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Abstract

Throughout the last decade, great advances have been made in our understanding of how DNA-
templated cellular processes occur in the native chromatin environment. Proteins that regulate
transcription, replication, DNA repair, mitosis and other processes must be targeted to specific
regions of the genome and granted access to DNA, which is normally tightly packaged in the higher-
order chromatin structure of eukaryotic nuclei. Massive multiprotein complexes have been
discovered, which facilitate access to DNA and recruitment of downstream effectors through three
distinct mechanisms: chemical modification of histone amino-acid residues, ATP-dependent
chromatin remodeling and histone exchange. The yeast Spt-Ada-Gen5-Acetyl transferase (SAGA)
transcriptional co-activator complex regulates numerous cellular processes through coordination of
multiple histone post-translational modifications. SAGA is known to generate and interact with a
number of histone modifications, including acetylation, methylation, ubiquitylation and
phosphorylation. Although best characterized for its role in regulating transcriptional activation,
SAGA is also required for optimal transcription elongation, mRNA export and perhaps nucleotide
excision repair. Here, we discuss findings from recent years that have elucidated the function of this
1.8-MDa complex in multiple cellular processes, and how misregulation of the homologous
complexes in humans may ultimately play a role in development of disease.
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Nucleosomal acetylation: Gen5 needs a little help from its friends

Over a decade ago, Brownell and Allis (1995) discovered the first nuclear histone
acetyltransferase (HAT) in the ciliate Tetrahymena thermophila. Originally named p55, this
HAT was shown to be highly homologous to the Saccharomyces cerevisiae transcriptional co-
activator Gen5, which was, soon thereafter, also shown to possess HAT activity (Brownell et
al., 1996). Thus, histone acetylation was directly linked to activation of gene expression. A
puzzling observation from early in vitro studies was the apparent inability of recombinant yeast
Gcenb to efficiently acetylate nucleosomal histones, in stark contrast to its potent HAT activity
on recombinant histones. Workman and colleagues subsequently showed that native yeast
Gcenb exists in a number of high-molecular-weight complexes, multiple subunits of which
enable Genb to acetylate nucleosomes (Grant et al., 1997). The more notable of these
complexes was named SAGA, for Spt-Ada-Gcen5-Acetylatransferase, and preferentially
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acetylates multiple lysine residues on the N-terminal tails of histones H3 and H2B. Further
analysis of the composition and function of the SAGA complex and its orthologs in higher
eukaryotes has served as a paradigm for our understanding of the coupling of histone
modifications with transcriptional co-activation from yeast to humans. Here, we review the
organization and function of the S. cerevisiae SAGA complex, and highlight recent insights
into the rapidly expanding cellular role of this transcriptional co-activator. The highly
conserved mammalian GCN5/PCAF complexes are discussed more extensively in a separate
article in this issue (Nagy and Tora, 2007).

The discovery of SAGA clarified years of genetic and biochemical studies on transcriptional
regulation by showing that Genb exists in complex with at least three protein families known
to function in gene expression: the Ada and Spt protein families, and a subset of TATA-binding
protein (TBP)-associated factors (TAFs; Grant et al., 1997, 1998a). The Ada proteins
(alteration/deficiency in activation) are encoded by genes that when mutated alleviate the
toxicity of the chimeric activator Gal4-VP16 (Berger et al., 1992). The Adal-5 proteins are
components of SAGA (Timmers and Tora, 2005). Ada4 is identical to Genb, and has been
shown to interact with Ada2 in vivo and in vitro, establishing a physical and genetic link
between these transcriptional adaptors (Marcus et al., 1994). Ada5 is identical to Spt20, which
along with Spt3, -7 and -8 make up the second protein family in SAGA (Marcus et al., 1996;
Timmers and Tora, 2005). The SPT genes (suppressor of Ty) were identified as suppressors of
transcriptional defects caused by insertion of Ty transposable elements at the 5’ regions of
genes (reviewed in Winston and Carlson, 1992). Although the roles of the Spt proteins in
transcription remain somewhat elusive, they are believed to facilitate interactions between
SAGA and TBP at certain gene promoters; interestingly, TBP itself was also isolated as the
product of an SPT gene in this genetic screen (Eisenmann et al., 1989, 1994; Dudley et al.,
1999; Sterner et al., 1999; Larschan and Winston, 2001). The finding that proteins from the
Spt and Ada families exist in a multiprotein complex and cooperate to allow nucleosomal
acetylation by Genb was a large step forward in understanding both the genetics and
biochemistry of transcriptional activation.

TAFs 5, 6, 9, 10 and 12 were also subsequently shown to be integral components of SAGA
(Grant et al., 1998a). TAFs are highly conserved proteins that, along with TBP, make up the
general transcription initiation factor, TFIID (reviewed in Green, 2000). TFIID is required for
promoter recognition in RNA polymerase Il (Pol 11)-catalyzed transcription at most genes
(reviewed in Burley and Roeder, 1996). The identification of TAFs in SAGA was the first
discovery that these proteins function outside the context of TFIID, and physically links the
members of three distinct families of gene products known to be involved in transcriptional
activation (Grant et al., 1998a). Genome-wide expression analysis indicates that SAGA and
TFIID, despite sharing a number of common subunits, are responsible for expression of
different subsets of genes. While SAGA functions mostly at highly regulated genes that respond
to environmental stresses, such as metabolic starvation, DNA damage and heat, TFIID plays
a more general housekeeping role (Huisinga and Pugh, 2004).

Altogether, SAGA is a 1.8-MDa complex consisting of more than 20 polypeptide subunits
(Table 1). Although it remains unclear, how the other subunits of SAGA enable Gcnb to
acetylate nucleosomes, it is believed that Gen5, Ada2 and Ada3 compose a catalytic core
minimally capable of nucleosomal acetylation (Balasubramanian et al., 2002). However,
defects to other SAGA components have been shown to compromise native Genb activity, for
instance, mutation of TAF12 greatly reduces the ability of SAGA to acetylate nucleosomes
and activate transcription in vitro (Grant et al., 1998a). The mechanistic dependence of
nucleosomal acetylation on TAF12, as well as other SAGA subunits, remains unclear.
Additionally, several complex components are known to be required for the overall stability
of SAGA. Mutation of the Adal, Spt7 or Spt20 subunits results in complete disruption of the
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SAGA complex (Grant et al., 1997;Sterner et al., 1999). These findings, in combination with
mutational analyses of the structurally nonessential components, indicate that SAGA is divided
into several discrete modules responsible for nucleosome acetylation, TBP interaction and
complex integrity (Sterner et al., 1999).

Electron microscopy and immunolabeling have provided a low-resolution three-dimensional
model of SAGA, further proving that the complex components are indeed grouped into distinct
modules, which may differentially contribute to SAGA function (Wu et al., 2004). Image
reconstruction from this study indicates that SAGA is composed of five modular domains. The
first of these contains the essential Tral protein, which contributes to SAGA interaction with
acidic activators (see below). Domains I, I1l and IV contain several TAFs; the central domain
I11 additionally contains Genb, and thus harbors the HAT activity of SAGA. Finally the more
flexible domain V contains Spt20, Spt3 and possibly Spt8, potentially representing a surface
for TBP interaction. These findings are reviewed further by Timmers and Tora (2005).

Targeting SAGA to gene promoters

For SAGA to function effectively as a transcriptional co-activator at inducible genes, it must
be selectively targeted to the promoter regions of these genes. The targeting of SAGA is
mediated primarily through direct interaction with acidic activator domains of transcriptional
activators, such as Gal4 and Gen4 (Utley et al., 1998; Ikeda et al., 1999). The interaction of
SAGA with promoter-bound activators is facilitated largely by Tral, a >400KDa subunit of
the complex (Grant et al., 1998b; Brown et al., 2001). Given its immense size, Tral may also
serve as a structural scaffold of SAGA essential to the stability of the complex. Tral is the
yeast homolog of the human transformation/transcription domain-associated protein
(TRRAP), which is required for c-Myc- and E1A-mediated oncogenic transformation
(McMahon etal., 1998; Grant et al., 1998b). In yeast, Tral is similarly necessary for the growth
phenotype observed on expression of the N-terminal 81 amino acids of E1A (Kulesza et al.,
2002).

S. cerevisiae Tral is stably associated not only with SAGA but also with the NuA4 HAT
complex, indicating that it may play a general role in recruiting transcriptional co-activators
through interaction with acidic activators (Grant et al., 1998b). Indeed, Tral has been shown
through various methods to interact with a number of acidic activators, including Gen4, VP16,
Gal4 and Hap4, in the context of both SAGA and NuA4 (Brown et al., 2001). More recently,
fluorescence resonance energy transfer (FRET) has provided direct in vivo evidence that Tral
interacts with the Gal4 activator protein. Interestingly, deletion of SPT20 results in a loss of
FRET signal, indicating that Tral associated with SAGA alone, and not NuA4, is responsible
for the interaction with Gal4 (Bhaumik et al., 2004). This finding also suggests that the
interaction between Tral and Gal4 is facilitated in part by other SAGA subunits. In agreement,
the SAGA subunit TAF12 was recently shown to interact with both Gal4 and Gen4 (Reeves
and Hahn, 2005). Interestingly, human TRRAP similarly functions to recruit the SAGA
homolog STAGA (Spt3-Taf9-Ada-Gcenb acetyltransferase) to gene promoters through
interaction with the c-Myc transactivation domain (McMahon et al., 2000; Liu et al., 2003).
Thus TRRAP’s role in oncogenic transformation may be achieved primarily through aberrant
gene expression due to avhieved improper STAGA recruitment. The role of TRRAP in
chromatin-based processes is further discussed in a separate article in this issue (Murr et al.,
2007).

Ubp8: modulating the ‘trans-histone’ modification pathway

SAGA also contains a number of subunits that contribute to its role in transcriptional activation
without directly affecting complex stability or HAT activity. One such protein, Ubp8, is a
ubiquitin protease that specifically removes monoubiquitin from lysine 123 of the H2B C-
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terminal tail (Henry et al., 2003; Daniel et al., 2004). Monoubiquitylation of H2B Lys 123 is
catalyzed by the Rad6/Brel ubiquitin-conjugating/ligating enzymes, and is required for Set1-
mediated di- and trimethylation of H3 lysine 4, a modification that has been well characterized
as a mark of actively transcribed chromatin (Dover et al., 2002; Santos-Rosa et al., 2002; Sun
and Allis, 2002; Hwang et al., 2003; Wood et al., 2003). This coordination of multiple post-
translational modifications on different histone tails is referred to as the ‘trans-histone’
regulatory pathway (Briggs et al., 2002).

It is anticipated that loss of Ubp8 activity would lead to an increase of cellular-ubiquitylated
H2B and, consequently, affect the dynamics of H3 Lys 4 methylation. Indeed, H3 Lys 4
trimethylation increases at the GAL1 promoter when UBP8 is deleted; this finding is expected
given the dependence of H3 trimethylation on H2B ubiquitylation (Henry et al., 2003).
However, contradictory evidence has shown that deletion of UBP8 results in a loss of H3 Lys
4 trimethylation at the GAL1-10 upstream activating sequence (UAS), indicating that the
removal of ubiquitin rather than just its conjugation to H2B is important for H3 methylation
(Daniel et al., 2004). This result points to a more causal role of Ubp8 in the transition to highly
methylated H3 Lys 4, and hence, to transcriptionally active chromatin.

Further complicating the rapidly unfolding scenario of histone modifications at gene
promoters, recent experiments using a highly reconstituted human in vitro transcription system
indicate that H2B monoubiquitylation is required for transcriptional elongation independent
of H3 Lys 4 methylation status (Pavri et al., 2006). This finding suggests regional differences
in the requirements of H2B ubiquitylation and H3 Lys 4 methylation within an actively
transcribing gene. It is possible, however, that the absence of downstream effectors for the
trimethyl moiety on H3 Lys 4 in this in vitro system may account for the lack of a heightened
elongation efficiency when the modification is present (Pavri et al., 2006). Further experiments
are required to resolve the details of these distinct results; however, it is clear that Ubp8 function
is directly linked to the methylation state of H3 Lys 4, and plays an important role in
transcriptional activation of SAGA-regulated genes.

Recently, Ubp8 was shown to form a distinct module within the SAGA complex with another
structurally nonessential component, Sgfll. Sgfil (11-kDa SAGA-associated factor) was
identified by mass spectrometry as a component of SAGA (Powell et al., 2004; Ingvarsdottir
etal., 2005; Leeetal., 2005b). Although deletion of SGF11 has essentially no effect on complex
stability or HAT activity, microarray analyses indicate that its loss alters transcription of a
number of SAGA-regulated genes (Powell et al., 2004). Sgf11 is required for the association
of Ubp8 with SAGA and, conversely, dependent on Ubp8 for its association with the complex;
thus, as expected, sgf11A negatively affects Ubp8 function and results in an increase in cellular
ubiquitylated H2B (Ingvarsdottir et al., 2005; Lee et al., 2005b; Shukla et al., 2006a).
Interestingly, Ubp8 is able to deubiquitylate H2B only in the context of SAGA, and is thus
similar to Genb5 in that both enzymes require association with the entire complex for optimal
activity (Grant et al., 1997; Lee et al., 2005b).

The proteasome 19S regulatory particle facilitates loading of SAGA onto

chromatin

The relationship of SAGA with H2B ubiquitylation and H3 methylation may be further
mediated by the 19S regulatory particle (19S RP) of the proteasome. The proteasome is well
known for its function in ubiquitin-mediated protein degradation. The 19S RP along with the
20S catalytic core assemble in a barrel-like structure consisting of one 20S core sandwiched
between two 19S RPs. This structure in whole is referred to as the 26S holoenzyme, and
facilitates degradation of proteins. Polyubiquitin on target proteins is recognized by the 19S
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RP, which directs these target proteins to the 20S core for processing (reviewed in Kinyamu
et al., 2005).

In recent years, our understanding of proteasome function has expanded beyond its role in
protein degradation. Particularly, the 19S RP functions in multiple cellular processes including
transcription and nucleotide excision repair (NER; reviewed in Muratani and Tansey, 2003).
Coimmunoprecipitation has linked the proteasome to RNA Pol 11, and genetic studies implicate
the 19S RP subunits Sugl and -2 in transcriptional elongation (Ferdous et al., 2001; Gillette
etal., 2004). Additionally, the 19S RP interacts with the ubiquitin-like domain of Rad23, which
recognizes damaged DNA in the NER pathway (Schauber et al., 1998). Optimal NER in
vitro requires the activity of the proteasomal ATPase Sugl, while inhibition of proteolysis has
no effect on NER, indicating that this activity is completely independent of the protein
degradation pathway (Russell et al., 1999).

Interestingly, the 19S RP interacts directly with the SAGA complex and mediates histone
modifications that are known to be affected by SAGA (Ezhkova and Tansey, 2004; Lee et
al., 2005a). As mentioned previously, ubiquitylation of H2B Lys 123 is required for H3 Lys
4 methylation (Dover et al., 2002; Sun and Allis, 2002). This dependence is mediated by the
19S RP, as inhibition of proteasomal ATPases results in a loss of H3 Lys 4 methylation, but
not H2B ubiquitylation (Ezhkova and Tansey, 2004). However, it is not known how the 19S
RP regulates this trans-histone modification pathway. Recently, it was shown that the 19S RP
facilitates loading of SAGA onto chromatin, and is required for optimal induction of the GAL1-
10 UAS (Lee et al., 2005a). This finding not only elucidates another degradation-independent
role for the proteasome, but may also explain its role in regulation of multiple modifications.
The SAGA subunit Ubp8 is important for increased H3 Lys 4 trimethylation upon galactose
induction (Daniel et al., 2004). Perhaps, loss of trimethylation at H3 Lys 4 upon inhibition of
the 19S RP is due in part to the inability of SAGA to properly load onto chromatin. Furthermore,
given that the 19S RP is associated with RNA Pol Il and required for efficient transcription
elongation, perhaps removal of the ubiquitin moiety on H2B Lys 123 by SAGA facilitates
progression of the 19S RP from promoter to coding region within a transcribing gene (Ferdous
etal., 2001; Gillette et al., 2004; Baker and Grant, 2005). These predictions would not explain,
however, the loss of Lys 79 methylation or lower methylation states of Lys 4 observed upon
proteasomal inhibition; thus there are undoubtedly multiple mechanisms by which the
proteasome regulates modification of histones.

Susl couples transcription to mRNA export

In addition to its roles in transcriptional activation, SAGA has been linked to nuclear export
of transcribed mRNA through the Sus1 protein (Rodriguez-Navarro et al., 2004). SUS1 (sl
gene upstream of Ysal) was originally identified through a synthetic lethality screen with
YRAL, which encodes a component of the highly conserved mRNA export machinery
(Str&per and Hurt, 2000). Sus1 was subsequently shown to interact with several subunits of
SAGA, as well as the Sac3 and Thp1 components of the nuclear export machinery (Rodriguez-
Navarro et al., 2004). The interaction of Sac3-Thp1 with the nuclear pore complex (NPC) is
mediated by docking with specific nucleoporins at the NPC entrance and is required for mMRNA
export (Fischer et al., 2002). Additionally, dynamic motility studies of the SAGA-regulated
genes GAL1, GAL7 and GAL10 have shown that they are confined to the nuclear periphery
when actively transcribed and that this localization is dependent on Susl (Cabal et al., 2006).
Thus, Susl provides a physical link between SAGA and the nuclear export machinery.

Remarkably, in addition to defects in mRNA export, deletion of SUS1 also results in altered
transcription of approximately 9% of yeast genes. The overlap between those genes affected
by sus1A with mutation of other SAGA components is similar to that seen between SAGA
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mutants, indicating that Sus1 may function directly in SAGA-mediated transcriptional
activation independently of mRNA export. This prospect is supported by the finding that Sus1
is recruited to the GAL1 promoter upon transcriptional induction in a manner similar to that of
the SAGA subunit Ada2 (Rodriguez-Navarro et al., 2004).

Recently, a more thorough biochemical analysis has shown that Sus1 associates with both
Ubp8 and Sgfl11 within SAGA, and that a subcomplex containing these three proteins can be
separated from the rest of the complex by treatment with high salt (Kohler et al., 2006). The
association of Susl with SAGA is dependent on the presence of Ubp8, and the two subunits
are co-dependent in recruitment to the GAL1 promoter, similarly to the relationship observed
between Sgf11 and Ubp8 (Ingvarsdottir et al., 2005; Kohler et al., 2006). Additionally, deletion
of SUS1 results in an increase of global ubiquitylated H2B and H3 lysine methylation. This is
presumably due to loss of Ubp8 association with SAGA; however, co-precipitation
experiments show that sus1A SAGA is not as tightly associated with histones as wild-type
SAGA, indicating Sus1 may play an undescribed role in recognition of histone substrates
(Kohler et al., 2006). Importantly, deletion of SGF11, but not UBP8, displays a synthetic
mMRNA export defect with sus1A, indicating that Sgfl11 assists in the coupling of transcription
and mRNA export (Kohler et al., 2006).

Furthermore, a recent report suggests that SAGA localizes to the coding sequences of genes
and that acetylation by Gen5 promotes nucleosome eviction during transcription elongation.
This association with the coding sequence is dependent on phosphorylation of the Pol Il C-
terminal domain (CTD), indicating that SAGA may interact with the actively transcribing Pol
Il during elongation (Govind et al., 2007). On the basis of these data, along with the recently
described functions of Susl, Ubp8 and the 19S RP, we can begin to make predictions about
the overall role of SAGA in regulation of the entire transcriptional process (Figure 1). As the
19S RP is known to interact with the ubiquitin moiety, it may be targeted to the promoter region
partially through the ubiquitylation of histone H2B. This in turn facilitates trimethylation of
H3 Lys 4, which coordinates with transcriptional activation and potentiates the histone
acetylation capability of SAGA (Pray-Grant et al., 2005). Removal of ubiquitin by Ubp8 could
subsequently allow progression of both SAGA and the 19S RP into the coding region of the
gene (Figure 1a). During elongation, SAGA interacts with the phosphorylated CTD of Pol II,
and acetylates nucleosomes in the coding region of the transcribed gene. The recent finding
that H2B is ubiquitylated during elongation may provide a mechanism for localization of the
19S RP to the coding region, and removal of this modification by SAGA could allow
progression along the open reading frame (ORF), although H2B deubiquitylation in the coding
region has not been described to date (Figure 1b). The eviction of nucleosomes acetylated by
SAGA within the coding region ensures optimal processivity of Pol 11, and the interaction of
SAGA with the Sac3-Thpl complex may facilitate a smooth continuum between
transcriptional activation, elongation, and the export of newly synthesized mRNA (Figure 1c).

SLIK: linking histone acetylation and the retrograde response pathway

Subsequent to the discovery of SAGA, Genb was shown to exist in another multiprotein
complex similar in size to SAGA, yet chromatographically distinct. This complex was named
SLIK, for SAGA-like (also called SALSA; SAGA altered, Spt8 absent; Pray-Grant et al.,
2002; Sterner et al., 2002). Despite containing the vast majority of polypeptides found in
SAGA, SLIK composition is divergent in a number of ways. Most notably, the protein Rtg2,
which is a core component of SLIK but not SAGA, is essential to the stability of SLIK and
links histone acetylation to the retrograde response pathway (Pray-Grant et al., 2002).
Retrograde response signaling is responsible for communicating to the nucleus the need to
make metabolic adjustments in times of mitochondrial dysfunction. More specifically,
retrograde response induces expression of genes whose products compensate for defects in the

Oncogene. Author manuscript; available in PMC 2009 September 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baker and Grant

Page 7

tricarboxylic acid cycle and allows use of acetate as a carbon source (reviewed in Butow and
Avadhani, 2004). Thus, the biological function of SLIK is consistent with SAGA’s role in
regulating stress—response genes.

There are three known positive regulators of the retrograde response pathway, RTG1-3. The
products of these genes are required for transcriptional induction of CIT2, expression of which
is a hallmark of mitochondrial dysfunctions (Butow and Avadhani, 2004). Rtgl and -3 form a
heterodimeric complex that binds the CIT2 UAS; element and is required for CIT2 expression
(Jiaetal., 1997). The role of Rtg2 in CIT2 expression, however, is not completely understood.
Rtg2 exists predominantly in the cytoplasm, where it is thought to function as a sensor of
mitochondrial stress and to facilitate entry of the Rtg1-3 complex into the nucleus (Sekito et
al., 2000). The finding that Rtg2 is also an essential component of the SLIK co-activator
complex and occupies chromatin at the CIT2 promoter expands its role in retrograde response
signaling to a more direct effect in transcriptional induction and illuminates a previously
undescribed pool of nuclear Rtg2 (Pray-Grant et al., 2002).

SLIK also differs from SAGA in that it lacks the Spt8 protein component (Pray-Grant et al.,
2002; Sterner et al., 2002). Interestingly, deletion of Spt8 causes derepression of some
inducible genes, such as HIS3. This effect is strikingly different from deletion of SAGA
subunits that completely disrupt the complex, such as spt20A, which result in transcriptional
defects at these loci. These findings indicate that SAGA plays both a positive and negative role
in expression of these genes (Belotserkovskaya et al., 2000). SAGA has similarly been
suggested to function in transcriptional repression of the ARG1 gene in rich medium, in a
manner directly related to Gen5 HAT activity (Ricci et al., 2002). The inhibitory role of SAGA
at HIS3 occurs specifically through its Spt3 and -8 subunits; indeed, in vitro studies show that
SAGA inhibits binding of TBP at the HIS3 promoter, and that this inhibition is lost in deletions
of spt3 and -8. Furthermore, induction of these genes results in accumulation of SAGA lacking
Spt8, previously termed SAGA,;: (Belotserkovskaya et al., 2000). These findings indicate that
SAGA plays an active inhibitory role to transcription of a subset of genes through its Spt8
subunit in the absence of inducing conditions, and that SLIK, in lacking Spt8, may potentially
be involved in activation of these genes.

SLIK also contains a form of Spt7 which is C-terminally truncated (Pray-Grant et al., 2002;
Sterner et al., 2002). Biochemical analyses of Spt7 truncations have shown that removal of
different portions of the C terminus results in differential association with SAGA components
and various phenotypic severities; thus Spt7 is thought to serve as a structural scaffold of
SAGA. Interestingly, partial removal of the Spt7 C terminus results in loss of Spt8 from the
complex, consistent with the biochemical studies of SLIK (Wu and Winston, 2002). As
expected, truncation of Spt7 results in an increase in basal transcription of HIS3 due to a loss
of Spt8 at the promoter, leading to de-repression consistent with the spt8A phenotype
(Belotserkovskaya et al., 2000; Sterner et al., 2002; Wu and Winston, 2002). However, no
change in HIS3 expression is seen under inducing conditions when Spt7 processing is inhibited,
leaving unanswered the question of how the absence of Spt8 in SLIK may function in positive
regulation of this gene (Wu and Winston, 2002). One possibility is that multiple alterations
occur to SLIK in vivo and cooperate to allow expression of HIS3. For example, in addition to
Spt7 processing, post-translational modifications to other SAGA/SLIK subunits, as well as
association of additional components, may all play a role in HIS3 expression. A discernible
his™ phenotype may not be apparent unless multiple aspects of this regulation are perturbed.

How is the biological function of SLIK related to that of SAGA? The difficulty in answering
this question lies primarily in the fact that mutation of most SAGA subunits undoubtedly
compromises SLIK function as well. It is important to note that the two complexes clearly
overlap somewhat in their regulation of stress response, as is seen by the synthetic phenotypes
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of spt8A and rtg2A, and the finding that both complexes occupy the GAL10 promoter under
inducing conditions (Pray-Grant et al., 2002). However, since only SLIK functions in the
retrograde response pathway, it seems the two complexes are exclusively required for
regulation of certain subsets of genes. Furthermore, silver stains of these two complexes show
that they appear to contain subunits which are unique to one complex or the other (Pray-Grant
et al., 2002). Identification and characterization of these subunits may further elucidate the
distinct roles that each complex plays in regulation of the yeast genome.

Reading the histone code

In addition to regulating numerous epigenetic marks through the enzymatic activities of Genb
and Ubp8, SAGA is also capable of ‘reading’ histone modifications through interactions with
multiple bromodomain- and chromodomain-containing subunits. The idea that post-
translational histone modifications are read by other proteins, which direct downstream
biological functions, is a postulate of the “histone code’ hypothesis. In particular, various
combinations of lysine acetylation, methylation and ubiquitylation, along with arginine
methylation and phosphorylation of serine and threonine residues, are thought to interact with
specific protein domains, thereby mediating DNA-based cellular processes (Strahl and Allis,
2000).

The original study identifying Gen5 as the yeast p55 homolog showed that the two proteins
contain a highly conserved bromodomain, which is not found in the cytoplasmic HAT Hat1.
This finding indicated that the bromodomain is important specifically for nuclear HATS,
perhaps by tethering these proteins to chromatin (Brownell et al., 1996). Since this prediction,
it has indeed been shown that bromodomains interact with chromatin, specifically binding to
acetylated lysine residues, thus regulating localization of transcription-related proteins to
acetylated regions of chromatin (reviewed in Yang, 2004). In addition to Gen5, the Spt7 subunit
of SAGA also contains a bromodomain (Gansheroff et al., 1995). Biochemical analyses have
shown that the bromodomain of Genb, but not Spt7, is important for anchoring SAGA to
acetylated nucleosomes. Notably, this effect is only seen in the presence of acetyl-CoA,; thus
the interaction between SAGA and chromatin is stabilized by its own HAT activity.
Additionally, acetylation of chromatin by SAGA stabilizes the SWI/SNF chromatin
remodeling complex, further contributing to a transcriptionally active chromatin environment
(Hassan et al., 2002; Mitra et al., 2006). The function of the Spt7 bromodomain remains
unknown; perhaps, it further stabilizes SAGA at gene promoters by binding acetylated proteins
other than histones that are involved in transcription initiation.

In addition to the bromodomains of Gen5 and Spt7, the SAGA subunit Chd1 contains tandem
chromodomains, which further modulate SAGA activity on chromatin through interaction with
methylated Lys4 of H3 (Pray-Grant et al., 2005). The chromodomain has been well
characterized in its interaction with methylated lysine residues in a number of cellular
processes, including transcriptional activation, formation and maintenance of heterochromatin,
gene silencing, and DNA damage response (reviewed in Daniel et al., 2005). Specifically,
chromodomain 2 of Chd1 is required for optimal SAGA HAT activity in vitro on peptide
substrates, and for inducible acetylation of lysines 9 and 14 of H3 at the GAL1-10 UAS in
vivo (Pray-Grant et al., 2005). Human Chd1 has also been shown to bind methylated Lys 4 of
H3 via its tandem chromodomains, indicating that Chd1 function in recognizing methylated
H3 may be conserved in higher eukaryotes (Flanagan et al., 2005; Sims et al., 2005). However,
a number of recent reports have shown using alternative in vitro binding methods that yeast
Chd1 has no increased affinity for methylated versus unmodified histone H3 (Flanagan et al.,
2005; Sims et al., 2005; Okuda et al., 2007). Despite these contrasting results, it is clear that
Chd1 is a stable component of SAGA in yeast and facilitates its HAT activity in transcriptional
activation, in a manner that is functionally related to H3 Lys4 methylation.
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Finally, histone phosphorylation also plays a role in SAGA-mediated gene expression.
Phosphorylation of H3 Ser 10 is required for optimal recruitment of SAGA to the INO1
promoter and precedes acetylation of H3 Lys 14 by Gen5 at multiple gene promoters (Lo et
al., 2001, 2005). Ser 10 phosphorylation is catalyzed in yeast by the kinase Snf1, and functions
in transcriptional activation of a number of inducible genes (Lo et al., 2001). It is currently not
known how SAGA recruitment is mediated by Ser 10 phosphorylation. In vitro HAT assays
have shown that recombinant Gen5 prefers to acetylate Ser 10-phosphorylated peptides versus
unmodified peptides. Mutation of a positively charged arginine residue in Gen5 abolishes this
preference, and thus it is thought that the negatively charged phosphate serves to stabilize Gen5
on chromatin through interaction with this arginine (Cheung et al., 2000; Lo et al., 2000).
Structural studies using the Gen5 homolog from T. thermophila affirm that phosphorylation
of S10 promotes additional interactions between Gen5 and histone residues in comparison with
the unmodified peptide (Clements et al., 2003). It remains to be seen, however, whether this
interaction is sufficient to recruit SAGA to promoters in vivo, or whether other subunits of the
complex may be involved. In mammalian cells, proteins containing the 14-3-3 domain are
known to interact with phosphorylated H3 (Macdonald et al., 2005). Perhaps SAGA contains
an uncharacterized 14-3-3 protein, which mediates this interaction. There are two 14-3-3
proteins known to exist in yeast, Bmh1 and -2, and disruption of these proteins results in
increased sensitivity to environmental stresses, consistent with disruption of SAGA (van
Hemert et al., 2001). Bmh2 has been shown to associate with SLIK subunits, including Rtg2,
by proteomic analysis of protein complexes (Gavin et al., 2002). It is thus tempting to speculate
that Bmh1 or -2 may influence interaction of SLIK/SAGA with phosphorylated H3.

SAGA in disease

What can we learn about development of human disease from a yeast HAT complex? Perhaps,
the most direct correlation can be seen in the neurodegenerative disease spinocerebellar ataxia
type 7 (SCA7). SCAT is caused by polyglutamine (polyQ) expansion of the ataxin-7 protein,
which leads to neurological dysfunction and blindness (David et al., 1998). Initial attempts to
describe the onset of the disease were difficult due to the unknown function of the Sca7 protein.
More recently, Sca7 and its homolog in yeast (also called Sgf79; 79-kDa SAGA-associated
factor) were identified as components of the SAGA family of transcriptional co-activators in
both species (Helmlinger et al., 2004; McMahon et al., 2005; Palhan et al., 2005). In yeast,
pathogenic (60Q) Sca7 readily associates with SAGA, but diminishes the presence of other
complex components, including Ada2, -3 and TAF12. This correlates with a loss of
nucleosomal HAT activity in vitro, and thus is thought to have a transdominant-negative affect,
whereby pathogenic SAGA is recruited to gene promoters but is rendered inactive (McMahon
et al., 2005). Additionally, deletion of SCA7 results in a loss of both SAGA recruitment and
preinitiation complex (PIC) formation at multiple gene promoters, indicating that
nonpathogenic Sca7 plays a positive role in regulation of SAGA-mediated genes, perhaps
through maintenance of complex integrity (Shukla et al., 2006b). Consistent with these results,
human Sca7 is an integral component of the mammalian complexes STAGA and TFTC (TBP-
free TAF complex), both SAGA homologs (Helmlinger et al., 2004; Palhan et al., 2005).
STAGA acetylates H3 at promoters of cone-rod homeobox (CRX) target genes, and this
acetylation is inhibited by polyQ expanded ataxin-7 in a dominant-negative manner (Palhan
et al., 2005). Thus, a contributing factor to retinal degeneration observed in SCA7 patients is
probably due to transcriptional dysregulation of CRX target genes caused by altered STAGA
functionality.

Itis also important to note that SAGA may function in preservation of genomic integrity outside
of its role in gene expression. For example, lysines 9 and 14 of H3 are acetylated by Gen5 in
response to ultraviolet (UV) irradiation, and deletion of GCN5 results in impaired NER. At the
yeast MFA2 promoter, UV-induced H3 acetylation does not coincide with transcriptional
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activity, and hence describes a cellular function of Genb outside its canonical role in gene
expression (Yu et al., 2005). Additionally, both Gen5 and Ada2 have been shown to facilitate
NER at the MET16 locus, in a manner directly related to the rate of transcription of this gene
(Ferreiro et al., 2006). Thus it seems Gen5 HAT activity may play a role in regulation of NER
in both a transcription-dependent and -independent manner. Given that Ada2 functions in NER
as well, this activity probably occurs in the context of SAGA and/or SLIK.

Interestingly, histone acetylation in response to UV irradiation occurs even in the absence of
the damage recognition factors Rad4 and -14, indicating that recruitment of other NER proteins
is not necessary for UV-induced acetylation by Gen5 (Yu et al., 2005). However, it is still
possible that SAGA interacts with NER proteins in the response to UV damage. The human
TFTC complex contains the DNA damage recognition factor Sap130, and acetylates histones
more efficiently on damaged DNA templates (Brand et al., 2001). STAGA also contains
Sap130 as well as the UV-damaged DNA binding protein DDB1. DDBL1 is a component of the
NER machinery, but is not required for transcription-coupled repair, supporting a role for this
protein in targeting nucleosomal acetylation at sites of DNA damage (Martinez et al., 2001).
Given the high degree of conservation between SAGA and the homologous human HAT
complexes, it is possible that yeast SAGA contains subunits that specifically interact with
damaged DNA. Importantly, loss of NER function in humans results in the rare autosomal
disease Xeroderma pigmentosum (XP). XP individuals experience a heightened sensitivity to
UV light, resulting in genomic instability and a higher incidence of cancer (Cleaver, 2000). It
is possible that loss of certain NER genes in XP patients leads to failed targeting of TFTC/
STAGA to sites of damaged DNA, causing a loss of acetylation at these regions, and thereby
preventing access of the necessary repair proteins to damaged chromatin. Thus, understanding
SAGA function in the NER pathway may shed light on the development of genomic instability
and cancer in some individuals.

Conclusion

SAGA plays a vital role in expression of stress—response genes, and is subject to regulation on
multiple levels. This hierarchy of regulation probably becomes exponentially more critical
when considering selective pressures on yeast growing in the wild, where a wide variety of
stresses, including metabolic starvation, UV exposure, temperature and others, force a constant
flux of gene expression required for cell survival. The interaction of Tral with acidic activators
is probably most important, as Tral is essential in yeast and targets SAGA to an array of gene
promoters (Saleh et al., 1998; Brown et al., 2001; Bhaumik et al., 2004). SAGA is also
regulated by the 19S proteasome RP, which facilitates loading of the complex onto promoter
DNA (Lee et al., 2005a). Additionally, a number of histone modifications, including H3 lysine
acetylation and methylation, and serine phosphorylation, facilitate SAGA function. This
regulation most likely occurs in a promoter-specific manner through interaction with SAGA’s
numerous highly conserved binding domains (Hassan et al., 2002; Lo et al., 2005; Pray-Grant
et al., 2005). Furthermore, the presence of several modifications which regulate SAGA HAT
activity are in turn mediated by SAGA itself. For instance, H3 Lys 4 trimethylation, which
interacts with the SAGA subunit Chdl, is regulated by the ubiquitin protease activity of Ubp8
(Henry et al., 2003; Daniel et al., 2004; Pray-Grant et al., 2005; Shukla et al., 2006a).
Additionally, the Gen5 bromodomain interacts with lysine acetylation which it generates itself
(Hassan et al., 2002). Our picture of how the SAGA family of transcriptional co-activators is
regulated is just emerging, and there may be other mechanisms, which fine-tune the activity
of this machine in vivo, perhaps through post-translational modification of SAGA subunits by
other transcription-related proteins, or even by other components within the complex.

Given that SAGA is such a highly regulated molecular machine, cells are probably sensitive
to even slight dysregulation of its function. Thus it is easy to imagine how perturbation of

Oncogene. Author manuscript; available in PMC 2009 September 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baker and Grant

Page 11

SAGA activity could lead to multiple regulatory problems on a cellular level. In yeast, SAGA
is thought to control transcription of approximately 10% of genes, most of which are involved
in response to external stresses (Huisinga and Pugh, 2004). In humans, the role of SAGA
homologs in transcription genome-wide is not known; however, given the high degree of
conservation of these complexes, it is likely that they play a similar role in modulating highly
regulated genes. For example, H3 at the promoters of human immediate early genes, such as
c-fos, is phosphorylated at Ser 10 in response to epidermal growth factor. This modification
occurs in a mitogen-activated protein kKinase-dependent manner and, as in yeast, promotes
acetylation of H3 by Genb (Cheung et al., 2000; Lo et al., 2001). This represents a highly
conserved mechanism of gene regulation, and it is not difficult to imagine that other
mechanisms of SAGA regulation are conserved in higher eukaryotes. Abnormal SAGA
function in humans could thus have a dramatic effect in gene expression at numerous inducible
loci, and may play an important role in multiple cellular processes such as development.
Consistent with this idea, Gen5 HAT activity is important for neural tube closure in mice, and
complete loss of Genb leads to embryonic lethality (Xu et al., 2000; Bu et al., 2007).

In addition to gene expression, other activities of SAGA are probably conserved in its human
homologs. As STAGA and TFTC both contain DNA damage binding proteins, they are likely
integral in the recognition and/or repair of damaged DNA (Brand et al., 2001; Martinez et
al., 2001). This effect could perhaps be coupled with SAGA’s role in regulation of
transcription. As SAGA is known to regulate primarily stress response genes, it may be
indirectly involved in the response to DNA damage through induction of DNA repair genes.
This could lead to an additive affect when SAGA activity is compromised, whereby efficient
repair is hindered by a lack of access to damaged DNA as well as low levels of DNA repair
proteins, both due to loss of Gen5-mediated histone acetylation. By analogy, a role for histone
H4 in the repair of double strand breaks (DSBs) is now well established (reviewed in Altaf et
al., 2007). Compiling these effects would most likely lead to an increase in genomic instability
and, in mammals, development of cancer. A deeper understanding of SAGA’s role in DNA
damage repair, along with further clarification of its many roles in transcriptional regulation,
may ultimately lead to elucidation of the development processes of such diseases and possible
methods of treatment.
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Figure 1. Proposed model of SAGA activities that ensure smooth transition between transcription
initiation, elongation, and mRNA export

(a) Upon transcriptional induction, SAGA is recruited to the gene promoter primarily through
interaction with an acidic activator (Gal4 is shown) and loaded onto chromatin by the
proteasome 19S RP. 19S RP interaction with monoubiquitin on H2B may be important for
transcriptional regulation, as it is required for H3 Lys 4 trimethylation and may aid in targeting
the 19S RP to the promoter region. SAGA interacts with trimethylation, phosphorylation and
acetylation on histone H3. These interactions mediate further H3 acetylation by SAGA, which
facilitates initiation of transcription. Removal of H2B monoubiquitin by SAGA is also
important for transcriptional activation, and could allow progression of the 19S RP into the
coding region. (b) Both SAGA and the 19S RP are associated with the coding regions of genes
during transcriptional elongation, and SAGA may functionally interact with phosphorylation
on the Pol Il CTD. Histone H3 acetylation by SAGA in the coding region is important for
nucleosome eviction. H2B ubiquitylation is also important for transcriptional elongation, and
perhaps its removal within the coding region allows continued progression. (c) Eviction of
acetylated nucleosomes allows increased processivity of Pol 11. As nascent mRNA is formed,
interactions between SAGA and components of the nuclear pore complex (NPC) maintain
localization of actively transcribed genes to the nuclear periphery and allow for efficient
coupling between synthesis and export. Dotted lines indicate physical interactions, black and
red arrows designate addition and removal of post-translational modifications, respectively.
19S RP, 19S regulatory particle; Pol Il CTD, polymerase Il C-terminal domain; SAGA, Spt-
Ada-Gcenb-Acetyl transferase.
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Table 1
Molecular composition of the SAGA/SLIK HAT complexes
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SAGA/SLIK complex Biological function component

Gen5(Adad)

Adal

Ada2

Ada3 ]
Spt3

Spt8 |
Spt7

Spt20(Ada5) ]
TAF5

TAF6
TAF9

TAF10

TAF12

Tral
Ubp8
Rtg2
Chd1

Susl

Sgf1l

Sgf29
Sca7

Acetylation of lysines on H3 and H2B;
transcriptional activation; NER recognition
of acetylated lysine via bromodomain

Complex stability

Required for nucleosomal acetylation by Gen5

TBP interaction, transcriptional repression at

HIS3 and ARGL1 loci

Complex stability

Structural integrity of complex

Interaction with basal transcription machinery

Required for nucleosomal acetylation by Gen5
Interaction with transcriptional activators

Interaction with transcriptional activators
Deubiquitylation of H2B Lys 123; transcriptional activation
SLIK stability; links complex to retrograde response pathway

Recognition of H3 Lys 4 methylation via
chromodomain; potentiation of histone
acetylation by Genb

MRNA export

Required for association of Ubp8 and Susl
with SAGA

?

Poly(Q) expansion inhibits nucleosomal
acetylation by Genb

Abbreviations: NER, nucleotide excision repair; SAGA, Spt-Ada-Gcen5-Acetyl transferase; TAF, TBP-associated factors; TBP, TATA-binding protein.
Protein subunits of the SAGA/SLIK histone acetyltransferase complexes in Saccharomyces cerevisiae are listed and grouped by gene family where
appropriate. Biological functions of proteins are listed for subunits that have been characterized.
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