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A new chapter in the transcription SAGA
Nadine L Samara and Cynthia Wolberger

Eukaryotic transcriptional coactivators are multi-subunit
complexes that both modify chromatin and recognize histone
modifications. Until recently, structural information on these
large complexes has been limited to isolated enzymatic
domains or chromatin-binding motifs. This review summarizes
recent structural studies of the SAGA coactivator complex that
have greatly advanced our understanding of the interplay
between its different subunits. The structure of the four-protein
SAGA deubiquitinating module has provided a first glimpse of
the larger organization of a coactivator complex, and illustrates
how interdependent subunits interact with each other to form
an active and functional enzyme complex. In addition,
structures of the histone binding domains of ATXN7 and Sgf29
shed light on the interactions with chromatin that help recruit
the SAGA complex.
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Introduction

Eukaryotic cells rely on a diverse array of transcriptional
coactivator complexes to regulate the expression of indu-
cible genes [1]. These coactivators, which are typically
large multi-protein complexes that contain enzymatic
subunits that modify chromatin, as well as domains that
recognize specific histone modifications and help recruit
the transcription pre-initiation complex [2,3]. The SAGA
(Spt-Ada-GenS-Acetyltransferase) complex is 1.8 MDa
transcriptional coactivator that activates around 10% of
yeast genes in response to environmental stresses [4-6],
and has served as a paradigm for understanding cukar-
yotic gene activation. SAGA performs multiple functions
including acetylating core histones, recruiting the pre-
initiation complex, and deubiquitinating monoubiquiti-
nated histone H2B (H2B-Ub) [7]. Removal of monoubi-
quitin from Lys'*® of H2B is required for downstream

events including recruitment of the Ctk1 kinase, which
phosphorylates the C-terminal domain (CTD) of RNA
polymerase II [8]. In addition to its role in activating
transcription, SAGA also promotes transcription
elongation [9] and export of the nascent mRNA through
the nuclear pore complex [10]. Studies have shown that
the activities first described for the yeast complex are
largely conserved in Drosophila and human SAGA [11,12].

The 21 proteins that make up the SAGA complex are
broadly conserved from yeast to man [5] and contain a
variety of domains whose functions are known, including
the catalytic core of the GCNS5 histone acetyltransferase
(HAT) [13], the catalytic domain of the deubiquitinating
enzyme (DUB), Ubp8 [14], domains that bind various
histone modifications, zinc fingers, and protein-protein
interaction domains [5]. Crystal structures of the GCNS5
HAT domain [15,16] and bromodomain (which binds
acetyl lysine) [17] have been determined, and a variety
of other domains have been annotated based on sequence
similarities [5]. Many of the SAGA polypeptides, how-
ever, contain few recognizable domains, and there is
limited information on how the SAGA subunits are orga-
nized within their subcomplexes. Several studies have
shown that the activities of the enzymatic subunits of
SAGA are altered when they are incorporated into larger
subcomplexes [18,19], underscoring the need for struc-
tural information on larger complexes with other SAGA
subunits. In this review, we describe recent advances in
understanding the spatial organization of components of
the SAGA complex, and how the interactions among
subunits govern both the structure and enzymatic activity
of the individual components.

The SAGA complex

The SAGA proteins are organized into four subcom-
plexes with distinct functions: the deubiquitinating
module (DUBm), the histone acetyltransferase (HA'T)
module, and the SPT and TAF modules, which are
implicated in pre-initiation complex assembly and
SAGA architecture, respectively [5]. Figure 1 shows a
current view of the organization of SAGA subunits based
on a recent mass spectrometry study [20°]. The HAT
module contains the GCNS5 acetyltransferase in com-
plex with Ada2, Ada3 and Sgf29 [20]. The DUBm
comprises four proteins: Ubp8, Sgfl1, Susl and Sgf73
[19,21]. While the full-length Ubp8, Sgfll and Susl
proteins are contained within the DUBm, Sgf73 has
multiple roles in forming part of the DUBm, tethering
the DUBm to the rest of the SAGA complex and
recruiting the DUBm to its substrate [19]. Interestingly,
the Susl protein has a distinct role in mRNA export [22],
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SAGA is a modular complex. The 21 yeast SAGA proteins are arranged into four distinct modules: The HAT module (green) consists of Ada3, Ada2,
Sgf29 and the histone acetyltransferase (HAT) Gen5. The DUB module (red) consists of Sgf11, Sgf73, Sus1 and the deubiquitinating enzyme, Ubp8.
The SPT module is shown in purple and the TAF module is shown in blue. The spatial positions of the SAGA proteins in this figure are derived from a

model based on data from a recent mass spectrometry study [20].

forming a part of the TREX-2 complex together with
Cdc31, Sac3 and Thpl [10].

A defining feature of the DUB module is the functional
interdependence of the four subunits. Although Ubp8
contains a catalytic domain that is similar in sequence to
members of the USP family of deubiquitinating enzymes
[23], this DUB module subunit is inactive on its own [19].
Ubp8 only becomes enzymatically active when it forms a
complex with Sgf11, Susl, and the N-terminus of Sgf73.
Of the 657 residues of Sgf73, amino acids 1-96 comprise
the minimal fragment needed for activity on an artificial
ubiquitin-AMC substrate, while a fragment extending to
residue 104 exhibits greater activity on H2B-Ub [19]. The
corresponding fragment of the human homologue of
Sgf73, ATXNY7, is the location of a polyglutamine expan-
sion that disrupts SAGA function and is the cause of
Spinocerebellar Ataxia type 7 [24].

Structure of the DUB module

Recent structure determinations of the DUB module
([25°°] and [26°°]) have provided clues as to how Ubp8 is
activated and targeted to its chromatin substrate. Most
surprisingly, the structures reveal an unprecedented
organization of the four subunits in the complex. The
DUB module structures reported contain the full-length

Ubp8, Sgf11 and Sus1 proteins and an Sgf73 N-terminal
fragment extending to either residue 96 [26°°] or 104
[25°°] (we shall refer to this fragment as Sgf73™"*™),
The structures show Ubp8, Sgf11, Sus1 and Sgf73™"*™
to be highly intertwined (Figure 2a and b), with each
protein contacting the other three. Remarkably, Ubp8 is
the only protein that contains globular domains, while
the other polypeptide chains are fairly extended and,
with the exception of a zinc finger in Sgfl1 and in Sgf73,
lack independently folding domains (Figure 2d). The
DUB module is organized into two lobes (Figure 2a and
b), each containing one of the two globular domains of
Ubp8: the USP, or catalytic lobe, which contains the C-
terminal USP domain and the ZnF-UBP, or assembly
lobe, which contains the N-terminal Zinc Finger-Ubi-
quitin Binding Protein (ZnF-UBP) domain [25°°]. While
some ZnF-UBP domains have been implicated in ubi-
quitin binding [27,28], this domain of Ubp8 lacks the
conserved residues that are needed for ubiquitin bind-
ing, instead containing hydrophobic residues that inter-
act with Sgfl1.

Running through the core of the ZnF-UBP lobe is the
long N-terminal helix of Sgfll (Figure 2a), which is
largely buried by binding of the Ubp8 ZnF-UBP domain
on one face and Susl1 on the other. Sus1 wraps around the
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The structure of the SAGA DUB module. (a) The structure of the DUB module bound to ubiquitin aldehyde. The DUB module proteins Ubp8, Sgf11,
Sus1 and Sgf73 (colors indicated in figure, zinc atoms are colored dark pink) form a highly intertwined complex. The four proteins are organized around
the two globular domains of Ubp8 forming the ZnF-UBP/assembly lobe, and the USP/catalytic lobe. Ubiquitin aldehyde (yellow) is bound to the
ubiquitin-binding pocket with its C-terminal tail extending into the Ubp8 active site. (b) View of the DUB module, rotated 180°. Two novel USP zinc-
binding sites (blue dashed circles) are conserved in the human and Drosophila homologues of Ubp8. A green arrow points in the direction of SAGA,
indicating the region where the DUBm may be anchored to the rest of SAGA, and the Ubp8 active site is indicated. (c) The USP domain of Ubp8,
indicating the thumb, palm and fingers regions. The globular portion of ubiquitin (yellow) binds to the fingers region. (d) Depiction of each of the four
DUBm subunits and the conformations they adopt within the DUBm complex. Note that only while Ubp8 contains globular domains, while the other
three proteins are mostly non-globular and adopt conformations that depend on their incorporation into the complex.

Sgf11 helix, adopting a hinged helical hairpin fold [29°].
Sus1 also contacts the ZnF-UBP domain of UbpS8, further
cementing the binding of these two proteins to Sgfll.
Sgf11 spans the two lobes of the DUB module via a long
linker region that joins the Sgfll helix to a C-terminal
zinc finger domain, which binds to the Ubp8 catalytic
domain adjacent to the active site (Figure 2a). As dis-
cussed below, its proximity to the active site suggests that
the Sgf11 zinc finger might play a role in activating Ubp8.
Between the two lobes lies Sgf73, whose meandering
linker and C-terminal zinc finger domain appear to bring
together the two globular domains of Ubp8. The Sgf73

zinc finger is crucial to the incorporation of this subunit
into the DUB module, as a deletion of just a few of the
zinc finger residues (the 1-89 fragment, as compared to 1-
96) dramatically disrupts binding of Sgf73 to the other
DUB module proteins [25°°]. The remaining N-terminal
residues of Sgf73 contain additional alpha-helical seg-
ments that interact with all three proteins in the ZnF-
UBP (assembly) lobe and cap off the N-terminus of the
Sgf11 helix.

The catalytic domain of Ubp8 is similar in overall fold to
several other USP-type DUBs whose structures have
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The activation of Ubp8 and substrate recognition of the DUBm. (a) The Sgf11 zinc finger binds adjacent to the Ubp8 active site and interacts with loops
L2 and L3, which contain the predicted oxyanion hole residues N141, D444, and the catalytic residues, N443 and C146. Also shown is H427, the third
residue in the catalytic triad. The active site residues adopt the same conformation in the absence (purple DUBm) and presence (gray DUBm) of

ubiquitin (colors indicated in figure, zinc atoms are colored dark pink). (b) Conserved arginine residues that form a basic patch on the Sgf11 zinc finger
are indicated, including Arg98 and Arg99, which are disordered in the structure and have been modeled in the figure (indicated by the dashed line). (c)
The fingers region of Ubp8 adopts an open conformation in the presence (gray) and absence (magenta) of bound ubiquitin. By contrast, the fingers

region in the structure of human USP8 [36] occludes the ubiquitin-binding pocket, and must undergo a conformational change in order to bind

ubiquitin, as indicated by the black arrow.

been determined [30-32]. This fold has been described
[30] as containing a thumb, palm and fingers region
(Figure 2¢), with the latter binding the globular domain
of ubiquitin. The distal portion of the fingers domain,
which contains a bound zinc atom, is partially disordered
in both reported structures of the apo-enzyme [25°°,26°°],
but is well-ordered in the structure of the DUB module
bound to ubiquitin aldehyde [26°°]. An unusual feature of
the catalytic domain is the presence of two zinc-binding
sites in the thumb region (Figure 2b), which are found in
place of buried hydrophobic core residues that are found
in other USP domains. While there is as yet no known
functional role for these bound zincs, it is interesting to
note that these sites are conserved in the human and
Drosophila homologues, USP22 and Nonstop [33,34].

Insights into DUB activation

The DUB module structures provide a few clues as to
why Ubp8 is only enzymatically active when complexed
with Sgf11, Sus1 and Sgf73™~""™ [19]. Ubp$ is a papain-
like cysteine protease with an Asn-His-Cys catalytic triad
(Figure 3a). The Sgfll zinc finger binds immediately
adjacent to the Ubp8 active site residues (Figure 3a),
placing Sgfll in a position where it could potentially
influence the catalytic activity of Ubp8. There are a
number of deubiquitinating enzymes that depend upon
interactions with substrates [23] or other protein partners
[35] to orient the active site residues in a catalytically
competent configuration. However, the catalytic residues
Cys146, His427, and Asn443 and the predicted oxyanion
hole residues, Asp444 and Asn141, of Ubp8 are properly

oriented in both the presence and absence of bound
ubiquitin (Figure 3a). Sgf11 contacts loops in Ubp8 that
contain four of the five active site residues, raising the
possibility that these contacts may maintain the active
site residues in a catalytically competent conformation.
Consistent with this, deletion of the Sgfll zinc finger
dramatically reduces the catalytic activity of the DUB
module [25°°].

A second role that has been proposed for Sgfll is in
recognizing the DUB module substrate, H2B-Ub. The
Sgfll zinc finger contains a cluster of six conserved
arginines (Figure 3b) that could potentially mediate
interactions with nucleosomal DNA and orient the
DUB module properly on its substrate. Mutations in
several of these conserved arginines affect SAGA function
in vivo [25°°], but further biochemical and structural
studies will be needed to determine the role of Sgfll
in substrate binding.

The role of Sgf73 in bringing together the two lobes of the
DUB module is also important for DUB activity, as
deletions that disrupt the Sgf73 zinc finger or further
truncate the N-terminal fragment inactivate enzymatic
activity [25°°]. How Sgf73 maintains the activity of Ubp8,
however, is not clear. One hypothesis [26°°] is that the
interactions between Sgf73 and Ubp8 along the ‘back’
side of Ubp8 could promote ubiquitin binding by main-
taining the structure of the fingers region. In the structure
of the human USP8 apo-enzyme [36] (no relation to
Ubp8, whose human homologue is USP22), the fingers
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region collapses inward and occludes the ubiquitin-bind-
ing pocket (Figure 3c), whereas the corresponding region
of Ubp8 does not change conformation in the absence of
bound ubiquitin. Whether Sgf73 indeed plays a role in
reducing the energetic cost of a conformational change, or
instead plays a different role in activating Ubp8, awaits
further studies.

Insights into complex formation

The unusually interdependent arrangement of the DUB
module subunits raises the question of how the complex
assembles and what distinct structural and functional
roles the non-enzymatic subunits play. The non-globular
nature of the Sgf11, Sus1 and Sgf73 proteins in the DUB
module strongly suggests that their conformations are
governed by complex formation. Sgf11 and Sgf73™N"*™,
in particular, contain extended regions lacking any sec-
ondary structure that are presumably disordered in the
isolated proteins. It is then not surprising that an NMR
study of Sgf73''%* found that, with the exception of the
zinc finger, the protein is unstructured [37°]. While the
long N-terminal helix of Sgfll would similarly be
expected to be unfolded in solution, its complex with
Susl forms a stable structure, as seen in the crystal
structure of an isolated Sgf11'**-Sus1 complex [38°°].
"This complex is virtually superimposable with the corre-
sponding residues in the DUB module. An exception is
the N-terminal helix of Susl, which adopts variable
conformations when in complex with Sgfll alone but
just a single conformation in the three DUB module
structures [25°°,26°°] that is stabilized by interactions
with the other three DUB module subunits.

Figure 4

Susi
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Sus1 plays a conserved role in the SAGA DUB module and in the TREX-
2 complex. As in the DUB module (left), Sus1 also forms an alpha-helical
clamp in the TREX-2 complex (right), which contains two copies of Sus1
and one copy of Cdc31 bound to the extended N-terminal helix of Sac3.
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The architectural role of Susl is entirely conserved the
structure of TREX-2 complex [29°], which contains
Sus1 in addition to Sac3 and Cdc31 (Figure 4). In that
structure, Susl binds to the long alpha helix of Sac3,
mirroring the complex between Susl and the Sgfll
helix. The functional significance of the presence of
Susl in both the SAGA DUB module and in the mRNA
export machinery is unknown. The small size of Susl
(96 amino acids) and its mutually exclusive interactions
with either Sgfll or Sac3 leaves open the question of
how this small protein couples SAGA function with
mRNA export.

SAGA beyond the DUB module

Structures were recently reported for additional SAGA
protein domains, further adding to our structural under-
standing of how they function as components of the
SAGA complex. Beyond the N-terminal residues of
Sgf73 that are part of the DUB module, this protein
contains a conserved ~70 amino acid SCA7 domain,
which is implicated in chromatin interactions [39°].
The SCA7 domain derives its name from the human
homologue of Sgf73, ATXN7, which is the affected
protein in Spinocerebellar Ataxia type 7 [24]. A SCA7
domain is also found in the human homologue of Sgfl1,
called ATXN7L3, which contains an additional ~150
amino acids not found in the yeast homologue. Recent
NMR structures of the SCA7 domain in ATXN7 and
ATXN7L3 [39°] reveal a novel zinc-binding fold, with a
pair of alpha helices and a zinc atom coordinated by three
cysteines and a histidine (Figure 5a and b). While the
overall topology of SCA7 domain is conserved in both
proteins, there is a significant difference in the relative
angle relating the helices, perhaps as a consequence of the
limited sequence identity between the two SCA7
domains. The two helices in ATXN7-SCA7 zinc finger
appear to adopt a pseudo-perpendicular orientation, while
the helices in the ATXN7L3-SCA7 zinc finger are posi-
tioned in an anti-parallel fashion (Figure 5a and b). The
differences in structure and sequence appear to allow
ATXN7/Sgf73, but not ATXN7L3, to bind to histone
H2A-H2B dimers. Overall, these studies hint at a role for
the SCA7 domain of Sgf73/ATXN7 in recruiting the
SAGA complex to chromatin, adding another layer of
complexity to substrate recognition by the DUB module
proteins. The function of the ATXN7L3 SCA7 domain in
the human DUB module is still not known, but its
presence suggests an additional function that is absent
in fungi.

Before SAGA is recruited to an activated gene, lysine 4 of
histone H3 (histone H3K4) is methylated by the Setl
methyltransferase [40,41], which is required for SAGA
recruitment [42]. This activating histone mark is recog-
nized by the Tudor domains of Sgf29, a recently ident-
ified subunit of the SAGA HAT module [20]. Crystal
structures of both yeast and human Sgf29 tandem Tudor

www.sciencedirect.com

Current Opinion in Structural Biology 2011, 21:767-774



772 Proteins

Figure 5

@) (b) ©)  tri-methylated H3-Lys4

Asp266

%
Tyr238 |

Current Opinion in Structural Biology

The SCA7 domain of ATNX7 and the Tudor domain of Sgf29. (a) The SCA7 zinc finger of ATXN7 Also shown is the zinc coordinated by a histidine and
three cysteines. (b) The ATXN7L3 SCA?7 zinc finger. Its zinc binding site is similar to that of ATXN7-SCA?7. (c) Structure of the Tudor domains of human
Sgf29 bound to a tri-methylated H3K4 peptide. An arrow indicates the tri-methyl group on Lys4, which lies in a hydrophobic pocket formed by Tyr245,
Tyr238, and Phe264, and is further stabilized by interactions with Asp266. Tyr245 and Aps196 also form hydrogen bonds with amide groups on the

peptide.

domains bound to methylated histone peptides [43°]
explain the specificity of Sgf29 for di-methylated and
tri-methylated histone H3K4. The Tudor domains of
Sgf29 form a negatively charged pocket that binds the
first four residues of the H3K4 peptide (Figure 5c).
Clusters of hydrophobic and acidic residues in the Tudor
domains form extensive interactions with the tri-meth-
ylated lysine, as well other residues in the peptide, and
specifically position the H3K4 peptide in that pocket.
The extensive interactions between Sgf29 and tri-meth-
ylated H3K4 explain how and why Sgf29 specifically
recognizes this modification, and not the other methyl-
ated lysine residues on histone H3.

Conclusions

After over a decade in which a structural understanding of
SAGA function was largely restricted to the GCN5 cat-
alytic domain, structure determinations of the SAGA
DUB module and of the histone reading domains of
Sgf73 and Sgf29 are a significant advance. The unex-
pected architecture of the DUB module, with non-glob-
ular subunits whose conformations are governed by their
integration into the complex, may well turn out to be a
more general feature of SAGA structure. It would not be
surprising if the remaining three SAGA modules — the
HAT, SPT and TAF modules — similarly contained
architectural subunits. This suggests a fresh approach
to tackling structures of other subcomplexes: rather than
identifying further functional domains of interest, a more
fruitful approach may be to identify co-folding protein
fragments that contribute to a stably folded complex.
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