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ABSTRACT

Transcription initiation is a major regulatory step in eukaryotic gene expression. It involves the assembly of
general transcription factors and RNA polymerase II into a functional pre-initiation complex at core promoters.
The degree of chromatin compaction controls the accessibility of the transcription machinery to template DNA.
Co-activators have critical roles in this process by actively regulating chromatin accessibility. Many transcrip-
tional coactivators are multisubunit complexes, organized into distinct structural and functional modules and
carrying multiple regulatory activities. The first nuclear histone acetyltransferase (HAT) characterized was
General Control Non-derepressible 5 (Gen5). Gen5 was subsequently identified as a subunit of the HAT module of
the Spt-Ada-Gen5-acetyltransferase (SAGA) complex, which is an experimental paradigm for multifunctional co-
activators. We know today that Gen5 is the catalytic subunit of multiple distinct co-activator complexes with
specific functions. In this review, we summarize recent advances in the structure of Gen5-containing co-activator
complexes, most notably SAGA, and discuss how these new structural insights contribute to better understand

their functions.

1. Introduction

Transcription initiation is a major regulatory step in eukaryotic gene
expression. The accessibility of the transcription machinery to template
DNA is controlled by the degree of chromatin compaction. Co-activators
have critical roles in this process, bridging DNA-bound transcription
factors to the general transcription machinery, while actively regulating
chromatin accessibility. Many transcriptional coactivators are multi-
subunit complexes carrying multiple regulatory activities, including
histone modification, ATP-dependent nucleosome remodeling or incor-
poration of histone variants. Combining different activities into a single
entity may be important to coordinate their activities during the tran-
scription cycle. Genetic, biochemical and structural studies consistently
reported that the activities of coactivators are carried by distinct struc-
tural and functional modules. A given module can be shared between
different complexes, which can therefore be considered as specific as-
semblies of individual modules, selected during evolution for their role

in chromatin regulation. The shared subunits have very different prop-
erties (structural, chromatin readers or writers...), raising questions on
the advantages of their partition in different complexes and on the
mechanisms controlling the biogenesis of these specific assemblies.

The first nuclear histone acetyltransferase (HAT) identified was
General Control Non-derepressible 5 (Gen5) [1,2]. Gen5 was rapidly
shown to function as a subunit of the Spt-Ada-Gen5-acetyltransferase
(SAGA) complex, which is a paradigmatic example of such multifunc-
tional co-activators. We now know that Gen5 is the catalytic component
of multiple co-activator complexes with distinct functions. In this re-
view, we summarize recent advances in our understanding of the
structure/function relationship of these GCN5-containing co-activator
complexes.

* This article is part of a Special Issue entitled: Gen5: the quintessential HAT edited by Dr. Vikki Weake.
* Corresponding authors at: Institut de Génétique et de Biologie Moléculaire et Cellulaire, 67404 Illkirch, France.
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2. SAGA complex
2.1. Modular organization of the multifunctional SAGA complex

Following its discovery as a HAT, the yeast Gen5 protein was shown
to be part of two multiprotein complexes called SAGA and ADA [3-5].
These two complexes contain several Ada proteins, which were origi-
nally identified in a yeast screen for adaptor proteins that facilitate
transcription activation by acidic activation domains [6-9]. Both SAGA
and ADA complexes share Ada2, Ada3 and Gen5 (Ada4), which were
known to interact physically [10,11]. In contrast, Adal and Ada5
(Spt20) are only found in SAGA. Both Ada2 and Ada3 were shown to be
required for the HAT activity of Gen5 and mutations in the corre-
sponding genes cause similar phenotypes [12]. The association of these
three proteins confers Gen5 the ability to acetylate nucleosomal his-
tones, whereas Gen5 alone acetylates only free histones [2,3,13]. Later
work identified Sgf29, a fourth component of the HAT module [14,15].
The discovery of these four proteins in these two complexes, in which
they form a shared HAT module, was the first step towards the under-
standing of the modular organization of the SAGA complex (Table 1).

Genetic and functional overlap between Ada and proteins isolated as
suppressors of Ty and solo § insertion mutations in yeast (Spt) led to the
identification of additional SAGA components. Indeed, all Spt proteins
that are functionally linked to the TATA-binding protein (TBP/Spt15),
namely Spt3, Spt7, Spt8 and Spt20 (Ada5), were found to physically
interact with Gen5, Ada2 and Ada3 [3,16]. These SAGA subunits were
classified in two groups according to the phenotypes of their mutants
and to their roles in complex assembly [4,17]. Mutations in S. cerevisiae
SPT20/ADAS5, SPT7, and ADA1 cause severe growth phenotypes and are
crucial for SAGA structural integrity [4,17]. Spt3 and Spt8 mutants
exhibit milder growth phenotypes, are not crucial for SAGA integrity,
and interact genetically with TBP in S. cerevisiae [17-19]. These land-
mark studies gave the first hints suggesting that distinct SAGA subunits
may assemble in three discrete functional modules: a HAT module
(Ada2, Ada3 and Genb5), a TBP-interaction module (Spt3 and Spt8) and a
structural module (Adal, Spt7 and Spt20) (Table 1).

Further analyses of native SAGA complexes purified from S. cerevisiae
identified a subset of TBP-associated factors (TAFs) shared with the
TFIID complex (Taf5, Taf6, Taf9, Taf10 and Tafl12) as integral compo-
nents of SAGA [20]. Four of these are histone-fold (HF) containing TAFs
(Taf6, Taf9, Taf10 and Tafl2) [21,22] were proposed to have a struc-
tural role within SAGA. Indeed, Taf6, Taf9, Taf12, together with Adal
were shown to assemble in vitro in a histone octamer-like complex [23].
Four additional HFs were further identified in other SAGA subunits
(Adal, Spt7 and two in Spt3) [24-26], suggesting that a histone
octamer-like structure could also be formed by four HF pairs: Taf6-Taf9,
Adal-Tafl12, Taf10-Spt7, Spt3-Spt3 (Table 1).

A fourth functional module composed of a single large subunit was
identified with the co-purification of Tral within SAGA fractions
[27,28]. Finally, an extensive proteomic analysis of TAF-containing
complexes revealed that S. cerevisiae SAGA has a second enzymatic ac-
tivity, carried out by the ubiquitin protease Ubp8 [15]. To be fully active
on its substrate, mono-ubiquitinated histone H2B, Ubp8 has to associate
with three other proteins, Sgf73, Sgfll and Susl, forming the fifth
functional module of SAGA [29-32].

2.2. Evolutionary conservation of SAGA composition

Gen5 homologues in fungi, metazoan and plants are highly
conserved, except that metazoan Gen5 homologues possess an N-ter-
minal extension ([33] and references therein). In addition, whereas most
metazoan and plant genomes encode one GCN5-type factor, vertebrates
have a second paralogous gene encoding PCAF (p300/CBP-associated
factor), which amino-acid sequence is 73% identical to GCN5 (Table 1)
[34]. GCN5 and PCAF, as most native nuclear HATS, exist as components
of large multisubunit complexes. GCN5-, or PCAF-containing complexes
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Table 1

Summary of SAGA subunit composition across eukaryotic species. Shown
are the names of each subunit from Saccharomyces cerevisiae, Drosophila
melanogaster, Homo sapiens, and Arabidopsis thaliana, according to official
nomenclatures. Names in brackets are alternative, commonly used names.
Paralogous subunits are separated with a “/” sign and are indicated if they
have been described as part of SAGA. In most cases, paralogous subunits
are mutually exclusive within SAGA complexes. Individual module sub-
units are colored according to the code used in Fig. 1. “-”: no ortholog
detected. “X”: ortholog exists but is not present in SAGA. *It is unclear
whether HAF1 and HAF2 are bona fide SAGA components and genuine
orthologs of Spt7 in plants. HFD: histone fold domain. *The TBP binding
module comprises both Spt3 and Spt8 in S. cerevisiae, but presumably only
Spt3 in plants and animals. “Based on HFD conservation it has been sug-
gested that most plants have rather a TAF13 ortholog, than a SPT3
ortholog [135].

Orthologous SAGA complexes
Functional
tools
S. cerevisiae | D. lanog H. sap A. thali
KAT2 KAT2A/KAT2B
Gen5 GCNS
(GCNS5) (GCN5/PCAF)
HAT Ada2 Ada2b TADA2b ADA2b
module Nggl (Ada3) Ada3 TADA3 ADA3
SGF29a/
sgf29 sgf29 SGF29
SGF29b
Ubp8 dNonstop USP22 (UBP22) UBP22
11 11 ATXN7L F11
DUB Sg dsg 3 SG
ATXN7,
module sgf73 dATXN7 /
ATXN7L1/L2
Susl dE(y)2 ENY2 ENY2
Tafs WDA/TAF5L TAF5L TAFS
Taf6 SAF6/TAF6L TAF6L TAF6a/TAF6b
Tafo TAF9 TAF9/TAF9b TAF9
Core Taf10 TAF10b TAF10 TAF10
structural Taf12 TAF12 TAF12 TAF12/
module a TAF12b
SUPT7L
Spt7 Spt7 HAF1/HAF2*
(STAF65G)
. ADA1la/
Hfi1 (Adal) Adal TADA1
ADA1b
Spt20 Spt20 SUPT20H SPT20
"
TBP Spt3 Spt3 SUPT3H TAF13
I
binding spts
splicing X SF3B3 SF3B3 X
module X SF3B5 SF3B5 X

purified from all tested vertebrate organisms were very similar to the
2MDa yeast SAGA complexes [35-41]. Further biochemical studies
confirmed that the modular organization is highly conserved throughout
eukaryotes (Table 1) [42]. Nevertheless, notable differences exist be-
tween SAGA complexes purified from distinct species (Table 1). First,
the metazoan and plant SAGA complexes do not contain homologues of
yeast Spt8. Second, the metazoan SAGA complexes co-purify with two
splicing factors, SF3B3 and SF3B5, suggesting that an additional module
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exists in metazoan SAGA, but is absent from yeasts and plants [43,44].
Third, plants do not have an ortholog of Sgf73 suggesting that the DUB
module is different from that in yeasts and animals [40,45].

2.3. Overview of SAGA topological organization

Structural information is crucial to understand why different activ-
ities are found together within a complex and how they are coordinated.
Since its discovery, much work has been done to determine the overall
architecture of SAGA and its different modules. Early structural analyses
supported the idea that the identified functional entities form distinct
structural modules (Fig. 1) [46,47]. However, the models of the relative
positions of different subunits were sometimes contradicted by results
obtained with orthogonal structural and biochemical approaches
[48,49]. The rapid expansion of cryo-electron microscopy (cryo-EM) as
a result of better electron detectors and image-processing techniques
allowed the acquisition of high-quality images and high-resolution
structures of very large complexes. Using cryo-EM, the structure of the
large Tral subunit and its anchoring to the rest of the SAGA complex was
determined a few years ago [50,51]. Over 20 years after SAGA discov-
ery, two recent reports finally provided high-resolution models of SAGA
at different stage of transcription regulation, either bound to TBP [52] or
to nucleosomes [53] (Fig. 1). Notably, these studies describe a central
core module with an atypical histone-fold octamer-like conformation,
providing a mechanism for how SAGA loads TBP to promoters. These
structures also unequivocally locate the other functional modules and
provide unprecedented molecular details into their connections with the
central core, paving the way for a better understanding of how SAGA
topology and modularity mediates its functions.

2.3.1. Structure/function relationship of the two enzymatic modules

It was recognized early that the two enzymatic subunits of SAGA,
Gen5 and Ubp8, require association with specific co-factors for their
catalytic activation and for substrate recognition [13,14,49,54-57].
Both enzymatic modules are now known to be composed of four sub-
units making extensive contacts with each other. Determination of the
low-resolution structure of the human HAT module and the atomic
structure of the recombinant yeast DUB module, confirmed that the
previously defined functional modules form discrete structural entities.

2.3.1.1. The histone acetyltransferase module. An almost identical HAT
module is shared between all identified Gen5-containing complexes
(Table 1). Early work suggested that Ada2, Ada3 and Gen5 assemble into
a complex with coactivator function bridging activation domains with
the general transcription machinery [10,58]. The same high sensitivity
proteomic analyses that identified subunits of the SAGA DUB module
identified an additional subunit, called Sgf29 [15]. Subsequently Sgf29
has been described as the fourth subunit of the HAT module [49]. Sgf29
contains a double Tudor domain and was shown to be important to re-
cruit GCN5-containing complexes to H3K4 trimethylated chromatin

A

&

L3

Brand et al. Wu et al. Setiaputra et al. Sharov et al.
1999 2004 2015 2017
Resolution 34 A 39A 11.7A
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[14,44,59].

Sequence analysis of the four SAGA HAT subunits revealed that all of
them contain evolutionary conserved domains (Fig. 2A). All the
eukaryotic Gen5 homologues contain an acetyl transferase (AT) domain
and a C-terminal bromodomain [33]. Bromodomains are approximately
110-amino-acid motifs found in many chromatin-associated proteins.
Structural analysis revealed that the bromodomains of Gen5 or PCAF
have a specific affinity for acetyl-lysine-containing motifs, including
acetylated histone H4, suggesting that bromodomains can interact with
chromatin, but also with other proteins in an acetylation-dependent
manner [60-63]. Indeed, specific point mutations suggest that the
interaction of the Gen5 bromodomain with acetyl-lysine is important for
Gen5-dependent transcription and histone acetylation at promoters
[64].

Yeast Ada2 and metazoan ADA2b homologues all contain three well
defined domains: a N-terminal ZZ type zinc finger domain, a SANT
domain (found in Swi3, ADA2, N-Cor and TFIIIB) involved in chromatin
binding and a C-terminal SWIRM domain found in proteins implicated in
chromatin remodeling and gene expression. Ada3 homologues are sug-
gested to contain N- and C-terminal coiled-coil domains. Sgf29 homo-
logues contain a N-terminal coiled-coil and a C-terminal double Tudor
domain, a structural motif involved in binding tri-methylated histone
H3K4 (H3K4me3), which is a hallmark of active promoters [14,44].

An atomic model of most of these domains exist, including for the AT,
bromo-, ZZ, SANT and double Tudor domains [65]. Crystal structures of
the Ada2 ZZ and SANT domains in interaction with the Gen5 AT domain,
show that the SANT and ZZ domains of Ada2 interact with N- and C-
terminal extensions of the Gen5 AT domain. Furthermore, the Ada2
SANT stimulates the Gen5 HAT activity by enhancing the binding of its
cofactor acetyl-CoA [54]. Chemical cross-linking-mass spectrometry in
combination with modeling allowed building a low-resolution structural
model of the human SAGA HAT module [65]. In the tetrameric complex,
GCNS5 crosslinks with all the other three subunits, while ADA2b interacts
only with ADA3 and GCN5, and SGF29 only with ADA3 and GCN5.
Moreover, it was suggested that the HAT module may change its
conformation when integrating in the holo-SAGA complex. (See more
details in the article of Espinola Lopez and Tan in this Special Issue about
the function of the SAGA HAT module [66]).

Very recently, the core structure of the yeast SAGA complex was
resolved at 3.3-3.5 A resolution [52,53]. In these cryo-EM structures,
the HAT module adopts multiple conformations and thus its structure
could not be interpreted at high resolution (Fig. 2B). However, the bulk
of the HAT module is visible as an elongated density at the opposite side
of the complex, when compared to the location of Tral (Fig. 2B).
Nevertheless, Papai et al. [52] identified the docking site of the HAT
module on the SAGA core and showed that two helical domains of Ada3
interact with the surface of the Taf6 HEAT-repeat containing domain.
This observation is in good agreement with crosslinking data and
structure-function experiments in yeast [48]. Overall, biochemical and
structural approaches indicate that interactions between Ada3 and Taf6

Papai et al.
2020

3.5A

Fig. 1. A) Representation of the evolution of the resolution of the SAGA structures over the last 21 years. The structures were obtained from [46,47,51,52,134]
(available EMDB numbers: 6301, 3804, 10438). B) High resolution structure of the SAGA core and its connection to Tral shown as a ribbon model (PDB: 6TB4).
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Fig. 2. A) Schematic representation of the four subunits of the S. cerevisiae SAGA HAT module. Amino acid coordinates of each factor are labelled together with the
different functional domains described in each factor. AT: Acetyl-transferase; BROMO: bromodomain; ZNF: zinc-finger domain; SANT: Swi3, ADA2, N-Cor and TFIIIB;
Tudorl and Tudor 2: double Tudor domain; A3A1 and A3A2: Ada3 anchoring domains. B) Schematic representation of the flexible HAT module and its incorporation
in the high-resolution SAGA structure from Papai et al. [52]. Low resolution HAT densities (white) represent flexibility described in [52] while grey density rep-
resents the most frequent position. Colours of the subunit are the same as on Fig. 1B. The insert highlights the position of the HAT module within the overall structure

of SAGA.

mediate the docking of the HAT module to the rest of SAGA. Other HAT
module subunits may also participate in the incorporation of the HAT
module into SAGA, as the deletion of Ada2 was shown to result in the
loss of the whole HAT module from SAGA [49]. It is noteworthy that
Wang et al. [53] hypothesized that the HAT module of SAGA becomes
flexible and/or is displaced upon nucleosome binding to better accom-
modate the HAT activity of SAGA for nucleosome modifications around
the promoters of active genes. In conclusion, it seems that Ada3 plays a
prominent role in integrating the HAT module into the holo-SAGA
complex. In contrast, Gen5 AT and bromodomain, as well as the dou-
ble Tudor domains of Sgf29, are likely positioned on the outer side of the
HAT module and recognize activating histone marks to maintain acet-
ylation of nucleosomes at active promoters.

2.3.1.2. The histone deubiquitinase module. The yeast SAGA DUB mod-
ule is formed by the assembly of Ubp8 with Sgf11, Susl and the N-ter-
minal ~100 residues of Sgf73 (Fig. 3A, B; and see Table 1). Biochemical
and structural studies demonstrated that Ubp8 is activated by in-
teractions with the three other subunits and revealed a key role for Sgf73
in anchoring the DUB module within SAGA [32,48,55,57,67]. Crystal
structures of recombinant DUB module revealed that it is organized in
two lobes around two structural domains of Ubp8, the C-terminal cat-
alytic USP domain and the Zinc Finger-Ubiquitin Binding Protein (ZnF-
UBP) N-terminal domain (Fig. 3B) [55,57]. At the center of the assembly
lobe, a long helix of Sgfl1 contacts the Ubp8 ZnF-UBP domain on one
side and the entire Sus1 protein on the other side. C-terminal to its alpha
helix and joined by an extended linker, a ZnF domain in Sgfl1l binds
Ubp8 close to its catalytic domain, forming the catalytic lobe of the DUB
module. The N-terminal region of Sgf73 is located between the two lobes
and makes extensive contacts with the three other DUB subunits. The
two ZnF domains from Sgf11 and Sgf73 make different contributions to
the DUB module activity. The Sgf11-ZnF facilitates DUB module activity
by maintaining the active conformation of Ubp8, whereas the Sgf73-ZnF
is required for Sgf73 association with the DUB module and maintains the
open conformation of the ubiquitin-binding pocket of Ubp8
[32,55,68,69]. In addition, the Sgfll ZnF contains several arginine
residues that play a crucial role in targeting the DUB module to nucle-
osomes [57,70]. Indeed, a crystal structure of a DUB module bound to
ubiquitinated nucleosomes indicates that the arginine cluster in the
Sgfll ZnF binds the acidic patch of the H2A/H2B heterodimer. In

contrast, Ubp8 mainly contacts ubiquitin, as well as the H2B C-terminal
helix, which contains the ubiquitinated lysine [71]. Mutations of the
basic residues in Sgf11 had more severe effects on the DUB activity when
compared to mutations of Ubp8 residues interacting with nucleosomes.
Thus, Sgfll appears to make the most significant contribution to the
specificity of substrate recognition.

An obvious advantage for the requirement of Ubp8 activity to asso-
ciate with other factors would be to prevent untargeted de-
ubiquitination activity. The mandatory incorporation of Ubp8 within
SAGA might also restrict its substrate specificity and direct its action to
specific genomic locations. However, several evidences suggest that a
free DUB module can exist independently of the SAGA complex. For
example, in S. cerevisiae, the 19S regulatory particle of the proteasome
interacts in vitro with Sgf73 and stimulates the ATP-dependent dissoci-
ation of the DUB module from the SAGA complex [72]. Further work is
needed to understand the dynamics of SAGA-DUB interaction in vivo and
how it contributes to transcriptional regulation.

Several puzzling observations in different organisms further support
the existence of a functional DUB outside of SAGA. Genome-wide ana-
lyses of SAGA regulatory roles in Drosophila suggest that the DUB
module binds and regulates a subset of promoters independently of
SAGA [73]. Purifications of SAGA from two filamentous fungi, Asper-
gillus nidulans and Fusarium fujikuroi, apparently lack Ubp8 and Sgfl1,
although Sgf73 is present. Surprisingly, their genomes have orthologous
genes encoding Ubp8 and Sgfll, suggesting that the DUB is either
transiently associated with SAGA or functions completely independently
[74,75]. Accordingly, work in model plant species demonstrated that
the DUB module functions outside of SAGA. Indeed, the genomes of
several plants, including Arabidopsis thaliana, Oryza sativa and Vitis
vinifera lack a gene encoding a Sgf73 orthologue, but have orthologues
of Ubp8, Sgfll, and Susl (called ENY2) (Table 1). In agreement with
Sgf73’s anchoring role, subunits of the DUB were not found associated
with the SAGA complex in these plant species [40,41,45]. Surprisingly,
despite the absence of the N-terminal ZnF from Sgf73, the plant DUB
complex efficiently deubiquitinates histone H2B, although this region is
required for the full activation of Ubp8/USP22 in yeast and human cells
[32,56]. (See more details in the article of Grasser et al. in this Special
Issue about the function of the DUB module of plants [76]).

Supporting this possibility, work in human cells revealed the exis-
tence of catalytically active DUB modules lacking ATXN7, the
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orthologue of yeast Sgf73. Indeed, the human genome encodes two de-
ubiquitinases, USP27X and USP51, which are closely related to USP22,
the orthologue of yeast Ubp8. Each of these USP22 paralogs forms a
small DUB complex with the human orthologue of Sgf11, ATXN7L3, and
ENY2, the orthologue of yeast Susl [77]. The N-terminal ZnF domain of
ATXN7L3 with its conserved arginine residues likely play a similar role
to that of Sgf11 in docking these small DUB complexes to the H2A/H2B
acidic patch. Indeed, these independent DUB modules, containing either
USP27X or USP51, are catalytically active on mono-ubiquitinated H2B.
Additional experiments are needed to understand how SAGA and these
two small DUB complexes contribute to global and targeted de-
ubiquitination of H2B.

In summary, the association of the DUB module with the SAGA
complex show very different behaviors throughout evolution, perhaps
depending on whether the DUB activity needs to be coordinated with
other SAGA activities or not. This raises the question of the mechanisms
leading to either a stable incorporation of the DUB module within SAGA
or, on the contrary, to a fully independent action of the DUB module.
Sgf73 has a dual role, with its N-terminal region being required for DUB
module assembly as well as Ubp8 activation and its C-terminal region
anchoring the DUB module within SAGA [32,78]. Recent cryo-EM
structures of SAGA show that Sgf73 penetrates deeply into the SAGA

BBA - Gene Regulatory Mechanisms 1864 (2021) 194614

Fig. 3. A) Domain organization of the four
subunits of the S. cerevisite SAGA DUB
module. ZnF: Zinc Finger domain, SCA7:
SpinoCerebellarAtaxia 7, USP: Ubiquitin
Specific Protease. B) The assembly lobe and
the catalytic lobe of the S. cerevisiae DUB
module are organized around the ZnF-UBP
and the catalytic domain of Ubp8, respec-
tively. Ubp8 (dark grey), Sgfll (yellow),
Sus1 (light grey) and Sgf73 (cyan) are shown
in ribbon representation. The location of the
represented structure is indicated by a rect-
angle on the overall structure of SAGA
(EMDB: 10438). C) Sgf73 anchors the DUB
module to the SAGA core. The composite
image shows the crystal structure of the DUB
module docked into the cryo-EM map of the
K. phaffii combined with a ribbon model of
the core module (6TBM). Colours of the
subunit are the same as on Fig. 1B and panel
B. In panels B) and C) the inserts highlight
the regions of interest within the overall
structure of SAGA.

central core module through its a central region (Fig. 3C) [52,53]. This
region is connected to the Sgf73 N-terminal ZnF through a linker and the
structured SCA7 domain, which was not resolved in the cryo-EM
structure, but is dispensable for DUB interaction with SAGA [79,80].
The central region of Sgf73 forms two helices and several loops that
make extensive contacts with several subunits of the core module.
Particularly, the second anchoring helix is embedded in a chamber
formed by Adal and the SEP (shpl-eyc-p47) domain of Spt20. Although
the position of the DUB module relative to the core appears highly
flexible and has few contacts with the SAGA core, it is tightly tethered to
SAGA, as suggested by the multiple contacts that the Sgf73 anchoring
domain makes with core SAGA subunits. However, both studies were
performed in conditions in which SAGA subunits were recovered in
stoichiometric amounts, including the DUB. Thus, whether a similar
mechanism exists in species in which the DUB might interact only
transiently with the rest of SAGA is an interesting question for future
studies.

2.3.1.3. Structure of the activator binding module. Targeting chromatin-
modifying activities to specific genes is important for the spatiotem-
poral regulation of transcription. Therefore, understanding how tran-
scription factors recruit SAGA to promoters is a central question.
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Seminal biochemical studies from the Workman, Green, and Hahn labs
established that this function involves the largest subunit of SAGA,
called Tral in yeast and TRRAP in humans. TRRAP was originally
identified in mammalian cells as an interacting partner for the c-MYC
and E2F proto-oncogenic transcription factors [81] and its yeast ortho-
log quickly identified in purified SAGA fractions [27,28]. Tral was then
identified in the NuA4/TIP60 complex, which is another conserved
transcriptional co-activator with acetyltransferase activity [82]. Tral/
TRRAP belongs to a family of atypical kinases, named the phosphoino-
sitide 3 kinase-related kinases (PIKKs), but lacks the catalytic residues
required for kinase activity and is therefore the sole inactive member
within this family (reviewed in [83]).

Tral is essential for viability in S. cerevisiae and TRRAP is essential
for early embryonic development in mice [28,84]. Genetic analyses
using partial loss of function or conditional mutant alleles have impli-
cated Tral/TRRAP in a number of important processes, such as cell cycle
progression and stem cell maintenance. Elegant biochemical studies
have shown direct interaction between Tral/TRRAP and several tran-
scription activators, indicating that its primary role is to target co-
activator complexes to specific promoters [81,85-91]. In summary, its
large size, lack of kinase activity, and ability to directly contact activa-
tors suggested that Tral/TRRAP serves as a scaffold for the assembly
and recruitment of co-activator complexes to chromatin. However, for
many years, it remained difficult to identify the specific roles of Tral/
TRRAP within either SAGA or NuA4/TIP60, in part because the genetic
dissection of this very large protein (~420 kDa) is challenging. How-
ever, recent work brought unprecedented insights into our under-
standing of Tral/TRRAP structure-function relationship.

First, advances in cryo-EM solved the structure of yeast Tral at high
resolution [50,51]. Like all PIKKs, Tral/TRRAP has a characteristic
domain architecture, which includes repeated superhelical structural
motifs forming the HEAT and FAT domains, preceding the highly
conserved, PI3K-related, kinase domain and a short C-terminal FATC
motif [81,92]. Structural analyses identified three distinct regions
within the N-terminal array of HEAT repeats, the ‘Finger’, ‘Ring’, and
‘Clasp’ domains, which fold into an a-solenoid superhelical structure.
The remaining FAT, kinase, and FATC domains form a globular region,
termed ‘Head’, which adopts a similar conformation to other PIKKs.

Second, the fission yeast Schizosaccharomyces pombe provides a
unique opportunity to study Tral topology and function, because it has
two paralogous proteins, Tral and Tra2, and each has non-redundant
functions that are specific for SAGA and NuA4, respectively [93]. In
addition, a tralA deletion mutant is viable, facilitating detailed
structure-function analyses. Biochemical and phenotypic analyses in
S. pombe revealed that, within SAGA, Tral has specific regulatory roles
and does not scaffold the entire complex but, rather, controls the
incorporation of the DUB module. In contrast, Tra2 contributes to the
overall integrity of the NuA4 complex [94]. These observations agree
with the most recent structures of yeast SAGA and NuA4, which showed
that Tral is positioned differently relative to the other subunits. Indeed,
within SAGA, Tral localizes to the periphery of the complex, whereas it
occupies a more central position within NuA4, contacting subunits from
different modules [51,95]. We therefore speculate that the single Tral/
TRRAP protein found in most other eukaryotic organisms has distinct
architectural roles between each complex and functions as a scaffold
only within the NuA4/TIP60 complex.

The latest structures of SAGA show that Tral interacts with the rest
of the complex through narrow surface interactions [51-53]. Biochem-
ical evidence indicates that a small, 50-residue region of the Tral FAT
domain is both necessary and sufficient to anchor Tral within in SAGA
in both S. pombe and S. cerevisiae [94]. This region of Tral forms a
concave structure that clamps a short helix from the Spt20 subunit
[52,53]. Remarkably, the homologous region from S. pombe Tra2
diverged such that it cannot interact with Spt20. Transcriptomic and
phenotypic analyses of mutants specifically disrupting this interaction
confirmed that Tral contacts SAGA mainly through this region of Spt20
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in vivo [94]. Nevertheless, the most recent structures of SAGA clearly
show that other subunits, Taf12 and Spt3, make direct contacts with
Tral. It is possible that SAGA exists in different conformations,
depending on the number of contacts between Tral and these subunits.
Whether this flexibility allows allosteric regulation between modules is
an exciting question for future studies.

To conclude, integrating structural, biochemical, and functional
approaches established that Tral/TRRAP is a pseudoenzyme acting as a
protein-protein interaction hub during transcription initiation. Although
the molecular details remain elusive, the current model for Tral /TRRAP
function suggests that it conveys the signal from promoter-bound tran-
scription factors to SAGA and NuA4/TIP60, perhaps controlling their
chromatin-modifying activities and pre-initiation complex assembly to
elicit specific transcriptional responses.

2.3.1.4. Structure of the SAGA core. One of the most spectacular
breakthroughs from the recent cryo-EM studies is the high-resolution
structure of the SAGA core module, whose organization remained
elusive [52,53]. The overall topology of SAGA is formed by two lobes.
One lobe is almost exclusively constituted by the single Tral protein (see
above) whereas all other subunits are located in the main lobe. In its
center, the core module of SAGA is formed by an intricate assembly of 9
subunits which tethers all other modules to the complex. Each module
attaches to different regions of the SAGA core with different degrees of
flexibility (Figs. 2-4). In contrast to Tral, the structure of the two
enzymatic modules could not be resolved at high resolution in SAGA
cryo-EM maps, because of the high flexibility of the HAT and DUB
modules. One possible explanation for this phenomenon is that both
modules can adopt multiple orientations to accommodate their substrate
in the context of nucleosomal chromatin. Densities of the HAT and DUB
modules were lost upon SAGA binding to nucleosomes containing mono-
ubiquitinated histone H2B, suggesting increased flexibility of these
modules [53]. This was suggested to facilitate the coordination of the
different SAGA activities (histone acetylation, de-ubiquitination, and
TBP-binding) on promoters with different characteristics. Supporting
this possibility, previous work suggests that the DUB module modestly
stimulates Gen5 activity on mononucleosomal substrates [48].

The core module of SAGA is organized around several key structural
elements (Fig. 4A,B). These include a histone octamer-like fold, the
WD40 repeat domain at the C-terminus of Taf5, the N-terminal domain
of Taf5 and the HEAT repeat domain of Taf6. Analogous to the canonical
histone octamer in nucleosomes, a potential octamer-like structure
could be modelled within the cryo-EM map of the human TFIID complex
[96]. This octamer contains the Taf6-Taf9, Taf4-Tafl12, Taf3-Taf10 and
Taf11-Taf13 heterodimers, which interact through histone-fold (HF)
domains. Yeast SAGA shares Taf6, Taf9, Taf10 and Taf12 with TFIID and
has specific subunits with HFs, including Adal, Spt7 and Spt3 [25,26].
Therefore, a long-standing hypothesis was that SAGA contains an
octamer-like structure at its core, formed by the Taf6-Taf9, Spt7-Taf10,
Adal-Taf12 pairs and the two HFs from Spt3. Both recent SAGA struc-
tures visualized this octamer-like structure for the first time, at the edge
of the SAGA central lobe (Fig. 4B). In a canonical histone octamer, the
HF pairs are distributed along a spiral in the following order, H2A-H2B,
H3-H4, H3-H4 and H2A-H2B, forming a symmetrical structure. The
SAGA octamer starts with the Taf6-Taf9 pair, linked to Taf12-Adal, then
to Taf10-Spt7, and ends with the two HF domains of Spt3. At the end of
the octamer, the packing of the Spt3 HF pair deviates from the sym-
metrical organization of the canonical histone octamer. As a conse-
quence of the unconventional link between Taf10 and Spt3, the Spt3 HF
pair is relatively unconstrained from the octamer, but is tethered by a C-
terminal extension contacting all other HF pairs at the center of the
octamer. This specific organization is of crucial importance for TBP-
binding as revealed by the structure of the SAGA complex bound by
TBP [52]. The C-terminal region of TBP interacts with the Spt3 HF pair
whereas the TBP N-terminus binds Spt8 which is flexibly tethered to
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Spt7 in the SAGA core. The TBP DNA-binding surface faces the SAGA
core and DNA binding in the available space is prevented by different
structural elements. Biochemical experiments demonstrated that the
general transcription factor TFIIA is needed for initial binding of TBP to
DNA followed by the release of DNA-bound TBP from SAGA [52].

The WD40 repeats of yeast Taf5 form a seven blade §§ propeller which
is located at the center of the core module. It interacts on one face with
the Taf6-Taf9 and Taf10-Spt7 histone fold pairs and on the other face
with both the N-terminal domain of Taf5 and the Taf6 HEAT repeats
(Fig. 4B). The association between Taf5 and Taf6 in SAGA and their
interactions with other core subunits result in a different orientation of
the Taf5 N-terminal domain and the Taf6 HEAT repeats from that
observed in TFIID. In TFIID, the N-terminal domain of Taf5 docks the
octamer-like structure and is stabilized by the TFIID-specific subunit
Taf4. In SAGA, the Taf5 N-terminal domain is located on the upper face
of the WD40 structure and is stabilized by interactions with Spt20 and
the Taf6 HEAT repeat domain (Fig. 4B). Thus, the Taf5-Taf6 hetero-
dimer has a major structural function, making contacts with more than
ten protein domains in the SAGA central module.

3. Additional Gen5-containing complexes and their functions
3.1. Yeast ADA complex

Gen5 is found in multiple, but related HAT complexes in different
species in which it forms a HAT module together with Ada2 (ADA2a or
ADAZ2b in metazoans), Ada3 (ADA3 or TADA3) and Sgf29 (SGF29). The
yeast Gen5 protein was identified as a component of the small 0.8 MDa
ADA complex which contains all SAGA HAT module components,
together with two other specific subunits, ADA HAT component 1
(Ahc1) and Ahc2, demonstrating that ADA functions as a distinct com-
plex in S. cerevisiae [3,49,97]. Indeed, deletion of yeast Ahcl results in
the specific loss of the ADA complex from yeast extracts, but does not
cause an Ada phenotype, which would depend on SAGA functions [97].
This ADA complex acetylates nucleosomal histone H3 in vitro [98]. In
contrast with SAGA, the ADA complex does not contain the Tral sub-
unit, which is proposed to recruit SAGA to target genes, suggesting other
recruitment mechanisms for the ADA complex. The bromodomain of
Gcenb, the tandem Tudor domains of Sgf29 and the Ada2b ZZ and SANT
domains might recruit the ADA complex to chromatin.
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Fig. 4. Taf5-Taf6 heterodimer organizes the
central core module. A) Individual models of
two key structural elements of the SAGA
core are shown. The NTD, WD40 and LisH
domains of Taf5 are shown in blue. The N-
terminal histone fold domain of Taf6 (red) is
part of the octamer-like structure and is
connected to its HEAT domain through a
long linker. For easier visualisation, only the
histone folds of other subunits are indicated.
These two structures were artificially iso-
lated from the SAGA structure for visual-
isation and do not correspond to existing
cellular entities. B) Topology of the SAGA
core module highlighting the domain orga-
nization of the Taf5-Taf6 heterodimer and
their connection to the octamer-like struc-
ture. This view shows the central position of
the Taf5 WD40 domain and some of the
connections made by this domain with other
core subunits. For clarity, only the histone
folds are depicted for most HFD subunits.
Colours of the subunit are the same as on
Fig. 1B.

3.2. Two Gcn5-containing small complexes (ADA and CHAT) in
Drosophila

The identification of the ADA complex in yeast and of SAGA-
independent DUB modules in several species, suggested that small
Gen5-containing complexes may also exist in metazoans. Two such
complexes were recently characterized in Drosophila, corresponding
either to a typical HAT module functioning as an independent complex
called ‘metazoan ADA complex’, or to a HAT module associated with
Chiffon, forming the Chiffon acetyltransferase (CHAT) complex
[99,100]. Formation of these complexes is partially explained by the
existence in Drosophila of two splice variants of Ada2b which differ by
their C-terminal region, leading to their specific incorporation in
different complexes [101,102]. The short Ada2b isoform is exclusively
incorporated in the CHAT complex, but not in SAGA or ADA complexes.
In insects, but not in other organisms, Chiffon is a bicistronic gene and
the sole C-terminal product interacts with Gen5 to incorporate in the
CHAT complex [100]. In agreement with the insect specificity of the C-
terminal domain of Chiffon, orthologues of Chiffon in yeast or mammals
do not interact with Gen5 and no CHAT type complexes could be iso-
lated from yeast or vertebrates. The CHAT complex was shown to be
required for histone H3 acetylation in vivo and was proposed to regulate
gene expression in flies [100] (see also the article of Torres-Zelada and
Weake in this Special Issue for more details on the function of the
Drosophila CHAT complex [103]).

In contrast, the long Ada2b isoform is excluded from CHAT, but
appears to be an exclusive subunit of both SAGA and the recently
described ‘metazoan ADA complex’ in Drosophila [99]. The fly ADA
complex thus contains the long Ada2b isoform together with Gen5, Ada3
and Sgf29, but does not contain any additional specific subunits. This
tetrameric HAT module complex was suggested to be a discrete entity
that does not result from in vitro dissociation of SAGA and to function
independently of the large SAGA complex. ChIP-seq analyses revealed a
few number of genomic sites bound by HAT subunits but not by SAGA-
specific subunits, suggesting that the ADA complex, which has in vitro
acetyltransferase activity on nucleosomal histones, could bind and
regulate the expression of specific genes [99]. Thus, in addition to its
function as part of the SAGA complex, the tetrameric Gen5-containing
HAT module can be biochemically isolated as an independent acetyl-
transferase complex and seems to function independently from the large
2 MDa SAGA complex. (See also the article of Torres-Zelada and Weake
in this Special Issue for more details on the function of the Drosophila
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ADA complex [103]).

3.3. Metazoan ATAC complexes

GCNS5 was identified also as a subunit of a ten subunit coactivator
HAT complex in Drosophila and mammals, named ATAC (Ada two A-
containing) [104-106], but not in plants [41]. Interestingly, the yeast
Ada2 protein has two paralogues in all metazoans, called ADA2a and
ADA2b [107,108]. Similarly to Drosophila, ADA2b is part of the HAT
module of all the metazoan SAGA complexes, and ADA2a is a subunit of
the HAT module of all metazoan ATAC complexes together with GCN5,
ADA3, and SGF29 ([42] and refs therein). The HAT modules of
mammalian ATAC complexes exist with either GCN5 or its vertebrate
paralogue, PCAF, in a mutually exclusive manner [106].
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Although eukaryotic SAGA complexes preferentially acetylate his-
tone H3K9 and H3K14 lysine residues [35,98,109,110]1, specificities of
the metazoan ATAC complexes are less well understood [105,106,111].
After knock-down of ATAC subunits acetylation of H4KS5, -K12, and -K16
decreases in Drosophila [112-114]. In contrast, analyses of changes in
histone tail acetylation patterns upon knock-out or knock-down of
specific ATAC subunits in mammalian cells suggested that ATAC pref-
erentially acetylates histone H3 rather than H4 [105,106,111].

As the structure of the entire ATAC complexes is not yet known, and
as structural information is only available about the different conserved
domains of ATAC subunits (Fig. 5), in the next sections we will sum-
marize the structure/function relationship of the existing data. It has
been described that in vitro ADA2b, but not ADA2a, increases the acet-
ylation of nucleosomes by GCN5 [115] and that the ADA2b-containing

1 Fig. 5. Schematic representation of the ten subunits
f% of the human ATAC complex. Amino acid coordinates
K of each factor are labelled together with the different
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SAGA HAT module stimulated the HAT activity of GCN5 better than that
of the ADA2a-containing ATAC HAT module [116]. Both ADA2a and
ADAZ2b have ZZ, SANT and SWIRM domains. Analyses of the role of the
SANT domain of yeast Ada2 revealed that the domain was required for
full HAT activity of the associated Gen5 [54]. Thus, it is possible that the
ADA2a SANT domain, in contrary to the corresponding domain of
ADA2b, interacts differently with GCN5 and does not enhance efficiently
the binding of the acetyl-CoA to GCN5 as described for the SANT domain
of yeast Ada2. Nevertheless, the catalytic activity of GCN5 is stimulated
collectively by all subunits of the ADA2a-containing HAT module, and is
further increased when the HAT module is incorporated in the ATAC
holo-complex [116]. These observations suggest that the interactions of
the HAT with the other functional module of ATAC complex would
further accommodate the structure of the HAT module of ATAC for a full
activity, as suggested for yeast SAGA [53].

In addition to the ATAC-specific HAT modules, the metazoan ATAC
complexes all have a second module, composed of six bona fide subunits
with distinct chromatin/transcription linked properties, such as chro-
matin recognition and binding (YEATS2 and ZZZ3), transcription
regulation (NC2p), nucleosome remodeling (WDR5) and a second pu-
tative HAT enzyme (ATAC2 or Cysteine-rich protein 2-binding protein,
or CRP2BP) (Fig. 5) [105,106,111,117,118]. YEATS2 is an evolutionary
conserved protein. In vitro the YEATS domain of YEATS2 recognizes
acetylated and/or crotonylated H3K27 peptides [117,119]. Thus, it is
thought that the YEATS domain of YEATS2 is a selective H3K27 acetyl
(ac)/crotonyl (crot) chromatin reader, suggesting a model wherein
YEATS2 would participate in recruiting the ATAC complex to H3K27ac-,
or H3K27crot-enriched target genes to promote active transcription via
maintaining promoter histone H3K9 acetylation levels [117]. YEATS2
was also described as a scaffolding subunit of the core module of ATAC,
as its N-terminal end (first 386 amino acids) interacts with the HAT
module of ATAC (GCN5, ADA2a, ADA3 and SGF29) and its C-terminal
end (from amino acids 1328 to 1422) is required for interactions with
WDRS5, MBIP and NC2f [105]. In addition, it was shown that the C-
terminal region of YEATS2 contains a HFD through which it forms a
histone fold pair with NC2p and that the YEATS2-HFD/NC2f histone
fold pair can interact with TBP. Further in vitro transcription experi-
ments suggested that the TBP-interacting NC2-like module (YEATS2-
HFD/NC2p) present in ATAC complexes could be involved in both
positive and negative regulation of transcription [105].

7773, another component of the core module of the ATAC complex,
harbors a SANT and a ZZ domain (Fig. 5). Using multiple orthogonal
approaches, it was demonstrated that the ZZ domain at the C-terminus of
7773 binds selectively acetylated histone H3K4 marks [118]. Experi-
ments with loss-of-function ZZ-mutants pointed to an important role of
the ZZ domain in the association of the ATAC complex with chromatin.
Therefore, it was suggested that the ZZ domain of ZZZ3 cooperates with
other readers in the core ATAC module to facilitate its chromatin
recruitment and, potentially, the catalytic activity of the HAT module.

MBIP (MUK-binding inhibitory protein) was originally identified as a
mitogen-activated protein kinase (MAPK) upstream kinase (MUK)-
interacting protein in a two-hybrid screen and shown to inhibit the ac-
tion of MUK in activating the c-Jun N-terminal kinase (JNK) [120].
MBIP contains two tandemly orientated leucine-zipper-like motifs with
a cluster of basic amino acids located between the two motifs (Fig. 5).
Subsequently, MBIP homologues have been identified in all metazoan
ATAC complexes. The Drosophila homolog of MBIP was found in a fusion
with the MoaE protein, a subunit of molybdoprotein synthase, and thus,
it was suggested that the MoaE/MBIP fusion protein plays a non-
catalytic role in MAPK signaling in Drosophila as part of the ATAC
complex [121]. Interestingly, several genome-wide association studies
(GWAS) analyzing the dysfunction and cancers of brain, lung and thy-
roid, identified amplifications, mutations or deletions in the MBIP gene
[122-124]. As MBIP is a bona fide subunit of ATAC and thus seems to be
an important subunit for the stability of the complex, these GWAS
studies may suggest that ATAC- and/or MBIP-mediated functions are
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crucial for the correct homeostasis of these organs.

The bona fide subunit of ATAC, WDR5 (WD repeat-containing protein
5), is a highly conserved metazoan protein involved in development,
epigenetic control, transcription, and cell division. WDR5 has been
extensively studied and shown to be a moonlighting protein, as it is also
a subunit of many functionally different multiprotein complexes
involved in histone methylation (MLL/Setl or COMPASS), histone
acetylation (NSL) with positive and negative (NuRD) chromatin linked
functions ([125] and refs therein). Early studies led to the suggestion
that WDRS5 itself might be an H3K4-methylation reader [126]. WDR5
contains WD40 repeats adopting a seven-bladed p-propeller structure
(Fig. 5). Indeed, it seems that most of chromatin regulatory complexes
have dedicated WD40 family members, such as for example Taf5 in yeast
TFIID and SAGA, or TAF5 and TAF5L in metazoan TFIID and SAGA
complexes, respectively, which all have seven f-propeller-containing
domains [42]. The finding that TAF5, but also its paralogue TAF5L,
interacts through their WD40 domains with the chaperonin TRiC/CCT, a
large hetero-oligomeric ring-shaped complex, in the cytoplasm [127],
suggests that the WD40-TRiC/CCT chaperonin interaction mechanism
may be an important regulatory step during quality control and conse-
quent biogenesis of chromatin regulatory complexes containing WD40
proteins. As WD40 propeller domain-containing proteins seem to
occupy central positions in regulatory complexes, in addition they may
also serve as structural hubs connecting many subunits of a given
complex. The WD40 domain of Taf5 in yeast SAGA is a good example of
this capacity, as it associates with at least ten different protein domains
[52].

All ATAC2 (also called Cysteine-rich protein 2-binding protein or
CRP2BP) homologues contain an acetyltransferase domain related to the
GNAT family (Fig. 5). In addition, insect ATAC2 homologues contain a
PhD domain at their N-terminus. However, the alignment of about the
first 200 amino acids of insect and vertebrate ATAC2 proteins indicates
that the vertebrate proteins do not contain a typical PhD domain at this
position, but rather a PhD-like zinc-finger domain [106]. Indeed, this
PhD-like domain was later found to be associated with a winged-helix
(WH) domain in different protein families, called PWAPA domain for
PhD-like/WH domain in human ASH2 histone methyltransferase com-
plex subunit, human polycomb-like proteins 1-3 (PCL1-3) and human
ATAC2 [128] (Fig. 5). Furthermore, it has been suggested that PWAPA
domain-containing proteins may recognize modified histone tails and/
or may function as DNA-binding domains. However, the specificity of
these activities remains to be discovered. Vertebrate ATAC2 (CRP2BP)
homologues were suggested to contain also an IMP dehydrogenase
(IMPDH)/GMP reductase domain, but no functional experiments have
been carried out with this putative homology domain [129]. Using
distinct recombinant ATAC2/CRP2BP protein preparations, different
authors reported that ATAC2/CRP2BP acetylates i) all core histones
with H3 being the most prominent [129], ii) H4 [113], iii) H4 on K5
[130], or iv) did not exhibit any significant HAT activity [106,111].
Thus, at present the histone acetylation specificity of ATAC2/CRP2BP in
isolation is not well understood, however its HAT activity may be
stimulated and/or the specificity modified by its incorporation into the
ATAC complex. In line with this suggestion the acetylation of histone
H3K9, H4K5, H4K12, and H4K16 was reduced to at least 50% in human
cells in which ATAC2/CRP2BP has been knocked down. Note however
that in these knock-down cells it has not been investigated whether and
how the composition of the ATAC complex has been altered and whether
the ADA2a-containing HAT module is still active. Moreover, it has been
recently reported that actin binds directly to ATAC2/CRP2BP, and thus
may modulate its histone acetyl transferase activity in vitro and in cells
[130]. As a matter of fact, CRP2BP has also been described as a cofactor
of the serum response factor to regulate smooth muscle gene expression
[129].
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4. Concluding remarks

In all species examined so far, Gen5/KAT2A is part of several mul-
tisubunit complexes that share a common tetrameric HAT module. Of
these, SAGA is the only one for which we now have a high-resolution
view of its structural organization, although, unluckily, its HAT mod-
ule still remains blurry. The topology of the different functional modules
is now well understood in yeast. SAGA is organized around a central core
module, to which the other modules are connected with varying
strengths. The core module is organized around a Taf5-Taf6 heterodimer
that has a prominent scaffolding role for the entire complex. The Taf5-
Taf6 heterodimer anchors the HAT module and contacts the DUB
module and a histone octamer-like structure. This octamer has crucial
roles in the interaction and positioning of Spt20, which binds Tral, and
Spt3, which binds TBP.

One striking observation from these studies is that the TBP-loading
and activator-binding modules of SAGA appear stably positioned rela-
tive to the core. In marked contrast, the two enzymatic modules are
extremely flexible, suggesting that substrate recognition and/or cata-
lytic activity involve structural rearrangements. Specifically, the
conformation of the DUB is itself rather stable, but might require flexi-
bility to reach a nucleosome, perhaps to accommodate the highly vari-
able lengths of nucleosome-free regions. The HAT module shows
massive structural heterogeneity, both between its four subunits and
relative to the rest of SAGA. The molecular nature and functional rele-
vance of this conformational variability remains unknown and is an
important question for future studies of SAGA mechanism of action.

Interestingly, a recent structure of the COMPASS complex, which
catalyzes H3K4 methylation of H2B mono-ubiquitinated nucleosomes,
demonstrated the importance of structural rearrangements for substrate
recognition and catalysis [131]. As compared to the structure of COM-
PASS alone, Worden et al. [131] observed conformational changes for
most subunits upon binding to mono-ubiquitinated nucleosomes. For
example, several residues from the N-terminal N-Set domain of the Set1
catalytic subunit switched from a disordered conformation to a helix,
which makes critical contacts with the acidic surface of H2A on one side
and with ubiquitin on the other side.

An integrated view of the structure of all SAGA modules at different
stages of transcription will be crucial to answer long-standing questions
about multifunctional co-activator complexes. In particular, despite
much work over the past two decades, little is known about the physi-
ological relevance of SAGA conformational heterogeneity and whether
allosteric regulation exists within the complex. Rather, reductionist
approaches suggest that each module can function independently of the
others in gene regulation. However, the evolutionary conservation of
SAGA composition argues for the importance of associating different
activities, which appear to synergistically control global RNA poly-
merase II-dependent transcription [132].

The overlapping as well as differential HAT activities carried by the
related HAT modules of either SAGA or ATAC, and the role of metazoan
SAGA and ATAC complexes regulating potentially distinct gene regu-
latory pathways involved in signaling, development or cell cycle pro-
gression has been elegantly reviewed [133]. Although much progress
has been made, many functional aspects carried out by related GCN5-
containing complexes remain unanswered. In order to better under-
stand the functional differences and similarities between these com-
plexes, several questions require further investigation. For example, we
still do not understand how the same HAT, Gen5/KAT2A, can have
different activities, depending on whether it is incorporated into SAGA,
ATAC or other related complexes. ADA2a and ADA2b play probably an
important role in this specialization, but the molecular mechanisms
involved remain unknown. Hopefully, within a few years, continuing
progress in structural and functional analyses will continue to bring
answers to these questions.
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