the classical view TFIID nucleates PIC forma-
tion and promotes transcription initiation. In vitro studies
also suggested that TFIID remains at the promoter once
transcription has been initiated as part of the reinitiation
scaffold [85]. Several recent observations suggest a rather
different model.

Inactivation of TBP in early mouse embryos leads to
arrest of proliferation at the 32 cell stage after depletion of
the maternal TBP and subsequent apoptosis [86]. Never-
theless, the levels of pol II transcription in the arrested cells
of the TBP knockout embryo were comparable to that seen
in normal embryos at the same stage. These observations
led to the idea that TBP/TFIID may be differentially
required in proliferating and post-mitotic cells [87]. During
cell division, active transcription complexes are dissociated
and must be reformed in the daughter cells. TBP plays a
central role in this process as it remains associated with a
subset of promoters during mitosis [88]. Comprehensive
chromatin immunoprecipitaion experiments show that TBP
remains bound to many chromosomal sites during mitosis,
thus ‘bookmarking’ promoters for re-expression in inter-
phase [89]. TBP interacts with the protein phosphatase
(PP)2A to locally inactivate condensin at these sites and
inhibit their compaction. The results of the TBP knockout
in post-mitotic cells suggest that once the active tran-
scription complex has been established, TBP/TFIID may

be dispensible for the reinitiation step and persistance of
the active state, but that cells can no longer undergo
mitosis.

This model is also supported by observations of genetic
knockout of TAF subunits. For example, inactivation of
TAF10 in proliferating F9 embryonal carcinoma cells leads
to TFIID disassembly, cell cycle arrest and apoptosis,
whereas non-dividing differentiated F9 cells survive [49].
Similarly, TAF10 is required in the proliferating inner cell
mass of the early embryo, but not in post-mitotic tropho-
blast cells [48]. Again, these results suggest an essential
function for TFIID in proliferating, but not post-mitotic
cells.

Further evidence for this idea has been provided by the
inactivation of TAF10 in mouse hepatocytes. Knockout of
TAF10 in proliferating embryonic hepatoblasts affects
their proliferation and differentiation and leads to sub-
sequent defective liver organogenesis [50]. In contrast
in the adult liver, loss of TAF10 does not lead to an
immediate apoptosis of the non-dividing hepatocytes.
Transcriptome analysis showed that the expression of only
a small number of genes was affected corresponding to
those that are specifically activated in the adult hepato-
cytes, while genes that were already active in embryonic
hepatocytes were not affected upon TAF10 inactivation.
A biochemical analysis confirmed that TFIID is disas-
sembled in the absence of TAF10 and that neither TBP nor
TAFs are present at the promoters of active genes and are
not recruited at the appropriate time to the developmentally
regulated promoters.

In contrast, several genes expressed in embryonic
hepatocytes and normally silenced in adult cells are re-
expressed in the absence of TAF10, suggesting that TFIID
plays an active repressive role. This idea is supported by
the fact that while pol II is lost from these promoters during
the normal developmental silencing, TAFs remain associ-
ated with these promoters. Perhaps it is in this type of
situation that the TAF4-HP1 interaction would be required
to recruit or stabilise TFIID.

Together the above results suggest a model whereby
intact TFIID is required to mediate gene activation either
after mitosis or in a developmentally regulated fashion
(Fig. 3). However, once a promoter is active and even
although in normal circumstances TFIID remains associ-
ated with the promoter, its function is no longer required to
maintain the promoter in an active state and to promote
transcription reinitiation.

One set of observations that do not obviously fit this
model comes from the inactivation of TAF10 in the basal
keratinocytes of the epidermis [90]. Loss of TAF10 in adult
keratinocytes has no obvious effect on skin homeostasis,
hair cycle or wound healing. Presumably loss of TAF10
leads to TFIID disassembly in keratinocytes as in other cell
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Fig. 3 Function of TFIID.
a In wild-type cells TFIID is A
recruited along with pol II and

the general transcription factors

to facilitate PIC formation and

promoter activation following

mitosis or upon developmental

cues. The transcriptional

activators (Act), mediator

complex (Med), TBP and

TAFs, RNA pol II and the other

general transcription factors

(Pol Il + GTFs) are all

schematically depicted.

b In normal cells, TFIID

remains associated with the

active promoter during the B
reinitiation step. ¢ Following
genetic inactivation of TBP or
TAF10, the promoter remains in
an active state until mitosis
when the PIC is disassembled
upon chromatin condensation
and is unable to reform at the
next interphase. Post-mitotic
cells are unable to activate new
sets of genes upon
developmental cues or in
response to signalling pathways.
While inactivation of TAF10
has been shown to lead to loss
TBP and TAFs at active

Developmentally
regulated activation

Reactivation after mitosis

Initiation

Normal situation

Reinitiation

promoters, it is not yet known
whether TAFs remain at
promoters in the absence

of TBP

Loss of expression

types, yet this has no detrimental effect on the above
processes all of which require extensive cell proliferation.

Much of our understanding of TFIID’s role in tran-
scription regulation has come from studies in cultured
animal cells or in yeast, both of which are proliferating
systems. The observations cited above concerning inacti-
vation of TBP or TAF10 in vivo show that the lessons we
have learned from cell culture or yeast cannot be simply
extrapolated to more complex physiological situations.
These considerations should modify our classical view of
the role of TFIID in transcription regulation in post-mitotic
cells.

Acknowledgments Work in the Davidson and Schultz laboratories
is supported by grants from the CNRS, the INSERM, the Association
pour la Recherche contre le Cancer and the Ligue Nationale et
Départementale Région Alsace contre le Cancer. ID is an ‘équipe
labélisée of the Ligue Nationale contre le Cancer, the Fondation
pour la Recherche Médicale (FRM), the ANR the European
SPINE programme QLG-CT-00988 and European Union grant

Mitosis

PIC
Reinitiation Reinitiation
Pol Il
+
GTFs

Active state maintained

Develomental cues

Inability to initiate

RTN-2001-00026 and integrated programme grant EuTRACC.
E. Cler was supported by a fellowship from the FRM, and G. Papai
from the ANR.

References

1. Andrau JC, van de Pasch L, Lijnzaad P, Bijma T, Koerkamp MG,
van de Peppel J, Werner M, Holstege FC (2006) Genome-wide
location of the coactivator mediator: binding without activation
and transient Cdk8 interaction on DNA. Mol Cell 22:179-192

2. van Werven FJ, van Bakel H, van Teeffelen HA, Altelaar AF,
Koerkamp MG, Heck AJ, Holstege FC, Timmers HT (2008)
Cooperative action of NC2 and Motlp to regulate TATA-binding
protein function across the genome. Genes Dev 22:2359-2369

3. Burley SK, Roeder RG (1996) Biochemistry and structural biology
of transcription factor IID (TFIID). Annu Rev Biochem 65:769-799

4. Albright SR, Tjian R (2000) TAFs revisited: more data reveal
new twists and confirm old ideas. Gene 242:1-13

5. Gangloff Y, Romier C, Thuault S, Werten S, Davidson I (2001)
The histone fold is a key structural motif of transcription factor
TFIID. Trends Biochem Sci 26:250-257



2132

E. Cler et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Matangkasombut O, Auty R, Buratowski S (2004) Structure and

function of the TFIID complex. Adv Protein Chem 67:67-92

. Thomas MC, Chiang CM (2006) The general transcription

machinery and general cofactors. Crit Rev Biochem Mol Biol
41:105-178

. Timmers HT, Tora L (2005) SAGA unveiled trends. Biochem Sci

30:7-10

. Pijnappel WW, Timmers HT (2008) Dubbing SAGA unveils new

epigenetic crosstalk. Mol Cell 29:152-154

. Baker SP, Grant PA (2007) The SAGA continues: expanding the

cellular role of a transcriptional co-activator complex. Oncogene
26:5329-5340

Dynlacht BD, Hoey T, Tjian R (1991) Isolation of coactivators
associated with the TATA-binding protein that mediate tran-
scriptional activation. Cell 66:563-576

Kokubo T, Takada R, Yamashita S, Gong DW, Roeder RG,
Horikoshi M, Nakatani Y (1993) Identification of TFIID com-
ponents required for transcriptional activation by upstream
stimulatory factor. J Biol Chem 268:17554-17558

Brou C, Chaudhary S, Davidson I, Lutz Y, Wu J, Egly JM, Tora
L, Chambon P (1993) Distinct TFIID complexes mediate the
effect of different transcriptional activators. EMBO J 12:489-499
Mogqtaderi Z, Yale JD, Struhl K, Buratowski S (1996) Yeast
homologues of higher eukaryotic TFIID subunits. Proc Natl Acad
Sci USA 93:14654-14658

Poon D, Weil PA (1993) Immunopurification of yeast
TATA-binding protein and associated factors. Presence of
transcription factor IIIB transcriptional activity. J Biol Chem
268:15325-15328

Reese JC, Apone L, Walker SS, Griffin LA, Green MR (1994)
Yeast TAFIIS in a multisubunit complex required for activated
transcription. Nature 371:523-527

Gangloff YG, Pointud JC, Thuault S, Carre L, Romier C,
Muratoglu S, Brand M, Tora L, Couderc JL, Davidson I (2001)
The TFIID components human TAF(II)140 and Drosophila BIP2
(TAF(II)155) are novel metazoan homologues of yeast TAF(I1)47
containing a histone fold and a PHD finger. Mol Cell Biol
21:5109-5121

Tora L (2002) A unified nomenclature for TATA box binding
protein (TBP)-associated factors (TAFs) involved in RNA poly-
merase II transcription. Genes Dev 16:673-675

Xie X, Kokubo T, Cohen SL, Mirza UA, Hoffmann A, Chait BT,
Roeder RG, Nakatani Y, Burley SK (1996) Structural similarity
between TAFs and the heterotetrameric core of the histone oct-
amer. Nature 380:316-322

Leurent C, Sanders S, Ruhlmann C, Mallouh V, Weil PA, Kirs-
chner DB, Tora L, Schultz P (2002) Mapping histone fold TAFs
within yeast TFIID. EMBO J 21:3424-3433

Sanders SL, Garbett KA, Weil PA (2002) Molecular character-
ization of Saccharomyces cerevisiae TFIID. Mol Cell Biol
22:6000-6013

Leurent C, Sanders SL, Demeny MA, Garbett KA, Ruhlmann C,
Weil PA, Tora L, Schultz P (2004) Mapping key functional sites
within yeast TFIID. EMBO J 23:719-727

Birck C, Poch O, Romier C, Ruff M, Mengus G, Lavigne AC,
Davidson I, Moras D (1998) Human TAF(II)28 and TAF(II)18
interact through a histone fold encoded by atypical evolutionary
conserved motifs also found in the SPT3 family. Cell 94:239-249
Werten S, Mitschler A, Romier C, Gangloff YG, Thuault S,
Davidson I, Moras D (2002) Crystal structure of a subcomplex of
human transcription factor TFIID formed by TATA binding
protein-associated factors hTAF4 (hTAF(II)135) and hTAFI12
(hTAFI)20). J Biol Chem 277:45502-45509

Romier C, James N, Birck C, Cavarelli J, Vivares C, Collart MA,
Moras D (2007) Crystal structure, biochemical and genetic
characterization of yeast and E. cuniculi TAF(II)5 N-terminal

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

domain: implications for TFIID assembly. J] Mol Biol 368:1292—
1306

Brand M, Leurent C, Mallouh V, Tora L, Schultz P (1999) Three-
dimensional structures of the TAFII-containing complexes TFIID
and TFTC. Science 286:2151-2153

Andel F 3rd, Ladurner AG, Inouye C, Tjian R, Nogales E (1999)
Three-dimensional structure of the human TFIID-IIA-IIB com-
plex. Science 286:2153-2156

Grob P, Cruse MJ, Inouye C, Peris M, Penczek PA, Tjian R,
Nogales E (2006) Cryo-electron microscopy studies of human
TFIID: conformational breathing in the integration of gene reg-
ulatory cues. Structure 14:511-520

Papai G, Tripathi MK, Ruhlmann C, Werten S, Crucifix C, Weil
PA, Schultz P (2009) Mapping the initiator binding TAF2 subunit
in the structure of hydrated yeast TFIID Structure (in press)
Dikstein R, Zhou S, Tjian R (1996) Human TAFII 105 is a
cell type-specific TFIID subunit related to hTAFII130. Cell
87:137-146

Mengus G, May M, Carre L, Chambon P, Davidson I (1997)
Human TAF(II)135 potentiates transcriptional activation by the
AF-2s of the retinoic acid, vitamin D3, and thyroid hormone
receptors in mammalian cells. Genes Dev 11:1381-1395
Thuault S, Gangloff YG, Kirchner J, Sanders S, Werten S,
Romier C, Weil PA, Davidson I (2002) Functional analysis of
the TFIID-specific yeast TAF4 (yTAF(II)48) reveals an unex-
pected organization of its histone-fold domain. J Biol Chem
277:45510-45517

Guermah M, Tao Y, Roeder RG (2001) Positive and negative
TAF(I) functions that suggest a dynamic TFIID structure and
elicit synergy with traps in activator-induced transcription. Mol
Cell Biol 21:6882-6894

Liu WL, Coleman RA, Grob P, King DS, Florens L, Washburn
MP, Geles KG, Yang JL, Ramey V, Nogales E, Tjian R (2008)
Structural changes in TAF4b-TFIID correlate with promoter
selectivity. Mol Cell 29:81-91

Kaufmann J, Smale ST (1994) Direct recognition of initiator
elements by a component of the transcription factor IID complex.
Genes Dev 8:821-829

Chen JL, Attardi LD, Verrijzer CP, Yokomori K, Tjian R
(1994) Assembly of recombinant TFIID reveals differential
coactivator requirements for distinct transcriptional activators.
Cell 79:93-105

Singh MV, Bland CE, Weil PA (2004) Molecular and genetic
characterization of a Taflp domain essential for yeast TFIID
assembly. Mol Cell Biol 24:4929-4942

Liu D, Ishima R, Tong KI, Bagby S, Kokubo T, Muhandiram DR,
Kay LE, Nakatani Y, Ikura M (1998) Solution structure of a
TBP-TAF(II)230 complex: protein mimicry of the minor groove
surface of the TATA box unwound by TBP. Cell 94:573-583
Gegonne A, Weissman JD, Singer DS (2001) TAFIISS binding to
TAFII250 inhibits its acetyltransferase activity. Proc Natl Acad
Sci USA 98:12432-12437

Pointud JC, Mengus G, Brancorsini S, Monaco L, Parvinen M,
Sassone-Corsi P, Davidson I (2003) The intracellular localisation
of TAFTL, a paralogue of transcription factor TFIID subunit
TAF7, is developmentally regulated during male germ-cell dif-
ferentiation. J Cell Sci 116:1847-1858

Wright KJ, Marr MT 2nd, Tjian R (2006) TAF4 nucleates a core
subcomplex of TFIID and mediates activated transcription from a
TATA-less promoter. Proc Natl Acad Sci USA 103:12347-12352
Walker AK, Rothman JH, Shi Y, Blackwell TK (2001) Distinct
requirements for C. elegans TAF(Il)s in early embryonic tran-
scription. EMBO J 20:5269-5279

Guven-Ozkan T, Nishi Y, Robertson SM, Lin R (2008) Global
transcriptional repression in C. elegans germline precursors by
regulated sequestration of TAF-4. Cell 135:149-160



TFIID structure and function

2133

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Shimohata T, Nakajima T, Yamada M, Uchida C, Onodera O,
Naruse S, Kimura T, Koide R, Nozaki K, Sano Y, Ishiguro H,
Sakoe K, Ooshima T, Sato A, Ikeuchi T, Oyake M, Sato T,
Aoyagi Y, Hozumi I, Nagatsu T, Takiyama Y, Nishizawa M,
Goto J, Kanazawa I, Davidson I, Tanese N (2000) Expanded
polyglutamine stretches interact with TAFII130, interfering with
CREB-dependent transcription. Nat Genet 26:29-36

Freiman RN, Tjian R (2002) Neurodegeneration. A glutamine-
rich trail leads to transcription factors. Science 296:2149-
2150

Bhattacharya S, Takada S, Jacobson RH (2007) Structural anal-
ysis and dimerization potential of the human TAFS5 subunit of
TFIID. Proc Natl Acad Sci USA 104:1189-1194

Durso RJ, Fisher AK, Albright-Frey TJ, Reese JC (2001) Anal-
ysis of TAF90 mutants displaying allele-specific and broad
defects in transcription. Mol Cell Biol 21:7331-7344

Mohan IW Jr, Scheer E, Wendling O, Metzger D, Tora L (2003)
TAF10 (TAF(I)30) is necessary for TFIID stability and early
embryogenesis in mice. Mol Cell Biol 23:4307-4318

Metzger D, Scheer E, Soldatov A, Tora L (1999) Mammalian
TAFII)30 is required for cell cycle progression and specific
cellular differentiation programmes. EMBO J 18:4823-4834
Tatarakis A, Margaritis T, Martinez-Jimenez CP, Kouskouti A,
Mohan WS 2nd, Haroniti A, Kafetzopoulos D, Tora L, Talianidis
1 (2008) Dominant and redundant functions of TFIID involved in
the regulation of hepatic genes. Mol Cell 31:531-543

Mengus G, Fadloun A, Kobi D, Thibault C, Perletti L, Michel I,
Davidson I (2005) TAF4 inactivation in embryonic fibroblasts
activates TGFbeta signalling and autocrine growth. EMBO
J24:2753-2767

Chalkley GE, Verrijzer CP (1999) DNA binding site selection by
RNA polymerase II TAFs: a TAF(II)250-TAF(II)150 complex
recognizes the initiator. EMBO J 18:4835-4845

Gegonne A, Weissman JD, Lu H, Zhou M, Dasgupta A, Ribble R,
Brady JN, Singer DS (2008) TFIID component TAF7 function-
ally interacts with both TFIIH and P-TEFb. Proc Natl Acad Sci
USA 105:5367-5372

Gegonne A, Weissman JD, Zhou M, Brady JN, Singer DS (2006)
TAF7: a possible transcription initiation check-point regulator.
Proc Natl Acad Sci USA 103:602-607

Hiller M, Lin T-Y, Wood C, Fuller MT (2001) Developmental
regulation of transcription by a tissue-specific TAF homolog.
Genes Dev 15:1021-1030

Hiller M, Chen X, Pringle MJ, Suchorolski M, Sancak Y,
Viswanathan S, Bolival B, Lin TY, Marino S, Fuller MT (2004)
Testis-specific TAF homologs collaborate to control a tissue-
specific transcription program. Development 131:5297-5308
Chen X, Hiller M, Sancak Y, Fuller MT (2005) Tissue-specific
TAFs counteract Polycomb to turn on terminal differentiation.
Science 310:869-872

Wang PJ, McCarrey JR, Yang F, Page DC (2001) An abundance
of X-linked genes expressed in spermatogonia. Nat Genet
27:422-426

Wang PJ, Page DC (2002) Functional substitution for TAF(II)250
by a retroposed homolog that is expressed in human spermato-
genesis. Hum Mol Genet 11:2341-2346

Burley SK (1996) The TATA box binding protein. Curr Opin
Struct Biol 6:69-75

Shen WC, Green MR (1997) Yeast TAF(I)145 functions as a
core promoter selectivity factor, not a general coactivator. Cell
90(4):615-624

Oelgeschlager T, Chiang CM, Roeder RG (1996) Topology and
reorganization of a human TFIID-promoter complex. Nature
382:735-738

Smale ST, Kadonaga JT (2003) The RNA polymerase II core
promoter. Annu Rev Biochem 72:449-479

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

Kadonaga JT (2002) The DPE, a core promoter element for
transcription by RNA polymerase II. Exp Mol Med 34:259-264
Juven-Gershon T, Hsu JY, Theisen JW, Kadonaga JT (2008) The
RNA polymerase II core promoter - the gateway to transcription.
Curr Opin Cell Biol 20:253-259

Carninci P, Sandelin A, Lenhard B, Katayama S, Shimokawa K,
Ponjavic J, Semple CA, Taylor MS, Engstrom PG, Frith MC,
Forrest AR, Alkema WB, Tan SL, Plessy C, Kodzius R, Ravasi T,
Kasukawa T, Fukuda S, Kanamori-Katayama M, Kitazume Y,
Kawaji H, Kai C, Nakamura M, Konno H, Nakano K, Mottagui-
Tabar S, Arner P, Chesi A, Gustincich S, Persichetti F, Suzuki H,
Grimmond SM, Wells CA, Orlando V, Wahlestedt C, Liu ET,
Harbers M, Kawai J, Bajic VB, Hume DA, Hayashizaki Y (2006)
Genome-wide analysis of mammalian promoter architecture and
evolution. Nat Genet 38:626-635

Sandelin A, Carninci P, Lenhard B, Ponjavic J, Hayashizaki Y,
Hume DA (2007) Mammalian RNA polymerase II core promoters:
insights from genome-wide studies. Nat Rev Genet 8:424-436
Gill G, Pascal E, Tseng ZH, Tjian R (1994) A glutamine-rich
hydrophobic patch in transcription factor Spl contacts the
dTAFII110 component of the Drosophila TFIID complex and
mediates transcriptional activation. Proc Natl Acad Sci USA
91:192-196

Rojo-Niersbach E, Furukawa T, Tanese N (1999) Genetic dis-
section of hTAF(II)130 defines a hydrophobic surface required
for interaction with glutamine-rich activators. J Biol Chem
274:33778-33784

Asahara H, Santoso B, Guzman E, Du K, Cole PA, Davidson I,
Montminy M (2001) Chromatin-dependent cooperativity between
constitutive and inducible activation domains in CREB. Mol Cell
Biol 21:7892-7900

Garbett KA, Tripathi MK, Cencki B, Layer JH, Weil PA (2007)
Yeast TFIID serves as a coactivator for Raplp by direct protein-
protein interaction. Mol Cell Biol 27:297-311

Reeves WM, Hahn S (2005) Targets of the Gal4 transcription
activator in functional transcription complexes. Mol Cell Biol
25:9092-9102

Taverna SD, Li H, Ruthenburg AJ, Allis CD, Patel DJ (2007)
How chromatin-binding modules interpret histone modifications:
lessons from professional pocket pickers. Nat Struct Mol Biol
14:1025-1040

Suganuma T, Workman JL (2008) Crosstalk among histone
modifications. Cell 135:604—607

Jacobson RH, Ladurner AG, King DS, Tjian R (2000) Structure
and function of a human TAFII250 double bromodomain module.
Science 288:1422-1425

Mizzen CA, Yang XJ, Kokubo T, Brownell JE, Bannister AJ,
Owen-Hughes T, Workman J, Wang L, Berger SL, Kouzarides T,
Nakatani Y, Allis CD (1996) The TAF(II)250 subunit of TFIID
has histone acetyltransferase activity. Cell 87:1261-1270
Vermeulen M, Mulder KW, Denissov S, Pijnappel WW, van
Schaik FM, Varier RA, Baltissen MP, Stunnenberg HG, Mann M,
Timmers HT (2007) Selective anchoring of TFIID to nucleo-
somes by trimethylation of histone H3 lysine 4. Cell 131:58-69
van Ingen H, van Schaik FM, Wienk H, Ballering J, Rehmann H,
Dechesne AC, Kruijzer JA, Liskamp RM, Timmers HT, Boelens
R (2008) Structural insight into the recognition of the H3K4me3
mark by the TFIID subunit TAF3. Structure 16:1245-1256
Vassallo MF, Tanese N (2002) Isoform-specific interaction
of HP1 with human TAFII130. Proc Natl Acad Sci USA
99:5919-5924

Kwon SH, Workman JL (2008) The heterochromatin protein
1 (HP1) family: put away a bias toward HP1. Mol Cells
26:217-227

Lomberk G, Wallrath L, Urrutia R (2006) The Heterochromatin
Protein 1 family. Genome Biol 7:228



2134

E. Cler et al.

82.

83.

84.

85.

86.

Suganuma T, Pattenden SG, Workman JL (2008) Diverse func-
tions of WD40 repeat proteins in histone recognition. Genes Dev
22:1265-1268

Callebaut I, Prat K, Meurice E, Mornon JP, Tomavo S (2005)
Prediction of the general transcription factors associated with RNA
polymerase II in Plasmodium falciparum: conserved features and
differences relative to other eukaryotes BMC. Genomics 6:100
Stuwe T, Hothorn M, Lejeune E, Rybin V, Bortfeld M, Scheffzek
K, Ladurner AG (2008) The FACT Spt16 “peptidase” domain is
a histone H3-H4 binding module. Proc Natl Acad Sci USA
105:8884-8889

Yudkovsky N, Ranish JA, Hahn S (2000) A transcription reinitiation
intermediate that is stabilized by activator. Nature 408:225-229
Martianov I, Viville S, Davidson I (2002) RNA polymerase 11
transcription in murine cells lacking the TATA binding protein.
Science 298:1036-1039

87.

88.

89.

90.

Davidson I (2003) The genetics of TBP and TBP-related factors.
Trends Biochem Sci 28:391-398

Christova R, Oelgeschlager T (2002) Association of human
TFIID-promoter complexes with silenced mitotic chromatin in
vivo. Nat Cell Biol 4:79-82

Xing H, Vanderford NL, Sarge KD (2008) The TBP-PP2A
mitotic complex bookmarks genes by preventing condensin
action. Nat Cell Biol 10:1318-1323

Indra AK, Mohan WS 2nd, Frontini M, Scheer E, Messaddeq N,
Metzger D, Tora L (2005) TAF10 is required for the establish-
ment of skin barrier function in foetal, but not in adult mouse
epidermis. Dev Biol 285:28-37



	Recent advances in understanding the structure and function �of general transcription factor TFIID
	Abstract
	Introduction
	TFIID comprises core and peripheral modules
	Several TAFs are critical for assembly and stability �of TFIID
	Functional TAF subcomplexes in male germ cells
	Multiple interactions with DNA, activators and covalent histone modifications are involved in promoter recruitment of TFIID
	Is TFIID required to maintain promoters in an active state?
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


