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Abstract
Over the past ten years, much progress has been made to understand the roles of the similar, yet
distinct yeast SAGA and SLIK coactivator complexes involved in histone post-translational
modification and gene regulation. Many different groups have elucidated functions of the SAGA
complexes including identification of novel components, which have conferred additional distinct
functions. Together, recent studies demonstrate unique attributes of the SAGA coactivator complexes
in histone acetylation, methylation, phosphorylation, and deubiquitination. In addition to roles in
transcriptional activation with the 19S proteasome regulatory particle, recent evidence also suggests
functions for SAGA in elongation and mRNA export. The modular nature of SAGA allows this
∼1.8MDa complex to organize its functions and carry out multiple roles during transcription,
particularly under conditions of cellular stress.
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INTRODUCTION
Access to nuclear DNA is critical for cells to accomplish all DNA-mediated events, however,
the physiological nature of chromatin poses an accessibility problem with histone proteins
tightly bound to the DNA all throughout the eukaryotic genome [1]. The nucleosome is the
fundamental unit of chromatin and is composed of a core particle of DNA wrapped around a
histone protein octamer and a linker region that joins adjacent core particles [2]. Histones are
among the most highly conserved families of proteins, suggesting that the fundamental
structure of chromatin has evolved from a common ancestor. The four core histone
polypeptides are of low molecular weight and rich in the positively charged, basic amino acid
lysine that is subject to a variety of post-translational modifications [3]. Each histone has an
unstructured N-terminal ‘tail’ that ranges from about 16-44 residues in length. Protruding
beyond the nucleosome core particle, the histone tails are known to be post-translationally
modified at specific residues and have been shown to function in altering chromatin structure
through direct interactions with elements of the nucleosome and components of nuclear
machinery [4].

Besides covalent modifications to the histones, there are at least two other principal ways by
which histones contribute to the dynamics of chromosome function. First, ATP-dependent
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chromatin remodeling complexes, such as SWI/SNF, can alter the positions of nucleosomes
[5]. Second, incorporation of histone variants whose sequences are slightly different from the
canonical histones can also have significant consequences when directly targeted to particular
functional sites in the genome [6]. Chromatin remodeling and histone variant deposition both
play essential roles in altering the structure and function of chromatin, however we are focusing
this discussion on the functional implications of histone modifications coordinated by the
SAGA family of complexes.

In the mid-1960's, the post-translational modifications acetylation and methylation were
identified on histones, and the first evidence was presented that histones are hyper-acetylated
on lysines at actively transcribed genes [7]. About a decade ago, the evolutionarily conserved
transcriptional coactivator/adaptor protein Gcn5 was identified as a histone acetyltransferase
(HAT) enzyme as part of the SAGA complex, directly linking histone acetylation to gene
activation and establishing that histone acetylation is a targeted phenomenon [8,9]. Shortly
after, a domain within Gcn5 and other nuclear proteins, called the bromodomain, was shown
to directly interact with acetyllysines in the histone tails, providing the first evidence that
histone modifications may function to recruit or stabilize machinery involved in DNA-
mediated processes [10]. Besides targeted and functionally relevant histone acetylation, other
studies have subsequently demonstrated that distinctive site-specific H3 methylation patterns
and their associated complexes help maintain euchromatic and heterochromatic chromosomal
domains [11]. Elucidation of sites of histone methylation has revealed that some methylation
events confer transcriptional activation while others confer gene silencing, depending on the
lysine residue modified [12]. Moreover, recent mass spectrometric analyses and
characterization of full-length histones reveals that histone proteins are indeed modified
throughout their entire sequences, in addition to the more studied histone tails [13].

One model to explain how charge-altering modifications might act to change histone-DNA or
histone-protein interactions is by affecting chromatin structure through modification of the
charge of a histone domain in a way that leads to regulated chromatin functions. For example,
acetylation neutralizes the charge on a lysine, thereby potentially reducing interactions with
the DNA phosphate backbone to make the DNA more accessible for active processes such as
transcription [14]. An alternative, more complicated model accounting for recently identified
functions and binding partners for multiple histone modifications has been termed the ‘histone
code’. In this model, histone modifications acting at specific sites, either alone, in combination,
or sequentially on one or more histones, could form a ‘histone code’ that specifies unique
downstream chromatin functions [15-18]. Whether or not a literal ‘histone code’ exists is of
substantial current debate in the field. There is no doubt that specific protein modules can
directly bind distinct histone modifications to contribute to gene expression and DNA repair
in important ways, but if a code exists, then, by definition, there must be a conversion or
translation of modification inputs into a specific biological function or output. Further time
and experiments are needed to distinguish between these two models, which very well may
not be mutually exclusive.

Substrates and functions of the Gcn5 HAT enzyme
Mutation of multiple acetylation sites in H3 and/or H4 in budding yeast confers specific
transcriptional and cell growth defects, underscoring their biological significance [19-21].
Mechanistically, histone tail acetylation was first shown to facilitate binding of transcriptional
activators to nucleosomal DNA [22]. Acetylation of histones also affects higher order packing
of chromatin and interactions of non-histone proteins with chromatin [23-25]. HAT enzymes
transfer the acetyl group of acetyl coenzyme A (acetyl-CoA) to the ε-amino group of lysine
residues within histone proteins. The removal of acetyl groups from histones by histone
deacetylases (HDACs) play equally important roles to oppose HAT activities and, in general,
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function in transcriptional repression [26]. Several HDAC inhibitors are currently being
developed and tested for their potency in cancer chemotherapy with the rationale of reactivating
silenced tumor suppressor genes, underscoring the potential for epigenetics in health and
disease [27].

The recombinant Gcn5 HAT enzyme displays in vitro activity on the N-terminal tails of free
histones H3 and H4 [28]. The activity is specific for K14 of H3 and, to a lesser extent, K8 and
K16 of H4 [28]. Mutations in GCN5 that eliminate HAT activity in vitro are defective in
transcriptional activation in vivo [29-31], further indicating that histone acetylation is required
for Gcn5-mediated activation events. To understand the in vivo specificity of Gcn5 and the
importance of particular acetylated residues, a number of lysine mutations in H3 and H4 were
constructed with and without GCN5. Simultaneous mutation of H3-K14 and H4-K8/16 to
arginine, or deletion of either the H3 or H4 N-terminal tail, results in the death of gcn5 cells.
Mutation of these same three sites to glutamine, mimicking acetylation, is not lethal, indicating
that a critical level of histone acetylation involving Gcn5 must be maintained for cell viability,
although GCN5 itself is not essential [32].

Gcn5 has also been shown to interact genetically with other HATs in yeast. Double mutants
of sas3 gcn5, for example, are synthetically lethal and arrest in the G2/M phase of the cell
cycle, illustrating the importance of histone acetylation both in cell-cycle progression and gene
expression [33]. Also, the central subunit of the general transcription factor TFIID, Taf1,
contains HAT activity that is specific for H3 and H4 in vitro [34]. Recent evidence, however,
suggests that Taf1 is not a major HAT in yeast because Taf1 is not functionally redundant with
other HATs, including Gcn5, Elp3, Hat1, Hpa2, Sas3, and Esa1 [35]. However, other studies
show functional redundance with taf1 gcn5 double mutations, indicating some functional
interaction between Gcn5-containing complexes and TFIID [36,37]. Additionally, combining
an elp3 mutation, the HAT subunit of the Elongator complex, with H3 or H4 tail mutations
confers lethality, and gcn5 elp3 double mutants display a number of severe phenotypes [38].

Although Gcn5 displays HAT activity on free histones and genetics implicates its function
with specific tail lysine residues, the recombinant enzyme fails to acetylate the more
physiological nucleosomal histone substrate in vitro [39]. This led to the discovery of native
nucleosomal HAT activities that were generally found to exist as multisubunit complexes
[40]. Incorporation into complexes enables several HATs to recognize and acetylate specific
histone tails within the native nucleosomal substrate. The first of these native activities isolated
were the Gcn5-containing ADA and SAGA complexes that can acetylate nucleosomal histones
H3 and H2B in vitro [9,41,42]. A number of nucleosomal HAT activities have been isolated
from yeast to humans, some of which have been shown to contain a Gcn5-related
acetyltransferase (GNAT) as the catalytic subunit. In yeast, these include the SAGA, SLIK,
ADA, and HAT-A2 complexes, whereas in humans they have been termed STAGA, TFTC,
and PCAF [43]. Different components of these complexes are major determinants in specifying
HAT substrate preference and also gene-specific targeting. Other HAT activities have
subsequently been identified although here we are limiting our discussion to advances in
functional elucidation of the archetypal SAGA family of HAT complexes containing Gcn5,
which include both SAGA and SLIK.

General functions and organization of the SAGA family of complexes
The yeast SAGA (Spt-Ada-Gcn5-acetyltransferase) and SLIK (SAGA-like)/SALSA (SAGA
altered, Spt8 absent) HAT activities are two related high molecular weight (∼1.8MDa) protein
coactivator complexes that have been shown to be required for the expression of a subset of
Pol II-transcribed genes as well as being functionally redundant with the general transcription
factor, TFIID [9,37,44-48]. Both complexes acetylate nucleosomal H3 and H2B, and share
groups of proteins that were previously known be transcriptional regulators (Figure 1): the Spt

Daniel and Grant Page 3

Mutat Res. Author manuscript; available in PMC 2007 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



group consisting of Spt7, Spt3, and Spt20/Ada5 interact with the TATA-binding protein (TBP);
the Ada group consisting of Ada1, Ada2, Ada3, Ada4/Gcn5, and Ada5/Spt20 is functionally
linked to the nucleosomal HAT activity; Tra1 is an ATM/PI-3 kinase-related protein that targets
DNA-bound activators for recruitment to promoters; and the TBP-associated factor (TAF)
proteins consisting of Taf5, Taf6, Taf9, Taf10, and Taf12 mediate nucleosomal HAT activity
and are thought to help recruit the basal transcription machinery [9,45,49-52]. Mutations that
disrupt the structural integrity of both complexes, such as ada1Δ, spt20Δ, or spt7Δ, do not
display severe phenotypes in yeast grown in dextrose-containing media. However, the SAGA
and SLIK HAT complexes are required for growth under stressful conditions to activate
transcription of stress-responsive genes, indicating that these complexes play an auxiliary role
in transcriptional activation [9,44,45,48].

Amidst the similarities between these two complexes, SAGA and SLIK have been shown to
have distinct and separate functions that are established through compositional differences. A
SLIK-specific component, Rtg2, links SLIK function to the yeast retrograde response pathway
that is important for gene expression changes during mitochondrial dysfunction [45]. Mutation
of RTG2 cripples the integrity of the SLIK complex while leaving SAGA essentially intact
[45]. Also, the Spt7 subunit is processed in SLIK, through an unknown mechanism, which
dissociates the SAGA-specific Spt8 subunit. This processing of Spt7 appears to define the two
complexes since a constitutive spt7 truncation allele dramatically alters complex levels in favor
of SLIK by chromatography [45,46,53]. Despite their biochemically distinct activities and
subunit compositions, double mutants disrupting both SAGA and SLIK function, suggest that
the two complexes may have multiple redundant activities that play critical roles in
transcription by Pol II [45,53].

In order to carry out their functions as coactivators and critical regulators of transcription, the
SAGA and SLIK complexes generally are targeted to promoters by DNA-bound transcriptional
activators [54]. The SAGA complex interacts directly with multiple activators generally
through its Tra1 subunit and stimulates in vitro transcription from chromatin templates in an
acetyl-CoA-dependent manner [54]. SAGA-dependent promoters require different
combinations of components of the complex for distinct functions, such as TBP recruitment,
revealing a complex combinatorial network for transcription activation in vivo [55] (Figure 2).
Some subunits have been implicated to have different functions when targeted to different
locations. For example, SPT3 and SPT8 are required to promote TBP interaction at the
ADH1, PHO84, and VTC3 genes [55], but inhibit TBP interaction at the HIS3, TRP3, and
HO genes [56,57], even though expression of these genes is dependent on SAGA function.
The localizations of some SAGA subunits within the complex have been identified through
three-dimensional modeling of the complex generated by electron microscopy [58]. These
studies show a high degree of structural conservation to human TFTC and illustrate the modular
nature of the complex that helps organize all of its functions.

The Spt7 subunit of the complexes may be one of the most critical because disruption of this
gene reduces the protein levels of both Spt20 and Ada1, providing evidence as to why ada1
and spt20 mutants have similar severe phenotypes to spt7 yeast [53]. Interestingly, message
levels of SPT20 and ADA1 are not changed in the spt7 mutant, suggesting that at least some
SAGA and SLIK subunits are mutually required for protein stability, but also potentially for
other post-transcriptional events. One report, in fact, suggests that SAGA is directly involved
in the unfolded protein response [59], which could also help explain the low protein levels in
spt7 mutants.

Besides proteolytic processing of Spt7, which may define the two complexes, other post-
translational modifications of SAGA and SLIK components also have been reported. The Spt7
subunit has been shown to be ubiquitinated in a TOM1-dependent manner; Tom1 is a HECT
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domain-containing E3 ubiquitin ligase that can physically associate with SAGA [60]. Set9, a
human H3-K4 methyltransferase, methylates another SAGA/SLIK/TFIID subunit, Taf10,
which was shown to potentiate pre-initiation complex formation and transcription at some
genes [61]. Gcn5 is phosphorylated in human cells by the DNA-dependent protein kinase
catalytic subunit involved in genome stability and was shown to inhibit its HAT activity [62].
There is also evidence that Taf12 is phosphorylated as well, although the biological significance
is this finding is currently unknown (M. Torok, unpublished observation). A different report
provides some evidence that H3 and H4 can physically associate with the SAGA complex
under certain conditions [63]. Taken together, components of the SAGA complexes, as well
as histones, are post-translationally modified, adding an additional level of regulation to this
multi-subunit complex.

Transcriptional regulation by SAGA in a chromatin environment
Although the yeast SAGA, SLIK, and TFIID complexes regulate the expression of some
distinct genes, these activities may have redundant roles in activation, although the extent of
which is still controversial [35,37]. Besides their interaction with DNA-bound activators and
HAT activities, a redundancy may be explained through the common Taf components of both
complexes [64]. A recent study shows that only the Gcn5 and Esa1 HATs contribute
substantially to gene expression genome wide, and, interestingly, histone acetylation at
promoter regions throughout the genome does not require Taf1 or Pol II [35]. These results
indicate that most acetylation is likely to precede transcription and not depend upon it [35].
Essential functional interactions have also been shown between SAGA and SLIK and both
SWI/SNF and Mediator complexes, highlighting the redundancy between these large
transcription complexes in vivo [65-67].

There is some evidence for SAGA interaction with general transcription factors other than
TBP. For example, overexpression of TFIIA suppresses a gcn5 spt15 synthetic lethality,
suggesting that Gcn5-mediated acetylation can stimulate transcription by promoting the
formation of TBP-TFIIA-DNA complexes [57]. Also, TFIIA mutants are lethal in gcn5 mutant
yeast strains [68]. Additionally, several SAGA mutants displayed a greater impact on promoter
occupancy of Pol II versus TBP at Gcn4-dependent genes, suggesting the SAGA can promote
Pol II binding independently of its stimulatory effects on TBP recruitment [69].

Although recruitment and functions of SAGA have been studied at a number of loci including
the PHO genes [70] and those required for response to heat stress [71] and amino acid starvation
[69], a number of groups studying SAGA have turned to the GAL genes in yeast as a system
to study gene expression because of their galactose-induced, transcriptionally active, chromatin
state that is completely dependent on SAGA [44,72,73]. During activation of the GAL genes
in yeast, alleviation of Gal80 inhibition establishes a functional Gal4 activation domain that
targets the Tra1 and TAF12 subunits of the SAGA complex [74-76]. Upon galactose induction,
SAGA undeniably localizes to GAL1-10 gene upstream activating sequence (UAS) DNA
through Gal4 and is critical for TBP recruitment and, thus, expression of the GAL genes [72,
73,77]. The Mediator complex also plays an important role in GAL gene activation along with
SAGA [78]. Several subunits of Mediator, including Gal11, are critical for growth on galactose
and accumulating evidence suggests that Mediator is recruited subsequently to SAGA although
its precise role is still unclear [75,79].

SAGA genetically and biochemically interacts with TBP through its Spt3 subunit and this
interaction is critical for GAL activation [44,72]. In spt20 and spt3 mutants, the expression of
numerous GAL genes is abolished [73,77], while GAL expression is only slightly impaired in
gcn5 mutants [77]. These data provide further evidence that SAGA functions beyond HAT
activity to activate the GAL genes [77]. Nevertheless, numerous reports have provided evidence
that the H3 tail is acetylated upon galactose induction in a Gcn5-dependent manner [80-83].
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Therefore, even though Gcn5 mediates histone acetylation at the GAL UAS, it is not required
for activation in this case. However, earlier studies have made it clear that the H3 and H4 tails
do in fact play a role in GAL gene regulation [78]. In the shift from the galactose-induced active
chromatin state to one with glucose present, Gal80 mediates the deposition of nucleosomes to
repress transcription, at least in part by, displacing SAGA from Gal4 [78,84].

Although there have been no direct roles for SAGA functioning in transcriptional elongation,
there is some evidence for this notion, mostly from genetic studies. A large number of SAGA
mutants display strong synthetic genetic interactions with components of the elongation
machinery that include Rpb9, Rpb4, TFIIS, and Elongator [85-88]. Additionally, TFIIS has
been shown to physically interact with SAGA in cell-free extracts [86]. However, thus far
SAGA has only been shown to localize specifically to promoter regions [89,90], and so further
work is needed to understand if there are any direct mechanistic functions for SAGA in
elongation.

Transcription is also coupled with the concomitant assembly of RNA-binding proteins to
nascent mRNAs to generate a stable and export-competent mRNP (messenger
ribonucleoprotein) particle [91]. Recent data suggest a direct connection between SAGA and
the mRNA export machinery through the Sus1 protein (Figure 2). Sus1 was identified as both
a stable component of SAGA and the Sac3-Thp1 complex, which functions in mRNA export
with specific nuclear pore proteins [92]. Also, sites of active transcription, including some
SAGA-dependent genes, have been found to be located at nuclear pore complexes (NPCs) and
this localization and subsequent expression is dependent on SUS1 [93-95]. Using live-cell
imaging at the GAL genes, components of the SAGA complex were shown to confine sub-
diffusion of transcribed genes to the nuclear envelope [94]. This may help ensure efficient
mRNP export of SAGA-dependent gene expression during stressful cellular conditions. In
sum, a continuum of all stages of transcription from activation to RNA export may be linked
by SAGA for at least some genes, although it remains to be determined how universal this
connectivity is.

Regulation of histone acetylation by SAGA
Along with conferring nucleosomal HAT activity of Gcn5, the SAGA and SLIK complexes
also expand the lysine specificity of this enzyme. Within the context of the complexes, Gcn5
acetylates nucleosomal H3 at K9, 18, and 23, in addition to K14 in vitro [39]. This expansion
of lysine specificity can also be reconstituted in vitro minimally with an Ada2/Ada3/Gcn5
trimer complex, biochemically demonstrating the role of these two Ada proteins in histone
acetylation [52]. Evidence suggests that Ada2 potentiates the catalytic HAT activity while
Ada3 facilitates nucleosomal acetylation and expands the lysine specificity of Gcn5 within the
complex [52]. The SAGA and SLIK complexes preferentially acetylate K14>K18>K9=K23
in vitro on synthetic H3 peptides substrates and on nucleosomal H3 [39,45]. Importantly, these
in vitro results are corroborated with genetic studies discussed above demonstrating that Gcn5
is required for H3-K9 and K18 acetylation in vivoand that mutation of H3-K14 or deletion of
the H3 tail causes a synthetic growth defect or lethality, respectively, when combined with
gcn5 [32]. The Taf12 and Sca7 components of SAGA and SLIK are also important for their
nucleosomal HAT activities [50,96].

The Taf12 subunit of SAGA and SLIK is required for the nucleosomal HAT activities of the
complexes in vitro and at a subset of SAGA-dependent promoters in vivo [M. Torok,
unpublished observations and Ref. 50]. A domain outside of its histone-fold is required for this
function of Taf12. Deletion of this Taf12 domain does not alter biochemical interaction with
nucleosomes or recruitment of the complexes to target promoters (M. Torok, unpublished
observations), suggesting that one function of Taf12 may be to present the H3 tail to Gcn5 for
acetylation. Another subunit of SAGA and SLIK that regulates its HAT acitivity is Sca7
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[96]. The SCA7 gene is the budding yeast homologue of human ataxin-7, which in its
polyglutamine-expanded protein form causes the neurodegenerative disease, spinocerebellar
ataxia type 7 (SCA7) [96-98]. Polyglutamine-expanded human ataxin-7 can be incorporated
into both yeast and human SAGA complexes and inactivates its HAT function in vitro and in
vivo through depletion of critical proteins that regulate the ability of SAGA to acetylate
nucleosomes including Ada2 and Taf12 [96,97]. Based upon numerous histological studies
reporting that expanded ataxin-7 aggregates within nuclear inclusions [99], one model for
understanding the pathology of the human SCA7 disease is that the expanded glutamine tract
ataxin-7 protein assembles a dysfunctional and putatively dominant-negative SAGA complex
that may be recruited to specific promoters but be inactive for transcription-linked nucleosomal
acetylation by Gcn5. Additional research on the ataxin-7 subunit of SAGA may provide clues
for treatment of this trinucleotide repeat disease and the possibility of using HDAC inhibitors
to counter loss of SAGA-dependent histone acetylation.

Acetyllysine recognition by SAGA
One way to transduce an acetylation signal is through binding to bromodomains. The
bromodomain protein module recognizes specific acetyllysines and regulates protein-protein
interactions in numerous cellular processes including chromatin remodeling and transcriptional
activation [100]. The yeast and human Gcn5 bromodomains were found to associate
specifically with an H4-K16 acetyl peptide [101-103], and it was predicted that H3-K14
acetylation would also interact strongly with this bromodomain based on histone contacts
observed in the crystal structure [102].

A number of resulting studies have gone on to demonstrate that the recruitment and stabilization
of bromodomain-containing complexes to promoter chromatin is crucial for efficient
transcriptional activation of many genes. By using immobilized template pull-down assays, it
was shown that retention of the SWI/SNF and SAGA complexes to promoter nucleosomes
requires either the continued binding of activator or acetylated histones. Without the activator,
this stable occupancy by SWI/SNF and SAGA on acetylated chromatin was shown to require
the bromodomains of the Swi2/Snf2 and Gcn5 subunits, respectively [104-106]. These
reconstituted chromatin-transcription results indicate that histone acetylation may in fact be
‘read’ as a code during the establishment of a transcriptionally competent chromatin structure.
Also, these experiments and others support the model in which histone acetylation occurs prior
to ATP-dependent chromatin remodeling [107-109], although other evidence indicate the
opposite [110], leading us to suggest that order of recruitment of these complexes appears to
be locus-dependent.

Methyllysine recognition by SAGA
Chromodomains are another chromatin interaction motif and has been shown to directly
associate with methyllysine residues [111]. The chromodomain of HP1, for example, associates
with H3-K9 methylation to establish and maintain heterochromatin [112]. Chd1 was recently
shown to be a component of SAGA and SLIK as well as associate with H3-K4 methylation
through its chromodomains [113,114]. In our studies, the second of two chromodomains (CD2)
from yeast Chd1 was shown to be able to associate with di- and trimethylated H3-K4 in pull-
down assays with perhaps somewhat higher affinity for a trimethylated peptide [113]. Also,
the SLIK complex displayed a preference to acetylate H3-K4 methylated peptides over
unmodified peptides and this preference was completely dependent on a functional Cd2 of
Chd1 [113]. Our studies point to a biological significance of this H3-K4 methyl/Chd1
interaction in the context of SAGA, which is to stabilize and potentiate Gcn5-mediated histone
acetylation that contributes to the establishment or maintenance of active chromatin [113]
(Figure 2). Recognition of methylated H3-K4 by SAGA and SLIK may play a role in
recruitment and/or stabilization of the complex onto chromatin and/or have a direct allosteric
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role in regulation of the HAT activity of Gcn5 [113]. Yeast Chd1 also physically associates
with Spt16, Pob3, casein kinase II, and the Paf elongation complex [115,116], demonstrating
that other complexes of proteins besides SAGA and SLIK may be recruited to chromatin
through Chd1 and may function in processes other than transcriptional activation. The extent
to which H3-K4 methyl recognition by Chd1 plays in recruitment/stabilization of SAGA,
SLIK, and possibly other complexes to chromatin is still unclear.

A structure of the tandem chromodomains of a human CHD isoform have recently been solved
in isolation and in complex with H3-K4 methylated tail peptides, demonstrating that the
interaction with H3-K4 di- and trimethylation may be evolutionarily conserved [114,117]. The
crystal structure of the human CHD1 tandem chromodomains in complex with methylated H3-
K4 peptides suggests that both chromodomains are required to stabilize this interaction and
that methylammonium recognition occurs through only two aromatic residues within the first
chromodomain [114]. While these results argue against the biophysical interaction between
the yeast chromodomain polypeptide fragment and K4-methylated H3 tail peptide, it does in
no way preclude the possibility of a physiological interaction in the context of a native complex
and nucleosomes. Taken together, these results suggest that the binding specificity of Chd1
may be highly context-dependent, indicative of a higher-level regulatory mechanism. An
important question that still remains is what regulates Chd1 in vivo to allow for interaction
with H3-K4 methylation within the context of SAGA. One model is that Chd1 harbors a
structure within SAGA that confers more favorable methyllysine interaction. This model is
supported by data in which the chromodomains of Chd1 are required for Chd1 to stably
associate with the SLIK complex [113]. A different model, that is not mutually exclusive, is
that post-translational modification of Chd1 itself affects binding specificity. Further
experiments, both in vitro and more importantly in vivo, will determine the resolution of this
discrepancy.

Consistent with yeast Chd1 as an effector protein for Set1-mediated H3-K4 methylation, a
recent genetic study showed that disruption of CHD1 strongly suppresses growth defects of a
set1Δ mutant on media lacking uracil or containing 6-azauracil [118]. Testing the specificity
of this compelling set1Δ chd1Δ genetic interaction through further CHD1 and H3-K4
mutagenesis would more elegantly demonstrate a biologically relevant role for yeast Chd1
through interaction with H3-K4 methyl marks.

Regulation of SAGA by the Snf1 kinase and H3-S10 phoshphorylation
The recombinant Gcn5 protein displays a preference to acetylate H3 tail peptides that are
phosphorylated at S10 over unmodified peptides, suggesting that H3 phosphorylation can also
affect the efficiency of subsequent acetylation [119]. Histone H3-S10 phosphorylation
functions in cell division with the Ipl1 kinase (Aurora B in mammals) and in transcriptional
activation with the Snf1 kinase [120]. SNF1 is required for H3-S10 phosphorylation and
recruitment of SAGA to a subset of genes to facilitate Gcn5-mediated H3-K14 acetylation
[36,121,122] (Figure 2). Although GCN5 and H3-S10 genetically and biochemically interact
with SNF1 [121-124], H3-S10E and S10D mutations that mimic phosphorylation severely
impair global H3-K9 acetylation levels [124]. Together, data thus far suggest that Snf1-
mediated H3-S10 phosphorylation directly causes site-specific changes in acetylation levels
at K9 and K14 within H3 and highlight the importance of histone phosphorylation in
subsequent SAGA function.

SAGA as a histone deubiquitinase
In addition to H3 and H2B acetylation, the SAGA family of complexes also modifies histones
through Ubp8-mediated H2B-K123 deubiquitination [125,126] (Figure 2). Ubiquitination is a
reversible process that is catalyzed by deubiquitinating enzymes that hydrolyze the isopeptide
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bond at glycine 76 of ubiquitin and the substrate lysine to liberate free ubiquitin and unmodified
target protein as products [127]. This allows another level of regulation for ubiquitin-mediated
events. Rad6/Bre1-mediated H2B-K123 ubiquitination is known to have roles in transcription,
gene silencing, and mitotic and meiotic cell growth [128]. There are likely multiple reasons
for removal of ubiquitin from H2B, though evidence suggests that its function is to facilitate
transcription, partially through modulation of histone methylation [125,126]. Transcription of
the GAL genes in yeast are only moderately impaired in the ubp8Δ mutant compared with the
severe spt20Δ mutant, suggesting that other components of SAGA have redundant functions
with Ubp8 in transcriptional activation [125]. Indeed, recent data show that double ubp8
gcn5 mutants display synthetic growth and transcriptional defects compared with each single
mutant [126,129]. There is also evidence that prior H2B acetylation by SAGA slightly inhibits
its in vitro H2B deubiquitinase activity, suggesting that these two histone modifying activities
may be coupled [129]. Additionally, two novel components of SAGA and SLIK called Sgf11
and Sus1 cooperate with Ubp8 for their association within the complexes, and results suggest
that the functions of Ubp8, Sgf11, and Sus1 are related and separable from those of other
components of SAGA [63,87,129,130]. All together, these results indicate that a balance of
cellular H2B ubiquitination regulates transcription. Moreover, they support the notion that
SAGA is organized into modules that carry out specific functions [58] and that double mutants
crippling two different functionalities within the complex display more severe phenotypes
[131].

Yeast cells with an spt20Δ mutation also accumulate uH2B, although not to the extent observed
in the ubp8Δ mutant [126], suggesting that Ubp8 functions in H2B deubiquitination primarily
as a component of SAGA and SLIK but that there still exists some residual Ubp8 activity
present in these SAGA-deficient cells. H2B ubiquitination functions both in transcription and
gene silencing, and the mechanisms for how this occurs are beginning to be investigated. Along
with Ubp8, the ubiquitin protease Ubp10, which regulates gene silencing, has also recently
been shown to deubiquitinate H2B [132,133]. These reports suggest a function for H2B
deubiquitination that is distinct from the role of Ubp8 in gene activation with the finding that,
different from ubp10 mutants, telomeric silencing is not affected in ubp8 mutants. However,
ubp10 ubp8 double mutants result in a synergistic increase in the steady-state levels of uH2B
and in the number of genes with altered expression [133], indicating that Ubp10 and Ubp8
likely overlap in some of their target chromatin regions, but generally have separate functions
in silencing and SAGA-mediated transcription.

One way in which Ubp8-mediated H2B deubiquitination may regulate transcription is through
modulation of H3-K4 and K36 methylation. Our results suggest that Ubp8 functions to promote
global H3-K4 trimethylation [125], a mark highly correlated with transcriptional capacity
[134]. Furthermore, UBP8 is required for efficient H3-K4 trimethylation at the GAL1-10 UAS
upon transcriptional activation [125]. A different study provides evidence that, upon galactose
induction and transcription activation, Ubp8 functions to inhibit this modification while
promoting H3-K36 dimethylation at the GAL1 TATA element [126]. UBP8 has also been
shown to inhibit H3-K4 di- and trimethylation at the PHO84 core promoter [130]. Thus far,
Ubp8 appears to differentially regulate H3 methylation at some SAGA-dependent gene
promoters and UAS elements, but not others.

On a different note, the ubp8Δ mutant confers global accumulation of uH2B and displays a
modest GAL phenotype; paradoxically, the H2B-K123R ubiquitination site mutant has no
detectable uH2B yet displays a similar phenotype [125,126]. This is an example of two mutants
with opposite histone modification profiles, yet the wild-type alleles appear to have the same
apparent biological function of promoting transcription. A similar result has recently been
observed for activation of the ARG1 gene as well [129], and can be explained by a number of
reasons, which are not mutually exclusive. First, the two mutants may have unexpected
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pleiotropic effects. For example, the H2B-K123 site may be post-translationally modified by
a moiety other than ubiquitin. Evidence in support of this idea stem from one mass
spectrometric analysis reporting that the conserved H2B ubiquitination site, K120, is acetylated
in mammals [135]. Mutation of H2B-K123 could cause an unexpected phenotype if a different
modification, such as lysine acetylation or methylation, is also functionally important. A
different explanation could also be that both ubiquitination and deubiquitination are important
for stable transcript levels. This idea is supported by recent studies suggesting that
monoubiquitinated-H2B levels increase early during transcriptional activation, then decrease
coincident with significant mRNA accumulation [126,136,137]. If this is the case, then
ubiquitination of H2B may act as a type of licensing mechanism to mark chromatin through a
signal that modulates subsequent histone methylation patterns and helps a cell gauge recent
transcriptional activities; a phenomenon some have termed ‘transcriptional
memory’ [138-140]. In the absence of Ubp8, the accumulated uH2B mark could then act as a
recruiting platform for ubiquitin-binding proteins or alter nucleosome structure in a way that
confers a repressive chromatin function.

Also, recent reports suggest that the Rad6/Bre1 complex and uH2B are not only localized to
promoter regions but also throughout coding regions, implicating potential roles in elongation
[126,136]. Along the same lines, human uH2B has recently been shown to stimulate elongation
by Pol II with the FACT complex using a reconstituted chromatin transcription system [128].
In yeast, the Rad6 and uH2B association with chromatin is transient and can be explained at
promoter regions by Ubp8-mediated H2B deubiquitination. Perhaps Rad6 leaves the promoter
region upon Ubp8-mediated deubiquitination and then moves with Pol II along coding regions.
Whether Ubp8 functions downstream within coding regions or whether the uH2B/H2A dimers
are displaced from the core nucleosomes by FACT in vivo is currently unclear. Increasing
evidence suggests that Ubp8 and SAGA localize specifically to UAS/promoter regions [89,
90], possibly favoring the histone displacement model for uH2B within coding regions [48,
89]. One model then could be that Ubp8 removes ubiquitin from H2B in promoter region
chromatin while FACT ejects uH2B/H2A dimers in the coding region.

SAGA interaction with the 19S proteasome regulatory particle
The recent finding that the 19S proteasome regulatory particle (RP) alters SAGA and SLIK to
enhance their interactions with transcriptional activators greatly advances our knowledge of
19S RP function in histone modification at promoters [141]. The 19S RP stimulates SAGA
nucleosomal HAT and DNA binding activities in the absence of activators as well, suggesting
that its ATP-dependent activity also affects SAGA functions subsequent to promoter loading.
Also, two ATPases within the 19S RP of the proteasome were recently shown to be recruited
in RAD6- and H2B-K123-dependent manners to promoters and coding regions of active genes
and promote global H3-K4 trimethylation [142]. Therefore, accumulating evidence argues very
strongly for roles of SAGA in this cascade of histone modifications. There is strong evidence
that the 19S RP also associates with coding regions and functions in transcription elongation
by Pol II [143]. Evidence that 19S RP recruitment requires H2B ubiquitination [142] and that
SAGA contains the ubiquitin protease required to remove this modification [125,126] indicates
that both complexes function subsequent to H2B ubiquitination. Ubp8-mediated
deubiquitination could play a role in the progression of Rad6 and/or 19S RP from promoters
into coding regions, similar to a suggested function of the PAF complex for Rad6 [137]. This
model is consistent with the observation that Rad6 recruitment precedes that of SAGA to the
GAL1 promoter region and is independent of Gcn5 [136].

Concluding remarks
The nature of SAGA recruitment to promoters throughout the genome still remains largely
elusive. Although SAGA directly interacts with some transcriptional activators through its
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Tra1 and Taf12 subunits, it is still unclear whether or not every SAGA-dependent gene bears
a DNA-binding activator that recruits the complex. Also, there is evidence at Gcn4-dependent
genes that SAGA recruitment is dependent on SPT3 as well subunits required for complex
integrity [144]. These results indicate that while Tra1 can bind directly to Gcn4 in vitro, it
requires other SAGA subunits for efficient recruitment in vivo [144]. Therefore, it is still
possible that other chromatin interaction motifs, including the Chd1 chromodomains or
bromodomains of Gcn5 or Spt7 to help recruit and retain the complex to promoters besides or
along with Tra1. Genetic experiments investigating the requirement for these different
chromatin-binding functions are necessary to further understand the in vivo role of these
components.

Crystallographic data of yeast nucleosome core particles suggest that acetylation by the SAGA
or SLIK complex may occur on a nucleosome different from the one undergoing
deubiquitination. In a single nucleosome, the H3-K9/14/18/23 acetylation sites in the
unstructured N-terminal tails are polar-positioned to the H2B-K123 ubiquitination site, which
lies within the C-terminal helix involved in internucleosomal interactions [145]. However,
because of the molecular masses of these multi-enzymatic complexes being ten fold that of the
nucleosome, different components could conceivably interact with multiple nucleosomes and/
or multiple sites within a single particle.

Evidence from ChIP on CHIP experiments in fly and human cells demonstrate that H3-K4
trimethylation and H3-K9/14 acetylation co-localize at transcription start sites and correlate
with levels of transcription, whereas inactive genes contain hypoacetylation and
hypomethylation at these sites [146-148]. Specifically, one study demonstrated that, on human
chromosomes 21 and 22, H3-K4 trimethylation and H3-K9/14 acetylation sites coincide almost
100%, and 66% of those sites are near transcription starts [148]. Taking these data into
consideration, recognition of H3-K4 methylation by the SAGA family of complexes may help
coordinate the near binary pattern of covalent histone modifications found at transcriptionally
active genes.
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Figure 1.
Composition of the SAGA family of HAT/coactivator complexes. Shown is a representation
of the reported subunits of the SAGA and SLIK complexes and homologues in the mammalian
SAGA family of complexes PCAF, STAGA and TFTC. Proteins are grouped according to
their designation as histone acetyltransferase (HAT), TAF, Spt, Ada, Ataxin-7, Tra1 (ATM-
like), Chd1 or proteins involved in histone H2B deubiquitination (H2B deUb). The yeast Spt8
and Rtg2 proteins are unique to the SAGA and SLIK complexes respectively. Shaded
horizontal bars represent those yeast proteins with homologues identified in one or more of the
mammalian complexes. Additional TFTC and STAGA associated proteins, such as SAP130
and DDB1, are not shown.
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Figure 2.
Multi-tasking on chromatin with the SAGA coactivator complexes. SAGA and SLIK
subunits are organized into modules that carry out distinct functions. Shown is a representation
of SAGA recruited to a promoter functioning in transcriptional activation. Tra1 associates with
DNA-binding transcription factor/activator (TF) proteins and this interaction is strengthened
by the 19S proteasome regulatory particle (RP). Set1-mediated H3-K4 methylation and Snf1-
mediated H3-S10 phosphorylation promote the HAT activity of Gcn5. The bromo- and
chromodomains within SAGA mediate additional chromatin interaction through association
with modified histone lysines. The Ubp8/Sgf11/Sus1 module functions in H2B
deubiquitination as well as mRNA export through interaction with pores within the nuclear
membrane. Ada2 and Ada3, as well as Sca7, Taf12, and Chd1 function, in part, to regulate
Gcn5-mediated HAT activity. The Spt3/Spt8 module interacts with the TATA-binding protein
(TBP), and TBP and SAGA together interact strongly with the general transcription factor
TFIIA and the elongation factor TFIIS. The histone H3 N-terminal tail is shown to illustrate
interaction of SAGA with multiple resides, indicated by position number, within the peptide.
Dotted lines indicate interactions, while arrows indicate enzymatic activities.
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