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The SAGA complex is a multisubunit protein complex involved in transcriptional regulation in Saccharo-
myces cerevisiae. SAGA combines proteins involved in interactions with DNA-bound activators and TATA-
binding protein (TBP), as well as enzymes for histone acetylation (Gen5) and histone deubiquitylation (UbpS8).
We recently showed that H2B ubiquitylation and Ubp8-mediated deubiquitylation are both required for
transcriptional activation. For this study, we investigated the interaction of Ubp8 with SAGA. Using mutagen-
esis, we identified a putative zinc (Zn) binding domain within Ubp8 as being critical for the association with
SAGA. The Zn binding domain is required for H2B deubiquitylation and for growth on media requiring Ubp8’s
function in gene activation. Furthermore, we identified an 11-kDa subunit of SAGA, Sgfl1, and showed that it
is required for the Ubp8 association with SAGA and for H2B deubiquitylation. Different approaches indicated
that the functions of Ubp8 and Sgfl1 are related and separable from those of other components of SAGA. In
particular, the profiles of Ubp8 and Sgfll deletions were remarkably similar in microarray analyses and
synthetic genetic interactions and were distinct from those of the Spt3 and Spt8 subunits of SAGA, which are
involved in TBP regulation. These data indicate that Ubp8 and Sgf11 likely represent a new functional module

within SAGA that is involved in gene regulation through H2B deubiquitylation.

Transcriptional regulation involves covalent chemical mod-
ifications of the core histone proteins that comprise the nu-
cleosome. Each histone is modified, and modifications occur
on the amino- and carboxyl-terminal extensions as well as the
globular domains. The modifications can be either dynamic or
static. Dynamic modifications include acetylation, phosphory-
lation, and ubiquitylation (60). Many of the enzymes that add
and remove these modifications have been identified. Methyl-
ation is a more static modification, and lysine demethylating
enzymes have not been reported (4).

Certain large multicomponent protein complexes possess
more than one enzyme to regulate histone modifications. The
1.8-MDa SAGA complex in Saccharomyces cerevisiae contains
enzymes that act to acetylate primarily histones H3 and H2B
and to deubiquitylate histone H2B (22, 24). Acetylation is
carried out by Gen5, and this reaction has been intensively
studied. The GenS-mediated acetylation of histones is required
for the full activation of many genes in organisms ranging from
yeast to humans (12, 25) and is reversed by deacetylation
through a number of histone deacetylase (HDAC) enzymes
(47). Gen5 is essential for viability in mice (68a, 70). The
biochemistry and atomic structure of Gen$5 have been charac-
terized, revealing the basis of the substrate specificity for
Lys-14 of the histone H3 amino terminus (13, 51, 64). H3
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acetylation by GenS requires prior H3 phosphorylation for the
full activation of certain genes in yeast (34). An interrelation-
ship between phosphorylation and acetylation is conserved
from yeast to humans (2, 69).

The SAGA complex also harbors UbpS8, a histone H2B-
deubiquitylating enzyme (14, 24, 52). Lys-123 of the carboxyl
terminus of H2B is ubiquitylated by an E2 conjugase-E3 ligase
pair (Rad6/Brel) (28, 47, 66). Ubiquitylation is transient dur-
ing gene activation, and ubiquitin is removed by Ubp8 acting
within the SAGA complex (14, 24). Both ubiquitylation and
deubiquitylation are required for optimal gene activation. The
ubiquitylation of H2B is linked to histone methylation (24, 61).
Specifically, ubiquitylated H2B (ubH2B) is required for Setl-
mediated histone H3 Lys-4 methylation and Dotl-mediated
Lys-79 methylation (10, 62). Although the mechanism is still
unknown, this frans-tail modification pattern requires a portion
of the proteasome, which is present at the promoter (17, 21).
In contrast, Set2-mediated histone H3 Lys-36 methylation does
not require ubiquitylation (61). SAGA-dependent H2B deu-
biquitylation by UbpS8 is required for the correct levels of Lys-4
vis-a-vis Lys-36 methylation (24). Specifically, the absence of
deubiquitylation leads to high levels of Lys-4 methylation,
whereas the absence of ubiquitylation leads to high levels of
Lys-36 methylation (24).

Little is known about the biochemistry of deubiquitylating
enzymes, including how they are targeted to substrates for
specificity. One way to target enzymes to their substrates is to
integrate them into multicomponent protein complexes. For
example, SAGA delivers GenS to appropriate promoters in
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response to certain inducing conditions via associations of the
Tral subunit with DNA-bound activators (23). In this case, the
presence of GenS within SAGA is a key aspect of delivery to
the substrate. How UbpS is integrated into SAGA or whether
its association within SAGA is an important feature of sub-
strate targeting is not known.

SAGA is modular in structure and function, incorporating
multiple components for each of several functions, including
acetylation, TATA-binding protein (TBP) regulation, and ac-
tivator interactions. The histone acetyltransferase module con-
sists of GenS, Ada2, and Ada3 (3, 11). TBP is regulated both
positively and negatively by a module consisting of Spt3, Spt7,
and Spt8 (7, 16, 71). The complex may bind to DNA through
a Taf module that may form a nucleosome-like structure
through histone fold domains (19). Tral provides key interac-
tions with acidic activators (23), along with contributions by
Ada2 (5). It has not previously been understood whether the
Ubp8 function is correlated with a known module within
SAGA or whether it constitutes a distinct module.

Here we describe a structure-function study of the associa-
tion of Ubp8 with SAGA, using biochemical, genetic, microar-
ray, and proteomic analyses. We provide evidence that a pu-
tative zinc finger domain of Ubp8 is required for the
association of Ubp8 with the SAGA complex. Furthermore,
our results indicate that Ubp§8 constitutes a functional module
within SAGA through its association with a newly identified
component of SAGA, called Sgf11.

MATERIALS AND METHODS

Yeast strains and plasmids. For the cloning of UBP8-3HA into pCR2.1-
TOPO, genomic DNA was prepared from the YKHO013 strain (24), which has a
chromosomal copy of UBP8 C-terminally tagged with three copies of the hem-
agglutinin (HA) epitope and a his5" marker. PCRs were then performed on the
genomic DNA by the use of primer pairs spanning the UBP8-3XHA-his5*
cassette and the Expand high-fidelity PCR system (Roche). Agarose gel-purified
PCR products were cloned into the pCR2.1-TOPO vector according to the
manufacturer’s recommendations (Invitrogen). A recombinant plasmid was se-
quenced to confirm proper integration of the insert. This plasmid served as a
template for the creation of UBPS point mutations and deletion constructs by use
of a QuickChange site-directed mutagenesis kit (Stratagene). The resulting plas-
mids were digested with EcoRI and Xhol, which cut on either side of the UBPS
sequence (including upstream and downstream sequences flanking the open
reading frame [ORF], the tag, and the selectable marker), and these fragments
were used for integration into the endogenous UBPS locus in ubp8 deletion
strains. Correct integration was confirmed by PCR amplification of genomic
DNA:s.

Ubp8 episomal constructs were generated by amplifying UBPS from pCR2.1-
TOPO constructs by the use of primers containing Sacl and NotlI restriction
enzyme sites and then ligating those fragments into the pRS416 vector. Correct
clones were confirmed by sequencing, cotransformed into a genSA ubp8A strain
(YKHO068) (24) along with an empty TRPI-containing vector (pRS314), and
maintained in synthetic medium lacking Ura and Trp.

Gene deletions and tagging were performed either as described previously (35)
or by transforming PCR amplification products of genomic DNAs from previ-
ously established strains. All S. cerevisiae strains used for this study are listed in
Table 1.

Immunoprecipitations. Coimmunoprecipitations of Ubp8 and other SAGA
subunits with tandem affinity purification (TAP)-tagged Ada2 were performed
with immunoglobulin G (IgG)-Sepharose (Amersham). Overnight immunopre-
cipitation reactions were washed twice in extraction buffer (40 mM HEPES [pH
7.5], 250 mM NaCl, 0.1% Tween 20, 10% glycerol, protease inhibitors) and twice
in extraction buffer containing 350 mM NaCl. Immunoprecipitates were eluted
by boiling, and input and eluate samples were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western
blot analysis with the anti-HA 12CAS monoclonal antibody (Roche).

The same conditions were used for coimmunoprecipitations of Ubp8 and
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Sgf1l. Using a strain expressing FLAG-tagged Ubp8 and HA-tagged Sgfl1, we
performed immunoprecipitations with either anti-HA affinity matrix (Covance)
or anti-FLAG M2 agarose (Sigma). For Western blot analysis, either the an-
ti-HA 12CA5 monoclonal antibody (Roche) or the anti-FLAG M2 antibody
(Sigma) was used. For coimmunoprecipitations of Sgfll and mutant forms of
Ubp8, strains containing Sgf11-FLAG and various point mutants of Ubp8-HA
were used. Immunoprecipitations and Western blot analysis were performed as
described above.

Global levels of ubH2B were assessed by the use of JR5-2A strains expressing
FLAG-tagged H2B (48). Whole-cell extracts were made in 20% trichloroacetic
acid to precipitate histones, and the resuspended precipitates were either used
directly for Western blot analysis or used for immunoprecipitation with anti-
FLAG M2 agarose (Sigma). The immunoprecipitates were washed twice in IP
buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 0.5% NP-40, 0.5% bovine serum
albumin, protease inhibitors) and three times in IP buffer without bovine serum
albumin. Elution was performed with 300 ng of 3X FLAG peptide (Sigma)/ul,
and input and eluate samples were subjected to SDS-PAGE and Western blot-
ting with the anti-FLAG M2 antibody or an anti-FLAG-horseradish peroxidase
conjugate antibody (Sigma).

Plate assays. Ubp8 episomal constructs in pRS416 and an empty TRPI-con-
taining vector (pRS314) were cotransformed into YKHO068 (ubpSA gcn5A),
grown to exponential phase, and spotted in 5X dilutions on SC-Ura-Trp plates
containing different carbon sources (i.e., glucose or galactose). Plates were in-
cubated at 30°C for 48 h.

Ubp8-2XFLAG purification. Ubp8-containing complexes were purified from
the YKHO002 strain, in which Ubp8 bears a C-terminal 2X FLAG epitope tag.
Lysates were prepared from 15 liters of culture, followed by immunoprecipita-
tion with anti-FLAG M2 affinity resin (Sigma) according to the manufacturer’s
protocol. Bound proteins were washed and then eluted with a 3X FLAG peptide
(Sigma) at a concentration of 300 ng/pl. The eluate was then subjected to
MonoQ ion-exchange chromatography followed by anti-FLAG Western blotting
to identify the fractions in which Ubp8 eluted. Ubp8-containing fractions were
then pooled and loaded onto a Superose 6 column, from which Ubp8 eluted in
a single peak. Fractions containing Ubp8-2XFLAG, as determined by Western
blotting, were pooled, concentrated, and then loaded into a 4 to 20% SDS-
polyacrylamide gradient gel. Proteins were then visualized by silver staining and
anti-FLAG Western blotting (Sigma) to determine the migration of the tagged
Ubp8.

TAP purification. TAP-tagged components of SAGA were purified on IgG
and calmodulin columns from extracts of yeast cells (3 liters) grown in YPD
medium to an optical density at 600 nm of 1.0 to 1.5. The complexes were
analyzed by SDS-PAGE, matrix-assisted laser desorption ionization-time of
flight (MALDI-TOF), and tandem mass spectrometry as previously described
(33).

SGA and microarray analyses. Synthetic genetic array (SGA) analysis was
performed as previously described (63). Automated analyses of the results were
performed by procedures that will be described elsewhere (H. Ding and C.
Boone, unpublished data). RNA preparation and microarray analysis were per-
formed as previously described (42) after isogenic strains were grown in parallel
in SC medium at 30°C.

RESULTS

The catalytic domain and a putative Zn finger domain
within Ubp8 are both required for in vivo function. We used a
mutagenesis approach to analyze the function of Ubp8. In
addition to the putative catalytic domain (Fig. 1A), there is
another notable structural feature within the predicted protein
sequence of Ubp8. This is a cysteine- and histidine-rich region
within the amino-terminal quarter of the protein, which is
likely a zinc finger domain (6, 54) (Fig. 1A). This region of
UbpS8 is similar to a region within HDAC6 (Fig. 1B), as pre-
viously proposed for a related Ubp (26, 55). To test whether
the Zn finger is required for the function of Ubp8 within
SAGA, we prepared deletion (ZnFA; amino acid residues 46
to 83) and substitution mutations of predicted critical residues
for the structure of the Zn finger domain (Fig. 1). The substi-
tution mutations at predicted critical Zn finger residues were
cysteines 46 and 49 to alanine (C46/49A mutant, called Z:C-



1164 INGVARSDOTTIR ET AL. Mot. CELL. BioL.
TABLE 1. S. cerevisiae strains used for this study
Strain Genotype Reference

JRS-2A MATa ura3-1 leu2-3,-112 his3-11,-15 trp1-1 ade2-1 htb1-1 htb2-1 YCp50 (HTB1-CEN-URA3) 48

JRS5-2A FLAG-HTB1 MATa ura3-1 leu2-3,-112 his3-11,-15 trp1-1 ade2-1 htb1-1 htb2-1 pRS314 (FLAG-HTBI- 48
CEN-TRPI)

JRS5-2A FLAG-htb1 MATa ura3-1 leu2-3,-112 his3-11,-15 trp1-1 ade2-1 htb1-1 htb2-1 pRS314 (FLAG-htb1- 48
KI23R-CEN-TRPI)

SB301 MATa his3A200 leu2Al ura3-52 trpl AhisG 57

SB301 Ada2-TAP MATa his3A200 leu2Al ura3-52 trpl AhisG ADA2-TAP:URA3 This study

SB303 MATa his3A200 leu2Al ura3-52 trpl AhisG gen5::HIS3 57

YKIO11 MATa ura3-1 leu2-3,-112 his3-11,-15 trp1-1 ade2-1 htb1-1 htb2-1 pRS314 (FLAG-HTBI- This study
CEN-TRPI) ubp8-ZnFA-3HA::his5"

YKI012 MATa ura3-1 leu2-3,-112 his3-11,-15 trp1-1 ade2-1 htb1-1 htb2-1 pRS314 (FLAG-HTBI- This study
CEN-TRPI) ubp8-H77A-3HA::his5™"

YKI013 MATa ura3-1 leu2-3,-112 his3-11,-15 trp1-1 ade2-1 htb1-1 htb2-1 pRS314 (FLAG-HTBI- This study
CEN-TRPI) ubp8-H419A-3HA::his5*

YKI014 MATa ura3-1 leu2-3,-112 his3-11,-15 trp1-1 ade2-1 htb1-1 htb2-1 pRS314 (FLAG-HTBI- This study
CEN-TRPI) ubp8-C46/49A-3HA:his5™"

YKIO15 MATa ura3-1 leu2-3,-112 his3-11,-15 trp1-1 ade2-1 htb1-1 htb2-1 pRS314 (FLAG-HTBI- This study
CEN-TRPI) UBP8-3HA:his5"

YKIO16 MATa his3A200 leu2Al ura3-52 trpl AhisG ADA2-TAP:URA3 ubp8ZnFA-3HA:his5™* This study

YKIO017 MATa his3A200 leu2Al ura3-52 trpl AhisG ADA2-TAP:URA3 ubp8-H77A-3HA:his5* This study

YKIO019 MATa his3A200 leu2Al ura3-52 trpl AhisG ADA2-TAP:URA3 ubp8-C46/49A-3HA:his5* This study

YKI020 MATa his3A200 leu2Al ura3-52 trpl AhisG ADA2-TAP:URA3 UBP8-3HA:his5* This study

YKI041 MATa his3A200 leu2Al ura3-52 trpl AhisG gen5::HIS3 ubp8::KanMX pRS416 (UBPS-CEN- This study
URA3) pRS314 (CEN-TRPI)

YKI042 MATa his3A200 leu2Al ura3-52 trpl AhisG gen5::HIS3 ubp8::KanMX pRS416 (ubp8-ZnFA- This study
CEN-URA3) pRS314 (CEN-TRPI)

YKI043 MATa his3A200 leu2Al ura3-52 trpl AhisG gen5::HIS3 ubp8::KanMX pRS416 (ubp8-C46/ This study
49A-CEN-URA3) pRS314 (CEN-TRPI)

YKI044 MATa his3A200 leu2Al ura3-52 trpl AhisG gen5::HIS3 ubp8::KanMX pRS416 (ubp8-H77A- This study
CEN-URA3) pRS314 (CEN-TRPI)

YKI045 MATa his3A200 leu2Al ura3-52 trpl AhisG gen5::HIS3 ubp8::KanMX pRS416 (ubp8-C146S- This study
CEN-URA3) pRS314 (CEN-TRPI)

YKI046 MATa his3A200 leu2Al ura3-52 trpl AhisG gen5::HIS3 ubp8::KanMX pRS416 (ubp8-H419A- This study
CEN-URA3) pRS314 (CEN-TRPI)

YKI047 MATa his3A200 leu2Al ura3-52 trpl AhisG UBP8-3FLAG:KanMX SGF11-3HA:his5* This study

YKI048 MATa his3A200 leu2Al ura3-52 trpl AhisG ADA2-TAP:URA3 UBPS-2FLAG:KanMX This study
sgf11::his5™

YKI049 MATa ura3-1 leu2-3,-112 his3-11,-15 trp1-1 ade 2-1 htb1-1 htb2-1 pRS314 (FLAG-HTBI- This study
CEN-TRPI) sgfl11::his5™*

YKI050 MATa his3A200 leu2Al ura3-52 trpl AhisG ADA2-TAP:URA3 ubp8-C46/49A-3HA:his5* This study

YKIO51 MATa his3A200 leu2Al ura3-52 trpl AhisG ADA2-TAP:URA3 ubp8-H77A-3HA:his5* This study
SGF11-3FLAG:KanMX

YKI052 MATa his3A200 leu2Al ura3-52 trpl AhisG ADA2-TAP:URA3 ubp8-H419A-3HA:his5™* This study
SGF11-3FLAG:KanMX

To64 MATa his3A200 leu2Al ura3-52 trpl AhisG ADA2-TAP:URA3 ubp8-C146S-3HA:his5™* This study

T67 MATa ura3-1 leu2-3,-112 his3-11,-15 trp1-1 ade2-1 htb1-1 htb2-1 pRS314 (FLAG-HTBI- This study
CEN-TRPI) ubp8-C146S-3HA:his5™*

YKHO002 MATa his3A200 leu2Al ura3-52 trpl AhisG ADA2-TAP:URA3 UBPS-2FLAG:KanMX 24

YKHO007 MATa ura3-1 leu2-3,-112 his3-11,-15 trp1-1 ade2-1 htb1-1 htb2-1 pRS314 (FLAG-HTBI- 24
CEN-TRPI) ubp8::KanMX

YKHO039 MATa his3A200 leu2Al ura3-52 trpl AhisG ADA2-TAP:URA3 ubp8::KanMX 24

YKH068 MATa his3A200 leu2Al ura3-52 trpl AhisG gen5::HIS3 ubp8::KanMX 24

YKHO083 MATa his3A200 leu2Al ura3-52 trpl AhisG gen5::HIS3 ubp8::KanMX pRS416 (CEN-URA3) 24
PpRS314 (CEN-TRPI)

YKH094 MATa his3A200 leu2Al ura3-52 trpl AhisG UBPS-3FLAG:KanMX This study

CAA in this paper) and histidine 77 to alanine (Z:HA). As
controls for Ubp8 function, we generated substitution muta-
tions within the catalytic domain based on homology to resi-
dues that were experimentally identified to be required for
catalysis (27). These substitutions were cysteine 146 to serine
(C146S mutant, or C:CS) and histidine 419 to alanine (C:HA)
(Fig. 1A).

We tested the importance of these regions for function in
vivo by using two assays. First, we monitored the effect on

ubiquitylation of H2B compared to that of a mutant with a
complete deletion of UBPS (24). We employed an H2B-FLAG
epitope pull-down assay followed by gel electrophoresis and
Western blotting of FLAG (48). The larger size of ubH2B-
FLAG than of H2B-FLAG causes retardation in its gel mobil-
ity. As previously shown (24), the level of ubH2B-FLAG in-
creased in cells bearing a deletion of Ubp8 (Fig. 2A). Just as
substitutions within the putative catalytic domain of Ubp8 in-
creased the level of ubH2B (Fig. 2A, C:CS and C:HA), so did
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FIG. 1. Schematic structure of Ubp8. (A) The Zn finger (ZnF) and catalytic domains are indicated, as well as the mutation and deletion
constructs generated for this study. (B) The Ubp8 Zn finger shares homology with murine HDAC6. The Cys and His residues believed to be

involved in Zn binding are shown in bold and indicated by arrows.

a deletion (Fig. 2A, ZA) and substitutions within the Zn finger
(Fig. 2A, Z:CCAA and Z:HA).

We then tested the role of the Zn finger in Ubp8 functions
during growth. A galactose indicator plate assay was used to
test the role of Ubp8 in activating a pathway of gene expression
that includes the GALI gene (24). We previously found that a
loss of Ubp8 combined with a loss of Gen5 causes very poor
growth on these plates (24), and we therefore tested the effect
of the mutations within Ubp8 in the absence of GenS. Substi-
tution mutations within both the catalytic domain and the Zn
finger caused poor growth in the absence of GenS, to a similar
extent as the complete deletion of UBPS8 (Fig. 2B). These
assays indicated that the Zn finger of UbpS8 is required for its
function, likely through Ubp8’s role in deubiquitylating H2B.

The putative Zn binding domain of UbpS8 is required for its
association with SAGA. Zn binding domains often serve to
promote protein-protein or protein-DNA interactions. There-
fore, we further tested whether the Ubp8 Zn finger provides a
surface for an association with SAGA. We used the set of
deletion and substitution mutants of the Zn finger and exam-
ined their ability to associate with SAGA compared to that of
mutants with substitutions within the catalytic domain. Wild-
type or mutant Ubp8 was integrated into a strain bearing a
deletion of UBPS and a TAP-tagged version of Ada2. We
previously showed that the immunoprecipitation of Ada2-TAP
with IgG coprecipitates components of SAGA, including Ubp8
(24). Deletion of the entire Zn finger caused a loss of Ubp8

from the immunoprecipitate, as did substitution mutants
within this domain (Z:HA and Z:CCAA) (Fig. 2C). In con-
trast, substitution within the catalytic domain (C:CS), which
lowered the function of Ubp8 (Fig. 2A and B), did not reduce
the level of Ubp8 within SAGA (Fig. 2C).

We then examined whether the Zn finger is sufficient for
SAGA interaction by expressing only the amino-terminal por-
tion of Ubp8 (amino acid residues 1 to 106) (Fig. 1A) in the
Ada2-TAP strain. The Zn finger domain was able to interact
with SAGA, although at greatly reduced levels relative to the
full-length Ubp8 protein (data not shown). We concluded that
the putative Zn finger of Ubp8 is necessary for Ubp§ interac-
tion with SAGA but that other surfaces within Ubp8 likely
contribute to the interaction.

Purification of SAGA reveals a new component, Sgfl11. Hav-
ing determined the region within Ubp8 that is required for its
interaction with SAGA, we then investigated how SAGA in-
teracts with UbpS§, that is, which component of SAGA associ-
ates with Ubp8. We tagged Ubp8 with the FLAG epitope and
purified Ubp8-FLAG to near homogeneity, using a series of
chromatography steps consisting of FLAG affinity purification
and MonoQ ion-exchange chromatography followed by anti-
FLAG Western blotting to identify fractions containing Ubp8.
These were pooled and separated by size in a Superose 6
column, and a single peak of Ubp8-FLAG was found by West-
ern blotting. This peak fraction was then electrophoresed in a
gradient gel. Silver staining revealed several prominent pep-
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FIG. 2. Effects of Ubp8 mutations on global H2B ubiquitylation,
plate growth, and association with SAGA. (A) H2B ubiquitylation
assay. Top panel, Western blot analysis of FLAG-H2B immunopre-
cipitates in strains containing the Ubp8 Zn finger deletion and catalytic
point mutants. The faster migrating band represents H2B and the
slower migrating band represents ubiquitylated H2B. Bottom panel,
Western blot analysis of extracts containing FLAG-H2B and Ubp8 Zn
finger deletion and point mutants. The catalytic domain substitution
mutants were C:CS (C146S) and C:HA (H419A). The Zn finger do-
main substitution mutants were Z:HA (H77A) and Z:CCAA (CC46/
49AA). KR, K123R mutation in the H2B ubiquitylation site. (B) Plate
phenotype assay. Left panel, phenotype assay of Ubp8 mutant strains
on selective plates containing 2% glucose as carbon source. Exponen-
tially growing yeast strains were used to make fivefold serial dilutions,
which were spotted onto plates and incubated at 30°C for 48 h. Right
panel, phenotype assay on selective plates containing 2% galactose.
Substitution mutants were the same as those described for panel A.
(C) Association of Ubp8 mutants with Ada2. Strains containing TAP-
tagged Ada2 and various HA-tagged Ubp8 mutants were subjected to
IgG immunoprecipitation and Western blot analysis to determine the
amounts of Ubp8 associated with SAGA subunits. Whole-cell extracts
made from the Ubp8-ZA strain contained less Ubp8 protein than
extracts from the other strains, as judged by Western blotting of HA.
To include equal amounts of Ubp8 in each reaction, we used five times
the amount of Ubp8-ZA whole-cell extract for this experiment as that
used for other strains.

tides of approximately 60 to 110 kDa, and Western blotting of
FLAG identified the smallest of these as Ubp8 (Fig. 3A). One
notable, possibly stoichiometric polypeptide was approxi-
mately 10 kDa.

To further characterize components of the SAGA complex
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and, in particular, to determine the identity of the 10-kDa
putative subunit, we used a strain bearing a TAP-tagged ver-
sion of Ubp8. Ubp8-TAP was purified sequentially on IgG and
calmodulin columns and analyzed by SDS-PAGE followed by
silver staining. Protein bands corresponding to the tagged pro-
tein and any associated proteins that were absent from a con-
trol preparation were then identified by MALDI-TOF and
tandem mass spectrometry. Ubp8-TAP copurified with almost
every known component of SAGA, as well as with a previously
uncharacterized, 11-kDa protein encoded by the ORF
YPLO47W (Fig. 3B and data not shown). Tandem affinity pu-
rification of another subunit of SAGA, Taf6, which is also a
component of TFIID, resulted in the copurification of not only
SAGA and TFIID (Fig. 3B and data not shown), but also the
11-kDa ORF, YPL0O47W. To confirm that this previously un-
characterized protein was a bona fide member of SAGA, we
purified Ypl047w-TAP and demonstrated that it copurified
with the known components of SAGA (Fig. 3B and C). We and
others have named this novel subunit of SAGA Sgfl1 (44).

To confirm the association of Sgf1l with SAGA, we deter-
mined whether Ubp8 and Sgfll interact. The SGFII and
UBPS genes were tagged in the genome with HA and FLAG
epitopes, respectively. The immunoprecipitation of Ubp8 with
FLAG followed by Western blotting of HA showed that Sgfl1
interacted with Ubp8 (Fig. 4A). The reverse test demonstrated
that the immunoprecipitation of Sgfll-HA coprecipitated
Ubp8-FLAG (Fig. 4A).

To determine whether the interaction between Ubp8 and
Sgfl1 is mediated by the Zn finger domain of Ubp8, we per-
formed a coimmunoprecipitation assay with strains containing
Ubp8-HA bearing either Zn finger domain or catalytic domain
substitution mutations and Sgf11-FLAG. We predicted that Zn
finger mutations in Ubp8§, but not catalytic mutations, would
lower the amount of interaction with Sgf11. Indeed, the pre-
cipitation of Sgfll pulled down the catalytic mutant of Ubp8
(Fig. 4B), but it did not pull down the two Zn finger mutants
(Fig. 4B). These results mirrored the results of the SAGA
(Ada2-TAP) association experiment (Fig. 2C), suggesting that
the Ubp8 association with SAGA is dependent on its Zn finger
domain through binding to Sgf11.

Sgf11 is required for Ubp8 association with SAGA and for
H2B deubiquitylation. Based on these results, we next tested
whether the deletion of Sgf11 would alter the Ubp8 association
with SAGA. UbpS8 was tagged with FLAG in a strain bearing
Ada2-TAP and in an equivalent strain that also had a deletion
of SGFII1. IgG immunoprecipitation of Ada2 revealed the
coprecipitation of Ubp8-FLAG (Fig. 5A). The deletion of
SGF11 eliminated the coprecipitation of Ubp8 with Ada2-
TAP, whereas Ada3, Spt8, and Taf6 coprecipitation was main-
tained, indicating that the SAGA complex was largely intact.

Thus, Ubp8 requires Sgfll for its association with SAGA.
These findings suggested that, like Ubp8, Sgfl1 is required for
H2B deubiquitylation. This was examined by assaying the level
of ubH2B in an sgfl/A strain compared to that in a ubp8A strain.
The amount of ubH2B was increased to a comparable level in
either deletion strain (Fig. 5B), suggesting a role for Sgfll in
Ubp8-mediated histone H2B deubiquitylation.

Loss of Ubp8 or Sgfll results in similar synthetic genetic
interactions and microarray expression profiles, which are
distinct from those of other components of SAGA. Previous
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FIG. 3. Purification of SAGA through the use of different tagged subunits. (A) Ubp8-FLAG purification. Ubp8 was subjected to affinity
chromatography purification, followed by ion-exchange chromatography and gel filtration. Ubp8-containing fractions were pooled, concentrated,
and analyzed by SDS-PAGE followed by silver staining and Western blotting. (B) Summary of tandem affinity purifications of SAGA that were
performed with strains containing either no tagged protein or a TAP-tagged version of Ubp8, Taf6, or Sgf11. The protein complexes were purified
in the presence of 100 mM NaCl and were then analyzed by SDS-PAGE. The subunits of SAGA were identified by trypsin digestion and
MALDI-TOF mass spectrometry or by tandem mass spectrometry after subjecting an aliquot of the eluate from the final column directly to trypsin
digestion. Proteins that were present in at least two of the three purifications are represented. (C) Silver staining of Sgf11-TAP purification. The
proteins identified by MALDI-TOF mass spectrometry are labeled. Taf9 and Sgf11-TAP were not identified by MALDI-TOF mass spectrometry
since they are small proteins and ran off the gel, but we were able to identify them by liquid chromatography-mass spectrometry.

analyses of SAGA subunits have demonstrated their modular-
ity in structure and function. For example, certain subunits
form subcomplexes and have similar biochemical or genetic
functions, such as Gen5/Ada2/Ada3 (3, 11, 46, 58), Spt3/Spt7/
Spt8 (7, 58), and Adal/Spt20 (Ada5) (22, 58). Genes encoding
proteins in the same functionally distinct subcomplex should,
in principle, have similar effects on gene expression and similar
sets of synthetic genetic interactions. To identify the functional

module of SAGA to which Sgfl1 belongs, we first used auto-
mated SGA analysis (63). Nat" strains harboring individual
gene deletions of nonessential components of SAGA (SPT3,
SPTS, UBPS, SGF11, GCN5,ADA2, ADA3, SPT20, and ADAI)
were generated and crossed to a set of viable deletion strains
selected for their involvement in gene expression, and resulting
double mutant strains were analyzed (data not shown). Inter-
estingly, strains harboring deletions of genes encoding proteins
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FIG. 4. Interaction between Ubp8 and Sgfll. (A) Coimmunopre-
cipitation of Ubp8-FLAG and Sgf11-HA. Left panel, FLAG-immuno-
precipitation analyzed by Western blotting of FLAG and HA. Right
panel, HA immunoprecipitation followed by Western blotting of HA
and FLAG. The asterisk in the right panel marks a nonspecific band
migrating right above Sgf11-HA. (B) Coimmunoprecipitation of Sgf11-
FLAG and Ubp8-HA containing Zn finger domain and catalytic do-
main substitution mutations. The images are for FLAG immunopre-
cipitation followed by Western blotting of FLAG and HA. The first
lane represents a strain without tags on either UbpS8 or Sgfll. The
following three lanes all contained FLAG-tagged Sgfll and various
mutants of UbpS8-HA.

that are in two of the functional subgroups (Gen5/Ada2/Ada3
and Adal/Spt20) were unable to be analyzed by this technol-
ogy. In every case, the selection of haploid cells from the
heterozygous double mutant diploid strains was not successful,
presumably because these factors are needed for the expres-
sion of genes involved in sporulation. The fact that the deletion
of genes from these two subcomplexes resulted in a sporula-
tion-defective phenotype is consistent with the existence of
similar functions between them.

We were, however, able to generate double mutants from
starting strains that contained deletions of SPT3, SPTS, UBPS,
or SGFI11. Similar sets of genetic interactions were obtained
with spt3A and sptSA mutants, a result consistent with both
being involved in the same functional module. These included
genetic interactions with components of the Set1 histone meth-
yltransferase-containing complex, COMPASS (SPP1, SDCI,
SWD3, BRE2, and SPPI) (9, 29, 36, 39, 50); the PAF complex
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FIG. 5. Role of Sgfll in Ubp8 interaction with SAGA and in deu-
biquitylation of H2B. (A) Effect of sgf//A mutation on Ubp8 interac-
tion with SAGA subunits. Strains containing TAP-tagged Ada2 were
immunoprecipitated with IgG and analyzed by Western blotting of
SAGA subunits. (B) Comparison of ubp8A and sgf11A effects on global
H2B ubiquitylation. Strains containing FLAG-H2B were subjected to
FLAG immunoprecipitation and Western blot analysis to study the
levels of ubiquitylated H2B. KR, K123R mutation in the H2B ubiqui-
tylation site.

(RTF1, PAF1, CTRY, and CDC73) (30, 38, 56), which is re-
quired for the recruitment of COMPASS to chromatin (30,
40); and the Rad6 complex (RAD6, BRE1, and LGEI), which
ubiquitylates Lys-123 of histone H2B (28, 48, 66), an event
required for the methylation of H3 Lys-4 by COMPASS (Fig.
6A) (15, 62). Genetic interactions were also detected with
components of the SWR-C remodeling complex (SWC2,
SWRI, SWC3, SWC5, SWC6, ARP6, and YAF9) and the histone
variant HTZI, which is incorporated into chromatin via
SWR-C (32, 37). Interactions were also seen with components
of two HDAC complexes, the Rpd3-containing complex
(RPD3, SIN3, SAP30, SDS3, and PHO23) (20) and the SET3
complex (SET3, HOS2, SNTI, and SIF2), which contains two
histone deacetylases, Hstl and Hos2 (43).

In contrast, strains containing a deletion of either UBPS or
SGF11 did not result in synthetic growth defects when com-
bined with deletions in these genes, arguing that they are
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FIG. 6. Synthetic genetic interactions and microarray analysis of gene expression of UBP8 and SGFI11 deletions compared to SPT3 and SPT8
deletions. (A) Synthetic genetic interactions of SPT3, SPT8, UBPS, and SGF11. SGA technology was used to cross Nat' strains harboring individual

deletions of genes encoding Spt3, Spt8, Ubp§, and Sgf11 with a transcriptio

n-targeted array of deletion strains to create sets of Nat" Kan" haploid

double mutants. Growth rates were assessed by automated image analyses of colony size. Lines connect genes with synthetic genetic interactions.
The lengths of lines and proximity of boxes in this diagram are unrelated to the strengths of the indicated synthetic genetic interactions.
(B) Microarray analysis of gene expression was performed for the indicated deletion strains. Pearson correlation coefficients were then calculated
for each pair of deletions, and the deletions were organized by two-dimensional hierarchical clustering.

functionally distinct from the module that contains Spt3/Spt8.
Deletions in either of these two genes did result in synthetic
sick phenotypes in combination with a deletion of RPB4, which
encodes a component of RNA polymerase II, Shpl, which
functions as an adaptor for Cdc48-mediated protein degrada-
tion via the ubiquitin-proteasome pathway (53), and Ubc12, an
E2 ubiquitin-conjugating enzyme. Thus, UBPS8 and SGFI11 ge-

netically interact with two genes that have been implicated in
ubiquitylation, further strengthening the idea that Sgfll may
function together with Ubp8 during histone deubiquitylation.
The introduction of spf3A and spt8A mutations into strains
already containing deletions of RPB4, SHPI, and UBCI2 did
not generate a slow growth phenotype. However, we did find a
set of genes that genetically interacted with all four starting
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genes, including components of the 19S (RPNI0 and SEM]I)
and 20S (PREY) proteasome (65), the histone acetyltransferase
complex elongator (ELP3, ELP4, and ELP6) (31, 41), and an
mRNA transport complex (THPI and SAC3) (18), which in-
terestingly shares a component, Susl, with SAGA (49).

To further characterize these functionally distinct sets of
proteins contained within SAGA, we performed microarray
analyses of gene expression in strains containing deletions of
SPT3, SPTS, UBPS, and SGF11 (raw microarray data are avail-
able at http://www.utoronto.ca/greenblattlab/SAGA xls). Pear-
son correlation coefficients were calculated for each pair of
deletions, and the strains were organized by two-dimensional
hierarchical clustering according to the similarities of their
effects on gene expression (Fig. 6B). As observed with our
genetic analyses, the gene expression profiles of strains con-
taining deletions of UBP8 and SGFI11 were similar to each
other and different from those of strains containing deletions
of SPT3 and SPTS. In contrast, SPT3 and SPTS8 clustered next
to each other and were distinct from UBPS and SGF11 in this
gene expression analysis, behaving just as they had in our
genetic analysis. Microarray experiments have also been con-
ducted with over 300 other strains containing individual dele-
tions of genes that have been implicated in some aspect of
transcription or chromatin metabolism (N. J. Krogan, T. R.
Hughes, and J. F. Greenblatt, unpublished data). The cluster-
ing of this larger data set (not shown) reflects the data repre-
sented in Fig. 6B, in which SP73 and SPTS§ clustered next to
each other and away from SGFII and UBPS8, which also clus-
tered next to each other. Therefore, both the genetic data and
the gene expression data reported here suggest that the Spt3
and Spt8 subunits of SAGA are functionally similar and pre-
dict a role for Sgfll in Ubp8 function, consistent with the
biochemical results described above.

DISCUSSION

SAGA is a large (1.8 MDa) multicomponent protein com-
plex. We and others recently showed that UbpS8 is a subunit of
SAGA and is a histone H2B-deubiquitylating enzyme. In this
report, we provide structural and functional data showing that
UbpS8 is associated with SAGA via a Cys-His-rich region (a
probable zinc finger domain) within Ubp8 and that the asso-
ciation with SAGA is through an 11-kDa subunit of SAGA,
which we and others (44) have named Sgf11. Sgf11 and Ubp8
both function to promote H2B deubiquitylation, and genetic
and gene expression analyses demonstrated that they have a
discrete function compared to other components of the SAGA
complex.

Our results showed that the Zn finger within the amino
terminus of Ubp8 is necessary for the interaction of Ubp8 with
SAGA. Furthermore, deletion or substitution mutations within
this region eliminated Upb8'’s interaction with Sgf1l and its
association with SAGA. These mutations also eliminated in
vivo Ubp8 function in assays for the deubiquitylation of H2B
and for growth on galactose medium (which requires Ubp8 for
full activation of the GALI gene) (24). However, it appears
that there is at least one other Ubp8 surface for interaction
with SAGA, as the Zn binding domain by itself interacted only
weakly with SAGA.

It is interesting that the Zn binding domain of Ubp8 has
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striking homology to a region within the mammalian histone
deacetylase HDAC6. This region in HDACG6 interacts with
ubiquitin (26, 55). We tested whether the Zn finger or Ubp8
itself interacts with ubiquitin conjugated to agarose beads, but
we were unable to detect an interaction (K. Ingvarsdottir and
S. L. Berger, unpublished observations). It is possible that
Sgfl1 is ubiquitylated and that this promotes Ubp8 binding in
vivo, but we have not examined this possibility.

The Zn finger may be critical for substrate targeting at the
right location in the genome and under appropriate conditions
via this association with SAGA. Indeed, there are 17 Ubp
proteins in S. cerevisiae (1), and others may also target ubH2B
for Lys-123 deubiquitylation (N. C. Tolga Emre, S. L. Berger,
M. Osley, and C.-F. Kao, unpublished observations). There-
fore, it is possible that the association into distinct protein
complexes targets similar catalytic deubiquitylation domains to
the common H2B substrate.

Our analyses further showed that Ubp8 and Sgf11 may func-
tion as a unit within SAGA. These data add to previous models
arguing for the modularity of SAGA in its structure and func-
tion. GenS is a histone acetyltransferase that associates with
Ada2 and Ada3 to form a unit (11), and the last two subunits
are required for acetylation activity (3, 59). Spt3, Spt7, and
Spt8 are physically associated and regulate TBP’s association
with the TATA box (45, 57, 58, 68). These groups of proteins
have been distinguished in genetic and biochemical assays (7,
16, 58). For example, mutations in the acetylation and TBP
regulation subunits cause distinct growth patterns on indicator
media that assay for certain gene expression pathways and for
DNA damage (58). Further evidence for modularity is the
independence of enzyme activities. First, the deletion of Ubp8
does not lower the histone acetyltransferase activity of the
purified SAGA complex (24), and second, the deletion of GenS
or catalytic inactivation of GenS does not reduce the H2B-
deubiquitylating activity of purified SAGA (K. K. Lee and J. L.
Workman, personal communication). Our new data suggest
that Ubp8 and Sgf11 may comprise a deubiquitylation module
for which ubH2B is one substrate. We have provided biochem-
ical evidence that the proteins are closely associated and that
Sgf11 is required specifically for Ubp8 interaction with SAGA,
since other tested subunits were not lost from SAGA upon the
deletion of SGF11. We also observed similar functions of Sgf11
and Ubp8 in limiting intracellular ubH2B levels.

Additional functional analyses demonstrated that Ubp8 and
Sgf11 have similar roles and, moreover, that these are distinct
from those of other subunits of SAGA that have different
biochemical activities. First, the deletion of Ubp8 and Sgfll
caused very similar patterns of altered gene expression in
whole-genome microarray analyses. These patterns were strik-
ingly different from those for the loss of SAGA subunits in-
volved in TBP regulation, Spt3 and Spt8. Second, synthetic
genetic analyses that combined the deletion of UBPS and
SGF11 with the deletion of a large number of other transcrip-
tion-linked factors showed a consistent pattern of synthetic
growth interactions. Again, these patterns were strikingly dif-
ferent from those displayed by the deletion of subunits in-
volved in TBP regulation (Spt3 and Spt8). These data indicate
that Ubp8 and Sgf11 form a unit within SAGA that coregulates
gene expression in a similar fashion. It is not yet clear whether
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Sgf11 plays a regulatory role for Ubp8 in addition to its func-
tion in promoting Ubp8 interaction with SAGA.

The picture that emerges from these biochemical and ge-
netic observations is that SAGA possesses distinct structural
and functional modules. Previous low-resolution structural
analyses by cryo-electron microscopy of human TFTC/STAGA
and yeast SAGA complexes revealed spatially separated lobes
(8, 67), within which specific biochemical features are localized
(67). Our results predict that Sgf11-Ubp8 comprises a distinct
and mutually overlapping structural module in SAGA. Further
three-dimensional analysis of SAGA will help us to unravel
how specific histone substrates within nucleosomes are tar-
geted by the deubiquitylation and acetylation enzymes of
SAGA. In summary, our study indicates that SAGA possesses
multiple functional modules that use different mechanisms to
regulate transcription.
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