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Summary
Deubiquitinating enzymes (DUBs) regulate diverse cellular functions by cleaving ubiquitin from
specific protein substrates. How their activities are modulated in various cellular contexts remains
poorly understood. The yeast deubiquitinase Ubp8 protein is recruited and activated by the SAGA
complex and, together with Sgf11, Sus1, and Sgf73, forms a DUB module responsible for
deubiquitinating histone H2B during gene expression. Here we report the crystal structure of the
complete SAGA DUB module, which features two functional lobes structurally coupled by Sgf73.
In the “assembly lobe”, a long Sgf11 N-terminal helix is clamped onto the Ubp8 ZnF-UBP domain
by Sus1. In the “catalytic lobe”, an Sgf11 C-terminal zinc finger domain binds to the Ubp8 catalytic
domain next to its active site. Our structural and functional analyses reveal a central role of Sgf11
and Sgf73 in activating Ubp8 for deubiquitinating histone H2B and demonstrate how a DUB can be
allosterically regulated by its non-substrate partners.

Introduction
Protein ubiquitination controls a broad range of cellular functions including gene transcription,
signal transduction, cell cycle progression, protein trafficking, DNA repair, and DNA
replication (Hershko and Ciechanover, 1998). Ubiquitin E3 ligases mediate the ubiquitin
conjugation reaction at the end of a three-enzyme (E1-E2-E3) cascade, whereas
deubiquitinating enzymes (DUBs) cleave ubiquitin from the substrate polypeptides or
polyubiquitin chains. To achieve temporal control, the activities of both ubiquitin ligases and
DUBs must be tightly regulated. This is attained at the level of substrate recognition, catalytic
competency, sub-cellular localization, and enzyme abundance. In contrast to the much studied
ubiquitin ligases, how DUBs are regulated remains poorly understood.

The yeast and human genomes encode close to 20 and 100 DUBs, respectively (Amerik et al.,
2000; Komander et al., 2009; Nijman et al., 2005; Reyes-Turcu et al., 2009). A recent survey
of 75 human DUBs has revealed that most DUBs form protein complexes with multiple
interacting partners in the cell (Sowa et al., 2009). The ubiquitin-specific processing proteases
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(UBPs in yeast and USPs in humans) represent the largest sub-family of DUBs. With a
conserved catalytic domain, UBP/USPs are characterized by highly variable regions flanking
or inserted in the catalytic core (Komander et al., 2009). Sequence diversities in these regions
are believed to dictate UBP/USPs binding to substrates, recruitment of regulatory factors, and
integration into unique cellular machinery. Recent structural studies focusing on individual
domains of several USPs have revealed a common fold adopted by their homologous catalytic
domains, many of which show a considerable degree of structural plasticity (Avvakumov et
al., 2006; Hu et al., 2006; Hu et al., 2002; Hu et al., 2005; Komander et al., 2008; Renatus et
al., 2006). Although the conformational changes reported so far are associated with the binding
of the ubiquitin moiety of the substrate, they raise immediate questions as to whether the
catalytic domains of UBP/USPs can be allosterically regulated by non-substrate partners, and
how full-length multi-domain UBPs/USPs, together with their binding proteins, function in a
physiologically relevant form.

The yeast Ubp8 protein is an evolutionarily conserved DUB with a functional role in gene
expression. Transcription of eukaryotic genes requires dynamic regulation of chromatin
structure through coordinated posttranslational modifications of histones. The yeast Spt-Ada-
Gcn5-Acetyl transferase (SAGA) complex is a chromatin-modifying transcription coactivator,
which is best characterized for its histone acetyltransferase activity (HAT) encoded by the
central subunit Gcn5 (Daniel and Grant, 2007; Lee and Workman, 2007). Recent studies have
identified Ubp8 as yet a second enzymatic subunit of SAGA, responsible for catalyzing histone
H2B deubiquitination (Daniel et al., 2004; Henry et al., 2003). H2B Lys123 undergoes dynamic
mono-ubiquitination, which is sequentially mediated by the Rad6-Bre1 E2-E3 pair and the
SAGA-bound Ubp8 (Hwang et al., 2003; Robzyk et al., 2000; Wood et al., 2003). H2B mono-
ubiquitination serves as a transient signal that orchestrates a diverse set of events during
transcription (Fleming et al., 2008; Shilatifard, 2006; Weake and Workman, 2008). Further
investigations have uncovered three novel proteins, Sgf11, Sus1, and Sgf73, which are required
for tethering Ubp8 to SAGA (Ingvarsdottir et al., 2005; Köhler et al., 2006; Köhler et al.,
2008; Lee et al., 2009; Powell et al., 2004; Rodriguez-Navarro et al., 2004). Importantly, Ubp8
alone does not possess H2B deubiquitinating activity unless it is integrated into SAGA (Lee
et al., 2005). Purified recombinant Ubp8 can only hydrolyze Ub-AMC, a model ubiquitin
conjugate, when Sgf11, Sus1, and Sgf73 are all present (Köhler et al., 2008). Remarkably,
USP22, the human ortholog of Ubp8, forms a similar SAGA DUB module and deubiquitinates
both H2A and H2B (Zhang et al., 2008; Zhao et al., 2008). Abnormalities the human SAGA
DUB module are potentially linked to cancer and the neurological disorder spinocerebellar
ataxia type 7 (Glinsky, 2006; Helmlinger et al., 2006; Palhan et al., 2005; Zhang et al., 2008).
Here we report the crystal structure of the entire yeast SAGA DUB module complex, which
reveals the mechanisms by which the DUB module assembles and activates Ubp8 for H2B
deubiquitination.

Results
Overall structure of the SAGA DUB module

To assemble a recombinant SAGA DUB module, we co-expressed, purified, and crystallized
the full-length Ubp8, Sgf11, Sus1 and the N-terminal fragment of Sgf73 (amino acid 1–104)
as a quaternary complex from E. coli. The complex structure was determined at 2.70 Å
resolution by a combination of zinc single-wavelength anomalous dispersion (SAD) and
molecular replacement (MR) methods (Table S1).

The Ubp8-Sgf11-Sus1-Sgf73 complex adopts an overall compact and highly organized
structure, which involves extensive protein interaction interfaces (Figure 1A and 1B). Each
subunit of the hetero-tetrameric complex makes physical contacts with all three other subunits.
Overall, the DUB module has two distinct functional lobes, which are organized by two
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separate domains of the core subunit Ubp8. The N-terminal ZnF-UBP domain of Ubp8
nucleates the other three subunits, forming the “assembly lobe” of the module, whereas the C-
terminal catalytic domain of Ubp8 together with Sgf11 C-terminal ZnF domain constitutes the
“catalytic lobe” (Figure 1A). The two functional lobes of the module are joined together by
the Sgf73 N-terminal fragment, which inserts itself in between the two Ubp8 domains.

The “assembly lobe” of the DUB module mediates tetrameric complex formation and is
characterized by tightly inter-locked subunits. At the center of this lobe is a long Sgf11 N-
terminal helix, which is completely enclosed by Sus1 and the Ubp8 ZnF-UBP domain. The
“catalytic lobe” of the DUB module features a catalytically competent form of the Ubp8
catalytic domain, which orients its active center and ubiquitin-binding site away from the
“assembly lobe” (Figure 1A). The striking highlight of the “catalytic lobe” is an Sgf11 C-
terminal sequence, which contains a small zinc finger domain and a linker sequence connected
to the long N-terminal helix. Anchored to the DUB module via the “assembly lobe”, Sgf11
uses this C-terminal sequence to interact with the Ubp8 catalytic domain in the close vicinity
of the catalytic triad of the deubiquitinase.

The Ubp8 ZnF-UBP domain as a scaffold for complex assembly
The yeast Ubp8 protein belongs to a sub-family of UBP/USPs that share a common ZnF-UBP
domain N-terminal to the catalytic domain (Bonnet et al., 2008). The Ubp8 ZnF-UBP domain
adopts the typical UBP-type zinc finger fold as reported for three mammalian USP proteins,
USP5, USP16, and USP33 (Allen and Bycroft, 2007; Pai et al., 2007; Reyes-Turcu et al.,
2006). Superposition analysis of the ZnF-UBP domains of Ubp8 and USP5 shows that their
central sequence regions have the same core structure, which consists of a five-stranded β-
sheet with a nearby α-helix (S1–S5 and H4 in Ubp8) (Figure 2A). Their flanking sequences,
however, form distinct structural elements (Figure 2A, see also Figure S1).

The Ubp8 ZnF-UBP domain does not have the ubiquitin tail-binding pocket found in USP5
and USP16. The USP5 ZnF-UBP domain binds the extended C-terminal tail of ubiquitin
through a deep pocket formed between the central β-sheet and the long L2A loop (Figure 2B).
Most ubiquitin-interacting residues inside the pocket, including Arg221 of the L2A loop, are
conserved in USP5 and USP16. In contrast, the ZnF-UBP domain of Ubp8 features a much
shorter L2A loop and lacks the conserved residues for recognizing ubiquitin. Although a
hydrophobic pocket is formed between the L2A loop and the twisted central β-sheet, it is mostly
occupied by the bulky side chain of the Trp69 residue, which replaces the ubiquitin-interacting
arginine found in USP5 and USP16 (Figure 2C). Instead of binding ubiquitin, this site of the
Ubp8 ZnF-UBP domain exposes a hydrophobic surface area that participates in a three-protein
junction with residues from Sus1 and Sgf11.

The Ubp8 ZnF-UBP domain organizes the “assembly lobe” of the DUB module by packing
against the central two-thirds of the 40 amino acid long Sgf11 N-terminal helix, contacting two
separate regions of Sus1 which wraps around the Sgf11 helix, and interacting with an Sgf73
helix and its following loop (Figure 2D). Joined together as one structural unit, Sus1 and the
Sgf11 helix surround half of the Ubp8 ZnF-UBP domain, opposite to the Sgf73 binding site.
The interactions between the Sgf11 helix and the Ubp8 ZnF-UBP domain mainly involve polar
residues and polypeptide backbone groups from both sides. The middle region of the interface,
however, is nucleated by hydrophobic interactions predominantly through two aromatic
residues of Ubp8, Trp69 and Tyr102 (Figure 2C). At this site, two hydrophobic amino acids,
Phe58 and Leu62, on the Sus1 H4 helix also participate in the inter-molecular interactions,
which all together give rise to a tight three-protein junction. The association among Sus1,
Sgf11, and the Ubp8 ZnF-UBP domain is further reinforced by a second Sus1-Ubp8 interface,
which involves the Sus1 H1 helix (Figure 2D).
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The Sgf73 H2 helix docks to the Ubp8 ZnF-UBP domain from the opposite side of the zinc
finger fold (Figure 2D, 2E). The N-terminal end of the Sgf73 helix is embedded in a surface
groove formed between the Ubp8 H2 helix and a loop coordinating the third zinc ion (Figure
2E, 2F). The hallmark of this Sgf73-Ubp8 interface is the completely buried Sgf73 residue
Trp32 and the residue Lys33 covering it (Figure 2F). Each donating a hydrogen bond to a
backbone carbonyl group of Ubp8, these two Sgf73 amino acids are strictly conserved in yeast
species, suggesting a key role in anchoring Sgf73 to the Ubp8 ZnF-UBP domain. Overall, the
Ubp8 ZnF-UBP domain serves as an assembly scaffold, holding all subunits of the module
together.

To verify our structural analysis, we constructed two Ubp8 truncation mutants to test whether
the Ubp8 ZnF-UBP domain itself is indeed sufficient for associating with the other three
subunits of the DUB module. As shown in Figure 2G, a Ubp8 fragment representing the
minimal Ubp8 ZnF-UBP domain (Ubp8 1–107), but not one lacking the last two β-strands and
the C-terminal sequence (Ubp8 1–82), can form a stable complex with Sgf11, Sus1, and Sgf73.
Furthermore, the ability of the truncated Ubp8 ZnF-UBP domain (Ubp8 1–82) to interact with
Sgf73 but not Sus1 is consistent with two separate subunit interfaces as revealed by the crystal
structure (compare lanes 3 and 6).

Sus1 as an elastic clamp for fastening the Sgf11 helix to Ubp8
Sus1 is a bifunctional protein serving as a critical subunit of the SAGA DUB module and the
TREX-2 complex, an mRNA export machinery formed by three additional subunits, Sac3,
Cdc31, and Thp1 (Rodriguez-Navarro et al., 2004). Based on the physical association of the
two complexes mediated by Sgf73 (amino acids 227–402) and a role of Sus1 in TREX-2
targeting, both proteins have been proposed to participate in connecting transcription and
mRNA export at the nuclear pore, a process known as “gene gating” (Köhler et al., 2008).
Previous crystallographic studies of Sus1 in complex with a Sac3 C-terminal domain and
Cdc31 have shown that two Sus1 molecules, each adopting a common hinged helical hairpin
fold, interact with Sac3 by sequentially wrapping around a long continuous Sac3 helix (Jani et
al., 2009). In the “assembly lobe” of the DUB module, Sus1 folds into essentially the same
spiral clamp conformation and binds to the long Sgf11 N-terminal helix in a similar fashion.
However, distinct from its simple role of gripping long helical structures in the partial TREX-2
complex, Sgf11-bound Sus1 in the DUB module uses its H1 and H4 helices to form two
additional protein interfaces with the Ubp8 ZnF-UBP domain (Figure 2D). As a result, the
Sgf11 helix becomes entirely enclosed by Sus1 and the ZnF-UBP domain of Ubp8 (Figure
3A), losing its freedom to dissociate without disrupting the three-protein complex.

Intriguingly, an Sgf73 N-terminal sequence further secures the Sgf11-Sus1 complex by
capping the elongated complex at one end. Connected to the Ubp8-interacting H2 helix via a
disordered loop, the Sgf73 H1 helix and its N-terminal sequence interact with the N-terminal
H1 and C-terminal H5 helices of Sus1 while overarching to the N-terminal end of the nearby
Sgf11 helix (Figure 2D). A number of hydrophobic residues from Sgf73, Sus1, and Sgf11
congregate and form a hydrophobic core of yet another three-protein junction interface (Figure
3B).

A comparison of the Sus1-Sgf11 complex of the DUB module and a Sus1-Sac3 sub-complex
readily reveals that Sus1 is an adaptable α-helix clamp with a considerable degree of structural
plasticity. When the H2 and H5 helices of Sus1 in the two complexes are superimposed, it
becomes clear that Sus1 recognizes the overall shape and hydrophobic surface pattern of the
target helix instead of specific residues. In fact, the helical polypeptide backbones of the Sgf11
and Sac3 helices interfaced with the same H2 and H5 helices of Sus1 are significantly shifted
in the superimposed structure (Figure 3C). Moreover, the remaining three helices of Sus1 have
to undergo substantial movements around the hinge regions in between helices to transit from
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one structural state to the other in the two complexes (Figure 3D). For example, the Ubp8-
interacting residue at the tip of the Sus1 H4 helix in the Sus1-Sgf11 complex (Figure 2C) is
separated from its position in the Sus1-Sac3 complex by nearly 7 Å (Figure 3D). Overall, the
two distal ends of the Sus1 clamp, i.e. the N-terminal tips of the H1 and H4 helices of Sus1,
appear to be closer to each other in the DUB module. This feature is also associated with a
slight bending of the Sgf11 helix in the middle (Figure 3D, 3E). Interestingly, both distal ends
of the Sus1 molecule and the middle region of the Sgf11 helix make direct contacts with the
Ubp8 ZnF-UBP domain in the DUB module (Figure 2D), implicating that an induced fit
mechanism might be involved in the cooperative assembly of the protein complex. Consistent
with the spatial arrangement and a multiple inter-subunit cross-talk, the minimal Ubp8 ZnF-
UBP domain can efficiently pull down Sus1 and Sgf11 only when both are present in an in
vitro binding assay (Figure 3F).

The “catalytic lobe” of the SAGA DUB module
Tightened together in the “assembly lobe” via their N-terminal regions, Ubp8 and Sgf11 join
their C-terminal regions to constitute the “catalytic lobe” of the DUB module. Following the
published nomenclature (Hu et al., 2002), the structure of the Ubp8 catalytic domain can be
divided into three sub-domains, Fingers, Palm, and Thumb (Figure 4A). The curved Fingers
domain presents a large surface pocket, which is expected to cradle the globular domain of
ubiquitin with support from the other two subdomains (Figure 1, 4A). In between the Palm and
Thumb domain is the predicted cysteine protease active site, which connects to the ubiquitin-
binding site through a narrow channel that accommodates the extended C-terminal tail of
ubiquitin. Two unique zinc-coordinating sites are found in the Ubp8 Thumb domain, one facing
the predicted ubiquitin-binding surface and the other packing against it from behind (Figure
4A and S2).

In the crystal, Ubp8 is in a catalytically competent conformation. As shown in Figure 4B, the
candidate catalytic triad of Ubp8 formed among Cys146, His427, and Asn443 is arranged in
a nearly optimal geometry for catalysis. Specifically, the Nδ1 atom in the side chain of His427
is ready to deprotonate the Sγ atom of Cys146, which is 3.8 Å away. Meanwhile, the adjacent
Asn443 residue accepts a hydrogen bond from His427 at a distance of 2.9 Å, fulfilling the role
of stabilizing the catalytic histidine residue. Finally, two additional nearby amino acids,
Asp141 and Asp444, are poised to form the necessary hydrogen bond network to support the
oxyanion hole involved in the catalytic reaction.

The Sgf11 C-terminal region represents the most striking component of the “catalytic lobe”
by forming an extended interface with the Ubp8 catalytic domain. It comprises a small CCHC-
type zinc finger (ZnF) domain at the very C-terminal end and a winding linker sequence leading
to the long N-terminal helix in the “assembly lobe” (Figure 1A, 4A). The Sgf11 ZnF domain
forms a C2H2-like zinc finger fold, which features a β-hairpin, an α-helix, and a zinc ion bound
in the middle (Figure 4C). Through a hydrophobic interface, the Sgf11 ZnF domain uses one
side of its helix to pack against the H12 helix in the Thumb domain of Ubp8. The functional
importance of this interface is underscored by the interacting hydrophobic residues, most of
which are strictly conserved in the orthologs of Sgf11 and Ubp8 from yeast to humans (Figure
4E and S1). Importantly, the N-terminal end of the Sgf11 H3 helix also interacts with a critical
loop in the Ubp8 Thumb domain, which is formed by the signature Cys box motif conserved
in all UBP/USP family members (Wilkinson, 1997). This Cys box loop precedes the H8 helix
and holds two essential catalytic site residues, Cys146 and Asn141, of Ubp8 (Figure 4B, 4C).
Although no single amino acid of the Sgf11 ZnF domain directly interacts with these Ubp8
catalytic residues, the highly complementary inter-molecular interface formed with their
polypeptide backbone implicates a plausible role of the Sgf11 ZnF domain in sculpting the
enzymatic center of the deubiquitinase. On the opposite side of the zinc finger fold, the Sgf11
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ZnF domain harbors a cluster of basic residues that are completely exposed to the solvent.
Three of these residues, Arg78, Arg84, and Arg91, are conserved among Sgf11 orthologs,
suggesting yet another functional role of the Sgf11 ZnF domain in the DUB module (Figure
4E).

The Sgf11 linker sequence also participates in regulating Ubp8 by clinging to the Palm domain
near the active site from the other side of the catalytic cleft (Figure 4A). In a highly sinuous
structure, the Sgf11 linker region is characterized by two tandem DxxG motifs (Figure 4D),
one providing an intra-molecular hydrogen bond network supporting the formation of a large
loop, the other adopting a β-turn structure and forming two intermolecular hydrogen bonds
with the Ubp8 S19 β-strand adjacent to the catalytic site residue Asn443 (Figure 4D). Similar
to the ZnF domain, the Sgf11 linker sequence helps shape the Ubp8 active site without directly
interacting with the residues in the catalytic triad. Overall, the Sgf11 C-terminal region
embraces the Ubp8 catalytic core like a cuff, gripping on both its Thumb and Palm domains
(Figure 4A).

Activation of Ubp8 by Sgf11
Prior to solving the DUB module structure, we generated a comprehensive set of mutations to
determine whether its ZnF domain could be required to regulate Ubp8 activity. Notably, C-
terminal truncations of the 99-amino acid protein Sgf11, which disrupt (Sgf11 1–77) or
completely remove (Sgf11 1–44) its ZnF domain, caused a pronounced decrease of Ubp8
activity towards Ub-AMC, without affecting DUB assembly (Figure 5A).

To precisely dissect the contribution of specific Sgf11 ZnF residues to catalysis, we mutated
the conserved hydrophobic amino acids Leu85, Ala86, Leu89 and the basic residues Arg84
and Arg91 (Figure 5B). Although Ub-AMC hydrolysis by the Sgf11 A86D mutant was only
moderately impaired, the single mutants L85D, L89D and the double mutant A86D/L89D
exhibited a strongly reduced activity, comparable in extent to the effect of removing the entire
ZnF (i.e. Sgf11 1–44). In contrast, R84A and R91A alone and the combined Sgf11 R84A/R91A
mutation did not have a noticeable effect.

To explore a potential role of these basic residues in substrate recognition, we assessed whether
mutating Arg84 and Arg91 would impair hydrolysis of mono-ubiquitinated histone H2B, the
natural Ubp8 substrate. This in vitro assay uncovered a failure to efficiently deubiquitinate
H2B by the single R84A and the double R84A/R91A mutant (Figure 5C). Since Sgf11 1–77
and L85D mutants were already impaired in Ub-AMC hydrolysis, they predictably failed to
properly hydrolyze Ub-H2B (Figure 5C). As a result, the global level of Ub-H2B was increased
in cells harboring the sgf11 R84A, R84A/R91A or L85D ZnF mutations (Figure 5D).

The DUB module structure provides a powerful rationale for interpreting the effects of the
mutants described above. Introducing a repulsive negative charge at the hydrophobic Sgf11
ZnF-Ubp8 interface (e.g. L85D) is expected to disrupt the intimate packing of the Sgf11 H3
helix against the Ubp8 H12 helix and thus to destabilize the adjacent catalytic triad (Figure
4C). In contrast, mutating the solvent-exposed basic residues on the opposite side of the Sgf11
H3 helix would leave the intermolecular hydrophobic interactions with Ubp8 H12 intact and
Ub-AMC hydrolysis unaffected. Moreover, neither Arg84 nor Arg91 is expected to be directly
involved in binding ubiquitin. Importantly, the outward orientation of the basic patch on the
Sgf11 ZnF domain and its close proximity to the catalytic center suggest a role in recognizing
some part of histone H2B or a larger nucleosomal surface and may explain the specific defect
in hydrolyzing Ub-H2B but not Ub-AMC. Based on the observed structure of the DIxG motif
and its role in configuring the Sgf11 linker, a D57A/G60A mutant also lowered Ub-AMC
hydrolysis (Figure 5B).
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Finally, we analyzed the in vivo significance of each mutation by genetic methods (Table S2).
Yeast cells can compensate the loss of either SAGA histone acetyltransferase (gcn5Δ) or
histone deubiquitinating activity (sgf11Δ). However, combining gcn5Δ with sgf11Δ was found
to cause synthetic lethality, indicating a synergism between SAGA HAT and DUB function
(Figure 5E) (Lee et al., 2005). Accordingly, the L85D and L89D alleles, which could displace
the Sgf11 ZnF domain from the Ubp8 surface, conferred a strong synthetic enhancement
phenotype when combined with gcn5Δ. In line with its modest defect in Ub-AMC hydrolysis
(Figure 5B), the isolated A86D mutation exhibited a weak synthetic growth phenotype, whereas
the sgf11 A86D/L89D double mutant was inviable. Consistent with a key role of the solvent
exposed surface of the Sgf11 ZnF domain in mediating H2B deubiquitination, the isolated
R84A allele displayed a robust synthetic enhancement with gcn5Δ. Although the sgf11 R91A
mutant conferred only subtle synthetic growth defects, it caused lethality when mutated
together with R84A (R84A/R91A). The observed genetic phenotypes do not result from Sgf11
protein instability, as all mutants were expressed essentially at wild-type levels (Figure S3). In
essence, the structural and functional data support a key role of the Sgf11 ZnF domain in
activating Ubp8 by structurally configuring its active site for catalysis. These results also hint
at an important role of the solvent-exposed basic surface of the same Sgf11 domain in H2B
deubiquitination, possibly by dictating substrate specificity.

Sgf73 activates Ubp8 by coupling the two functional lobes of the DUB module
The N-terminal 104 amino acid fragment of Sgf73 is necessary for DUB module activation
and recruitment to SAGA (Köhler et al., 2008). The crystal structure reveals that Sgf73 adopts
a largely extended conformation with three short N-terminal helices and a C-terminal ZnF fold
similar to the one found in Sgf11 (Figure 1A and 6A, see also Figure S4A). Following the WK
motif-bearing H2 helix (Figure 2F), the Sgf73 polypeptide forms a continuous and curvy
interface with the backside of the Ubp8 catalytic domain in the “catalytic lobe” (Figure 6A).
The H2-loop-H3 region of Sgf73 docks onto the backside of the Ubp8 Palm and Fingers
domains, supporting one end of the “assembly lobe” while wrapping around the Ubp8 ZnF-
UBP domain (Figure 6B). At the opposite C-terminal end, the Sgf73 ZnF domain acts like a
wedge, inserting itself between the Ubp8 Thumb domain and the N-terminal portion of the
Ubp8 linker sequence (Figure 6C, 6D). The H6 helix in the Ubp8 linker sequence stacks on
top of the Sgf73 ZnF domain and buttresses the Ubp8 ZnF-UBP domain. Overall, the Sgf73
N-terminal fragment enables the “catalytic lobe” of the DUB complex to piggyback the entire
“assembly lobe” so that the two act together as one structurally integrated module (Figure 1B).

To dissect the function of Sgf73, we first assessed the importance of its ZnF domain for
enzymatic activity. A truncation of the 4th zinc-coordinating residue Cys98 (Sgf73 1–96) had
no significant effect on Ub-AMC hydrolysis as compared to an intact ZnF (Sgf73 1–104)
(Figure 6E). However, a point mutation of the 3rd zinc-coordinating residue (Sgf73 H93A) or
removal of the entire H4 helix (Sgf73 1–89) essentially abrogated DUB activity (Figure 6E).
In comparison, disrupting the Sgf11 ZnF (Sgf11 1–77 or Sgf11 1–44) retained a low basal level
of enzymatic activity. These data indicate that Sgf73 plays an essential role in priming Ubp8
for activation. Ubp8 activation, therefore, involves a two-fold mechanism, in which the Sgf73
and Sgf11 ZnF domains operate in synergy.

Given that the Sgf11 ZnF domain is topologically positioned via a distant molecular tether at
the “assembly lobe” (i.e. Sus1), we reasoned that the Sgf73 ZnF domain might also require an
analogous anchoring mechanism. We constructed a DUB module devoid of enzymatic activity,
which was assembled but contained only a short N-terminal fragment of Sgf73 whose cut-off
point lies at the junction between the two lobes (Sgf73 1–47) (Figure 6F lane 3). Intriguingly,
adding back the complementary Sgf73 polypeptide (Sgf73 48–104), even at 10 folds excess,
could not form a full module and restore Ub-AMC hydrolysis (Figure 6F). This result suggests
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that the Sgf73 ZnF domain requires a physical connection to the “assembly lobe” to perform
its function and cannot act as an independent allosteric activator of Ubp8.

Next, we tested the importance of the Sgf73 WK motif in mediating Sgf73 tethering within the
“assembly lobe”. Indeed, an Sgf73 1–104 W32R/K33A double mutant co-purified reduced
amounts of Ubp8, Sgf11 and Sus1 (Figure 6F, lane 2). The same mutation in the context of the
small Sgf73 fragment described above (Sgf73 1–47 W32R/K33A) completely disrupted the
Sgf73-Ubp8 interaction with a concomitant loss of Sgf11 and Sus1 (Figure 6F, lane 4). On the
other hand, the Sgf73 ZnF fragment (amino acids 48–104) alone lacked sufficient intrinsic
affinity towards Ubp8 when co-expressed with the other three DUB module components
(Figure 6F lane 5). Thus, the WK motif is a prime Sgf73 attachment site within the “assembly
lobe”, which aids in the stable positioning of the Sgf73 ZnF domain to the backside of the
Ubp8 catalytic domain.

Finally, we examined the in vivo significance of these findings in the context of the full-length
Sgf73 protein (658 residues). In analogy to the genetic interaction between SGF11 and
GCN5, a synthetic lethal phenotype was apparent in sgf73Δgcn5Δ cells. Truncating the
SGF73 N-terminus (sgf73ΔN 1–104) also caused synthetic lethality with gcn5Δ, consistent
with a failure to recruit the DUB module to SAGA (Köhler et al., 2008). The sgf73 W32R/
K33A mutation or the H93A mutant alone displayed only modest synthetic enhancement
phenotypes (note a smaller colony size as compared to wild-type). In contrast, the combined
triple mutation (W32R/K33A/H93A) resulted in synthetic lethality just like the complete
deletion of SGF73. Accordingly, Ubp8 was no longer incorporated into SAGA, as assessed by
a purification of the entire SAGA complex from yeast cells (Figure S4B). Taken together, these
findings help define Sgf73 as a second enzyme-activating subunit in the DUB module.

Discussion
An increasing number of studies have demonstrated that the enzymatic activities of many
DUBs are dictated by cellular context. For example, association with the proteasome is known
to activate at least three DUBs of different types, USP14, UCH37, and Rpn11 (Reyes-Turcu
et al., 2009). Recognition of the free C-terminus of the proximal ubiquitin in a poly-ubiquitin
chain has been shown to stimulate the activity of USP5 (Reyes-Turcu et al., 2006). Importantly,
a variety of cellular proteins unrelated to the ubiquitin-proteasome system can either activate
or inhibit specific DUBs through direct interactions, oftentimes by modulating their intrinsic
catalytic activity (Borodovsky et al., 2001; Cohen et al., 2003; Cohn et al., 2007; Soncini et
al., 2001; van der Knaap et al., 2005; Yao et al., 2008). Although previous crystallographic
studies have revealed significant structural reorganization of the active center or the ubiquitin-
binding site of various DUBs, the detected conformational changes are mostly associated with
substrate (ubiquitin)-induced fit, instead of allosteric (in)activation by a regulatory protein
(Avvakumov et al., 2006; Hu et al., 2002).

The crystal structure of the yeast SAGA DUB module unravels the structural basis of how a
DUB is integrated into multi-subunit protein machinery and becomes activated by its non-
substrate binding partners. We present a simple model deciphering the assembly and activation
codes of the SAGA DUB module. As shown in Figure 7, formation of the module can be
dissected into two functional, but not necessarily sequential, steps — assembly and activation.
The formation of the module complex is primarily mediated by the ZnF-UBP domain of Ubp8,
which simultaneously binds the N-terminal helix of Sgf11 and the Sgf73 N-terminal region.
Sus1 stabilizes the Sgf11-Ubp8 interaction as a molecular clamp. Sgf11 and Sgf73 in turn use
their ZnF domains to activate the Ubp8 catalytic domain via two separate interfaces. Sgf11
binds to the Ubp8 catalytic domain near the active site, supporting the construction of a
competent catalytic center of the DUB enzyme, whereas Sgf73 potentiates Ubp8 by structurally
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coupling the two domains of Ubp8 and fixing the conformation of its linker sequence.
Noticeably, Ubp8 activation unlikely involves the two “blocking loops” of the UBP/USP
catalytic domain previously proposed for the activation mechanism of USP14 (Figure S5) (Hu
et al., 2005). In addition to activating the Ubp8 catalytic domain, our studies reveal yet a second
potential role of Sgf11 in substrate recognition. Future work will address the details of the
DUB module-nucleosome interaction and the inactive forms of Ubp8.

Finally, our study highlights the remarkable evolutionary plasticity of Sus1, which can operate
as a co-factor of a histone DUB and as a nuclear pore targeting element of the TREX-2 mRNA
exporter. The role of Sus1 as an elastic clamp in the DUB module raises the possibility that
Sus1 might similarly fasten the Sac3 α-helix onto a component of the nuclear pore as a
mechanism for tethering the gene expression machinery to the nuclear envelope.

Experimental Procedures
Protein Overexpression and Purification

The full-length S. cerevisiae SGF11, SUS1, and codon-optimized UBP8 genes were co-
expressed with the SGF73 amino acid 1–104 gene fragment in BL21-CodonPlus(DE3)-RIL
E. coli cells on the polycistronic expression vector pST44 (Tan et al., 2005). SGF11 contains
a TEV-cleavable N-terminal GST-tag and SGF73 aa1–104 a cleavable N-terminal
hexahistidine (6His) tag. The tetrameric complex was isolated by glutathione (GSH) affinity
and anion exchange chromatography, followed by TEV cleavage and gel filtration
chromatography. Proteins were concentrated to 5 mg/ml in a final solution of 20 mM Tris-HCl
(pH = 8.0), 200 mM NaCl, and 5 mM dithiothreitol (DTT).

Crystallization and Data Collection
Crystals were grown at 4 °C by the hanging-drop vapor-diffusion method with 1.5 μl protein
samples mixed with an equal volume of reservoir solution containing 0.2 M ammonium citrate
pH 5.8 and 18% w/v PEG 3,350. The crystals form in space group P21, with a = 64.4 Å, b =
103.5 Å, c = 70.3 Å, and β = 108.1°, and contain one complex in the asymmetric unit. All data
sets were collected on BL8.2.1 at the Advanced Light Source in Berkeley, using crystals flash-
frozen in the crystallization buffers supplemented with 20% glycerol at −170 °C. Reflection
data were indexed, integrated, and scaled (Table S1) using the HKL2000 package (Otwinowski
and Minor, 1997).

Structure Determination and Refinement
The nature complex structure was determined by a combination of molecular replacement
(MR) and zinc single anomalous dispersion (SAD) methods. The Ubp8 catalytic domain was
located by MR using a poly-alanine chain derived from the human USP2 structure (PDB
accession #2HD5) as a search model. After seven zinc atoms were located via the model phases,
a zinc SAD dataset was collected. The PHENIX package (Adams et al., 2002) was used to
combine phases from MR and SAD and to calculate an interpretable map, which allowed
structural model building. Iterative cycles of model building and refinement were performed
using O, CNS, and the CCP4 programs (Brunger et al., 1998; CCP4, 1994; Jones et al.,
1991). The final model was refined to 2.70 Å. All structure figures were prepared with PyMOL
(DeLano, 2002).

Affinity Purification Analysis
GST-affinity purification was performed in buffer containing 100 mM NaCl, 50 mM Tris-HCl
(pH 7.5), 1.5 mM MgCl2, 0.15% NP-40, 1 mM DTT and eluted with GSH. 6xHis purifications
were performed with Talon cobalt-based affinity resin (Clontech) in the same buffer without
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DTT and eluted with 150 mM imidazole. To purify reconstituted complexes, recombinant
proteins were mixed, immunoprecipitated and, after washing and elution, detected by SDS-
PAGE and Coomassie staining. Tandem Affinity Purifications from yeast were performed
according to a published procedure (Rigaut et al., 1999).

Yeast strains and plasmid constructions
Genes in yeast were deleted by a standard one-step PCR-base technique. Strains and plasmids
are listed in Supplementary Table S2.

Ub-AMC hydrolysis assay
Assays were conducted as described previously (Dang et al., 1998). Measurements were made
in parallel using a Gemini XPS microplate spectrofluorometer. For complex reconstitution,
recombinant proteins were pre-incubated at 30 °C for 15 min prior to the assay.

Histone H2B ubiquitination/deubiquitination assays
Global H2B ubiquitination was examined as described previously (Kao and Osley, 2003). In
vitro H2B deubiquitination assays were performed as described in Köhler et al., 2008.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overall view of the yeast SAGA DUB module
(A) Two orthogonal views of the complex. Ubp8 (blue), Sgf11(red), Sus1 (green), and Sgf73
(orange) are shown in ribbon representation with disordered regions in dashed lines. The zinc
ions are shown as yellow spheres. The active site cysteine is shown in cyan CPK model.
(B) Individual or different combination of the DUB module subunits are shown in surface
representation to demonstrate their spatial relationships. The orientation of all subunits is the
same as shown in (A, left).
See Table S1 for crystallographic information.
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Figure 2. The Ubp8 ZnF-UBP domain mediates complex assembly of the DUB module
(A) Superposition analysis of the ZnF-UBP domains in Ubp8 (blue) and USP5 (grey). The
three zinc ions in the Ubp8 ZnF-UBP domain are numbered (yellow spheres). Secondary
structure elements of both proteins are labeled (H for α-helix and S for βstrand).
(B) The ubiquitin tail-binding pocket of the USP5 ZnF-UBP domain. The side chains of key
ubiquitin-contacting residues in USP5 and the last three ubiquitin residues are shown in sticks.
(C) The corresponding region of Ubp8 as shown for USP5 in (B). The side chains of key
residues from Ubp8, Sus1, and Sgf11 for forming a three-protein junction are shown in sticks.
(D) and (E) Two views of the entire “assembly lobe” of the DUB module.
(F) The interface between the Ubp8 ZnF-UBP domain and the second helix of Sgf73 featuring
the conserved WK motif. The side chains of the Sgf73 WK motif are shown in sticks. The
Ubp8 ZnF-UBP domain is shown in surface representation. The two backbone carbonyl groups
of Ubp8, which accept hydrogen bonds from the Sgf73 WK motif are colored in red.
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(G) The indicated DUB module components were polycistronically expressed in E. coli.
Protein lysates were split and subjected in parallel to either GST- or 6His-affinity purifications.
Lanes 1 and 4, 2 and 5, 3 and 6 correspond to each other. Purified complexes were eluted with
either GSH or imidazole and analyzed by SDS-PAGE and Coomassie staining. Filled circles
indicate bait proteins. Labeled proteins were identified by mass spectrometry.
See also Figure S1.
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Figure 3. Sus1 clamps down the Sgf11 N-terminal helix onto the Ubp8 ZnF-UBP domain
(A) Overall view of the “assembly lobe” in the DUB module.
(B) A three-protein junction formed among the two terminal helices of Sus1 (green) and the
N-terminal end of Sgf11 (red) and Sgf73 (orange).
(C) Superposition analysis of Sus1 in complexes with Sgf11 (red) and Sac3 (magenta). The
Sus1 molecule in the Sus1-Sgf11 and Sus1-Sac3 complexes is colored in green and grey,
respectively. The Cα of Sus1-contacting residues in Sgf11 and Sac3 are labeled with asterisks.
(D) and (E) Two orthogonal views of the superimposed Sus1-Sgf11 and Sus1-Sac3 complex
structures. H2 and H5 helices of Sus1 in the two structures were superimposed to demonstrate
the structural plasticity of Sus1.
(F) Reconstitution assay with recombinant proteins. GST-Ubp8 (1–107) was immobilized on
GSH beads (filled circle) and incubated with either Sus1 or Sgf11 alone or with equal molar
amounts of both proteins (input).
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Figure 4. The Sgf11 ZnF domain binds to the Ubp8 catalytic domain next to the active site
(A) Overall view of the “catalytic lobe” of the SAGA DUB module. The Ubp8 catalytic domain
is differentially colored to show the three sub-domains, Thumb (grey), Palm (blue), and Fingers
(cyan). The catalytic triad of Ubp8 are shown in sticks.
(B) A close-up view of the Ubp8 active site with the catalytic triad (C146, H427, and N443)
and two amino acids (N141 and D444) that might help stabilize the oxyanion hole.
(C) Interface between the Sgf11 ZnF domain and the Ubp8 Thumb domain. The three
conserved arginine residues exposed at the outer surface of the Sgf11 ZnF domain are also
shown.
(D) Interface between the Sgf11 linker sequence and the Palm domain within the Ubp8 catalytic
domain. The Ubp8 catalytic triad, the two Sgf11 DxxG motifs, and their surrounding residues
are shown in sticks.
(E) Sequence alignment of Sgf11 orthologs with secondary structure assignment. The zinc-
coordinating residues are highlighted in yellow. Other highly conserved residues are
highlighted in salmon.
See also Figure S2.
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Figure 5. The Sgf11 ZnF domain activates Ubp8 and mediates Ub-H2B deubiquitination
(A) and (B) Ub-AMC hydrolysis assay. Coomassie staining shows equalized amount of Ubp8
and overall composition of the complexes.
(C) In vitro H2B deubiquitination assay. Hyperubiquitinated Flag-tagged H2B purified from
ubp8Δ cells was incubated with equal amounts of the indicated wild-type and mutant DUB
tetramers as depicted in (A) and (B). Ubiquitinated and unmodified H2B were detected by anti-
Flag western blotting.
(D) Anti-Flag immunoprecipitates derived from cells expressing Flag–tagged H2B. sgf11Δ
cells were transformed with plasmids carrying the indicated wild-type, mutant sgf11 alleles or
an empty vector. Recovered proteins were analyzed by SDS–PAGE and anti-Flag western
blotting.
(E) A GCN5/sgf11Δ shuffle strain containing a GCN5 cover plasmid (URA3) was transformed
with wild-type SGF11, empty vector or the indicated sgf11 mutant alleles (TRP1 plasmids).
Growth was followed on SDC-Trp and on SDC+5-fluoroorotic acid (5-FOA) plates. Cell
density was normalized, cells were spotted onto plates in 10-fold serial dilution steps and
incubated at 30°C for 2 days (SDC-TRP) and 4 days (SDC+5-FOA).
See also Figure S3 and Table S2 for yeast strains and plasmids used.
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Figure 6. Sgf73 couples the two functional lobes of the DUB module and potentiates Ubp8
(A) A close-up view of the space between the two Ubp8 domains occupied by Sgf73. The
structure is depicted in the same orientation as seen in Figure 1B. Sgf73 is shown in ribbon
with the rest of the DUB complex shown in surface representation.
(B) Left side view of (A) showing that the H2-loop-H3 region of Sgf73 holds together the two
domains of Ubp8 at one end of the complex.
(C) Right side view of (A) showing that the Sgf73 ZnF domain functions as a wedge to fix the
conformation of the Ubp8 linker sequence, which is also in contact with the Sgf11 linker region.
Key residues of the Sgf11 linker are shown in sticks. Two Ubp8 residues forming salt bridges
with two positively charged Sgf11 residues are colored in red.
(D) A focused view of the DUB module showing the spatial relationships among the Sgf73
ZnF domain, the Ubp8 linker sequence, the Sgf11 C-terminal region, and the Ubp8 active site.
(E) Ub-AMC hydrolysis assay. Coomassie staining shows equalized amount of Ubp8 and
overall composition of the complexes (filled circle marks bait proteins).
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(F) A tetrameric complex containing Sgf73 amino acids 1–47 (lane 3) was preincubated with
recombinant Sgf73 amino acids 48–104 at a 1:1 or 1:10 stoichiometry (30° for 15min) and
subsequently assayed for Ub-AMC hydrolytic activity. Coomassie-stained gel shows
imidazole eluates of affinity-purified 6His-Sgf73 complexes (filled circle).
(G) A GCN5/sgf73Δ shuffle strain was transformed with wild-type SGF73, empty vector or
the indicated sgf73 mutant alleles (TRP1 plasmids). Growth was followed on SDC-Trp and on
SDC+5-fluoroorotic acid (5-FOA) plates.
See also Figure S4.
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Figure 7.
Model for the assembly and activation of the SAGA DUB module. Free Ubp8 (blue) has a
ZnF-UBP domain (square) and an inactive catalytic domain (full circle). Independent from
other subunits, Sus1 (green) can form a complex with Sgf11 (red) by wrapping around its N-
terminal helix (hexagon). The correctly positioned ZnF domains of Sgf11 (red circle) and Sgf73
(orange circle) are both required to fully activate Ubp8 (sharp teeth).
See also Figure S5.
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