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The crystal structure of S. cerevisiae Sad1, a catalytically
inactive deubiquitinase that is broadly required
for pre-mRNA splicing

HARALAMBOS HADJIVASSILIOU," OREN S. ROSENBERG,** and CHRISTINE GUTHRIE'3

' Department of Biochemistry and Biophysics, University of California, San Francisco, California 94158, USA
Division of Infectious Diseases, Department of Medicine, University of California, San Francisco, California 94143-0414, USA

ABSTRACT

Sad1 is an essential splicing factor initially identified in a genetic screen in Saccharomyces cerevisiae for snRNP assembly defects.
Based on sequence homology, Sad1, or USP39 in humans, is predicted to comprise two domains: a zinc finger ubiquitin binding
domain (ZnF-UBP) and an inactive ubiquitin-specific protease (iUSP) domain, both of which are well conserved. The role of these
domains in splicing and their interaction with ubiquitin are unknown. We first used splicing microarrays to analyze Sad1 function
in vivo and found that Sad1 is critical for the splicing of nearly all yeast intron-containing genes. By using in vitro assays, we then
showed that it is required for the assembly of the active spliceosome. To gain structural insights into Sad1 function, we determined
the crystal structure of the full-length protein at 1.8 A resolution. In the structure, the iUSP domain forms the characteristic
ubiquitin binding pocket, though with an amino acid substitution in the active site that results in complete inactivation of the
enzymatic activity of the domain. The ZnF-UBP domain of Sad1 shares high structural similarly to other ZnF-UBPs; however,
Sad1’s ZnF-UBP does not possess the canonical ubiquitin binding motif. Given the precedents for ZnF-UBP domains to
function as activators for their neighboring USP domains, we propose that Sad1’s ZnF-UBP acts in a ubiquitin-independent

capacity to recruit and/or activate Sad1’s iUSP domain to interact with the spliceosome.

Keywords: pre-mRNA splicing mechanism; spliceosome assembly; deubiquitinase; ubiquitin

INTRODUCTION

The removal of a pre-mRNA intron and the splicing together
of its exons are catalyzed by the spliceosome, an enzyme
composed of over 100 proteins that associate with small nu-
clear RNAs (snRNAs) to form five distinct subcomplexes,
or snRNPs (small nuclear ribonucleoproteins) (Jurica and
Moore 2003). The Ul snRNP binds to the 5 splice site of
the intron, and then the U2 snRNP binds in an ATP-de-
pendent manner to the branch point of the intron. This U1/
U2/pre-mRNA-bound complex is referred to as the pre-
spliceosome. The remaining three snRNPs comprise the tri-
snRNP, a super-complex composed of the U4, U5, and U6
snRNPs (for review, see Wahl et al. 2009).

The tri-snRNP is formed through the initial base-pairing of
U4 and U6 snRNAs forming the U4/U6 di-snRNP, which is
later joined by the U5 snRNP. Upon binding to the prespli-
ceosome, the U4/U6 duplex is separated and the U6 snRNA
base-pairs with the U2 snRNA and the 5 splice site. The

*Corresponding authors

E-mail christineguthrie@gmail.com

E-mail oren.rosenberg@ucsf.edu

Article published online ahead of print. Article and publication date are at
http://www.rnajournal.org/cgi/doi/10.1261/rna.042838.113.

U6/U2 and U6/5’ splice-site interactions are further specified
and stabilized by the binding of the nineteen complex (NTC),
which contains the ubiquitin ligase Prp19 (Chan et al. 2003).
This activated state of the spliceosome is competent to bind
the final factors necessary to catalyze the first and second
chemical steps of splicing. Upon the completion of splicing,
the spliceosome disassembles and releases the mRNA product,
the intron lariat, and the individual snRNPs. The snRNPs are
then recycled for reassembly upon the next intron-containing
mRNA.

Sadl is required for the assembly of the U4 and U6 snRNAs
into the di-snRNP particle. Named for its snRNP assembly
defect, the sad1-1 temperature-sensitive (ts) yeast strain is un-
able to assemble newly transcribed U4 snRNAs into the di-
snRNP particle at the restrictive temperature, a phenotype
also observed for the known snRNP assembly factor mutants
prpl9-1 and prp24-1 (Lygerou et al. 1999). Inactivation of
Sadl was shown to block the splicing of several pre-mRNA
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substrates; however, it was unclear if Sad1 acted as a core splic-
ing factor in yeast. Sad1 did not associate stably with any of the
individual yeast snRNAs (Lygerou et al. 1999) but was detect-
ed in the penta-snRNP, a mature form of the spliceosome that
contains all five snRNPs and can only be purified under low-
salt conditions (Stevens et al. 2002). The human homolog of
Sadl, USP39, weakly associates with the tri-snRNP snRNAs
under low-salt conditions and was shown to be required for
the stable association of the tri-snRNP to the prespliceosome
(Makarova et al. 2001). Thus, Sad1l may be required for tri-
snRNP recruitment to the prespliceosome in addition to its
contributions to di-snRNP assembly. How Sadl mediates
these snRNP complex formations remains unknown.

Sad1 belongs to a group of spliceosomal proteins that con-
tains ubiquitin-related domains (Korneta et al. 2012). Prp19
is a U-box ubiquitin ligase required for spliceosome activation
and recycling (Chan et al. 2003). The tri-snRNP protein,
Prp8, contains an inactive Jabl/MPN deubiquitinase domain
in its C terminus that has been linked to the regulation of U4/
U6 snRNA duplex separation (Bellare et al. 2006; Maeder et al.
2009). Finally, the presence of ubiquitin in the tri-snRNP has
been linked to both human and yeast tri-snRNP stability
(Bellare et al. 2008; Song et al. 2010). The N-terminal domain
of Sadl is homologous to a zinc finger ubiquitin binding
(ZnF-UBP) domain, and the C-terminal domain is homolo-
gous to a ubiquitin-specific peptidase (USP) domain. Not all
members of the ZnF-UBP domain family are competent to
bind ubiquitin. For example, USP5 has two ZnF-UBP do-
mains, one of which has been shown to bind the free C-termi-
nal tail of ubiquitin with high affinity (Reyes-Turcu et al. 2006,
2008; Avvakumov et al. 2012). In contrast, the ZnF-UBP
domain from Ubp8 does not bind ubiquitin but rather func-
tions as a scaffold for cofactors, which then activate the USP
domain of Ubp8 (Kohler et al. 2010; Samara et al. 2010,
2012). Sad1l’s USP domain (iUSP) is predicted to be catalyti-
cally inactive, as it is missing the essential nucleophilic cyste-
ine in its USP catalytic triad. It is unclear whether this
deviation would affect ubiquitin binding or whether Sadl’s
ZnF-UBP domain might be required to activate ubiquitin
binding function.

To examine the mechanism of Sad1 function and its role in
the regulation of the splicing reaction, we first analyzed sad1-1
inactivation with splicing microarrays and found that, like
other core splicing factors, Sadl inactivation in vivo caused
a strong block to most pre-mRNA splicing events. We then
produced full-length recombinant Sadl protein and showed
that it could rescue in vitro splicing activity in sadI-I-inacti-
vated extracts. We observed that tri-snRNP joining to the
prespliceosome was blocked in sadl-1 ts-inactivated extracts
and that this defect could be rescued by the addition of re-
combinant Sadl. Finally, to gain insight into Sad1’s function,
we crystallized and solved the structure of full-length Sadl.
We show that Sad1l’s ZnF-UBP is in a conformation that is
incompatible with ubiquitin binding. In addition, we ob-
served that Sadl’s iUSP domain preserves many of the fea-

tures of active USP domains but possesses a remodeled
catalytic cleft. Together these results help us to interpret
Sad1’s role in splicing, and raise questions for the further ex-
ploration of its molecular function.

RESULTS

Sad1 is composed of ubiquitin-related domains

Sadl is a member of the ZnF-UBP USP family of deubiquiti-
nases. The ZnF-UBP domain is located at the N terminus
(amino acids 29-121), and the iUSP domain is located at the
C terminus (amino acids 148-448) (Fig. 1A). Although the
iUSP domain has many of the residues conserved in active
USPs, it and its homologs are predicted to be inactive.
Whereas an active USP catalytic triad is CHN/D (Komander
et al. 2009), Sadl has DHD and its human homolog, USP39,
has DSQ (Fig. 1A; Supplemental Fig. S1). Sad1’s two domains
are well-conserved among its homologs, with the exception of
an additional N-terminal RS domain found in the human ho-
molog (Fig. 1A; Supplemental Fig. S1). A 25-amino-acid link-
er connects the N and C-terminal domains of Sad1.

Sad1 is a general splicing factor

Sad1 appears to have a weak affinity for the spliceosome, and it
was unknown whether inactivating SADI in vivo would have
a broad, genome-wide splicing defect, as is observed upon
the inactivation of essential spliceosome factors (Pleiss et al.
2007). We used pre-mRNA splicing microarrays to assess
the breadth of Sadl’s role in splicing after competitively hy-
bridizing total mRNA from ts-inactivated sadI-1 cells and
SADI cells treated under the same conditions. We cloned
the sadl-1 ts allele and SADI into CEN/ARS vectors that
can complement a SADI deletion in yeast. The sad1-1 ts mu-
tation had not been mapped, and upon sequencing, we dis-
covered that it contains two mutations, L236P and S276F.
These mutations likely destabilize the protein at 37°C, as at-
tempts to recombinantly express and purify the double-mu-
tant Sadl-1 protein yielded insoluble protein (data not
shown), whereas the wild-type Sadl protein was well ex-
pressed and soluble. Both CEN/ARS plasmids were able to
complement the SADI deletion at 30°C, but only the wild-
type plasmid was able to complement the SADI deletion at
37°C (Table 1). Splicing microarray analysis revealed a strong
and broad block to pre-mRNA splicing in sad -1 after incuba-
tion for 30 min at 37°C, as can be observed by the dramatic
accumulation of intron signal for many pre-mRNAs in the
sadl-1 versus SADI strain (Fig. 1B, middle lane, labeled P
for pre-mRNA, represents the intron probes). The magnitude
and breadth of this splicing defect is reminiscent of the inac-
tivation of the core splicing factors, Prp5 and Prp8 (Pleiss et al.
2007). Thus SADI plays a crucial role in pre-mRNA splicing.

To investigate the mechanism of SADI’s function, we used
an in vitro splicing assay (Lin et al. 1985). Upon the addition
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FIGURE 1. Sadl is a core splicing factor necessary for spliceosome assembly. (A) Domain topol-
ogy for S. cerevisine Sadl, the human homolog of Sadl (USP39), and a canonical active USP
domain, with the catalytic residues denoted by asterisks. The ZnF-UBP domain is colored pale
orange, a short linker domain is pale green, and the iUSP domain is colored slate blue. USP39
possesses an additional N-terminal RS domain. (B) The yeast pre-mRNA splicing microarray
is composed of probes that detect the pre-mRNA intron (P), the exon (T) for total, and the
exon/exon junction for the mature mRNA (M). SADI and sadI-1 cultures were grown at 25°C
to mid-log phase and were then shifted for 30 min to 37°C. Total RNA was extracted and Cy3-
and Cy5-labeled cDNA produced. The cDNAs were competitively hybridized to the array, and
the resulting log,-ratios for each gene were plotted after performing centroid-linkage hierarchical
clustering. Shown side by side are the heat maps of plots produced by two biological replicate ex-
periments, a and b, where increasing amounts of yellow signal for the intron probe (P) reflects
intron accumulation and is indicative of a pre-mRNA splicing defect. (C) sadI-1 splicing extracts
were inactivated for 10 min at 37°C, and where indicated, a 10-fold decreasing dilution series of
105 nM full-length Sadl was added. Pre-mRNA splicing reactions were incubated at 25°C in the
presence of 2 mM ATP with Cy5-labeled pre-ACT1 for 30 min and then resolved on a 6% dena-
turing polyacrylamide gel. (D) Splicing extracts from sadl-1 were prepared and inactivated in a
manner identical to that of the in vitro splicing assay in C, but the products of the reaction
were resolved by native gel electrophoresis. An RNase H—catalyzed knockdown of the U6
snRNA in a SADI wild-type strain is shown for comparison.

non-specific <

log, ratio

of a Cy5 fluorescently labeled ACT1 pre-mRNA and ATP, the
spliceosome assembles and then catalyzes two chemical steps,
resulting in the removal of the intron and the ligation of the
exons. The intermediates and the product of the splicing
reaction are resolved by denaturing gel electrophoresis and vi-
sualized by a FluorImager. Consistent with initial observa-
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tions, splicing was slightly inhibited by
sadl-1 extracts grown at 30°C (Fig. 1C,
cf. lanes 2 and 4; Lygerou et al. 1999),
whereas splicing was entirely inhibited
by heating the extracts for 10 min to 37°
C (Fig. 1C, lane 3). The sad1-1 heat-inac-
tivated lysate was unable to complete the
first chemical step of splicing of the
ACT1I pre-mRNA, as evidenced by the ab-
sence of splicing reaction intermediates
(Fig. 1C, cf. lanes 2 and 3). In order to fur-
ther determine the role of Sadl in the
splicing reaction, we purified full-length
recombinant Sadl with an N-terminal
6-His tagand found that it was able to fully
rescue in vitro splicing activity (Fig. 1C).

Sad1 is required for the stable
recruitment of the tri-snRNP

Since sadl-I-inactivated extracts were
blocked at the first catalytic step, we
sought to distinguish between a catalytic
defect and a defect in the assembly of
the spliceosome. Spliceosome assembly
can be monitored by incubating extracts
with a labeled pre-mRNA substrate and
resolving the pre-mRNA bound spliceo-
some from its assembly intermediates by
native gel electrophoresis (Cheng and
Abelson 1987). As there was alow amount
of ATP in both of our extracts, we saw a
small amount of the prespliceosome as-
semble in the absence of exogenous ATP
(Fig. 1D, cf. lanes 1 and 5). After the addi-
tion of ATP to 2 mM to the wild-type
extracts, the prespliceosome band dis-
appeared as the tri-snRNP joined the
prespliceosome stably and a slower mi-
grating band consisting of fully assembled
spliceosomes appeared (Fig. 1D, lane 2).
Depleting the U6 snRNA by anti-U6
oligo-directed RNase H digestion caused
the tri-snRNP to fall apart, and as a result,
even in the presence of 2 mM ATP, only
the prespliceosome band is formed (Fig.
1D, lane 3; Fabrizio et al. 1989). Upon
the addition of in vitro transcribed U6
snRNA, the tri-snRNP reassembled and

much of the prespliceosome matured to the fully assembled
spliceosome (Fig. 1D, cf. lanes 4 and 3).

To determine the role of Sad1 in spliceosome assembly, we
made extracts from sadl-1 cells grown at 30°C. As with the
wild-type extract, in the absence of exogenous ATP, a small
amount of the prespliceosome band formed (Fig. 1D, lane
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TABLE 1. Strains tested for complementation of sadla::kan by
5-FOA selection

Plasmid sad1A::kan at 30°C sad1A::kan at 37°C
SAD1 Viable Viable
Empty vector Lethal Not tested
sadi-1 Viable Lethal
sadl ZnF-UBPA Lethal Not tested
sad1 iUSPA Lethal Not tested
sad1 C60A Lethal Not tested
sad1 C63A Viable Viable
sadl H79A Lethal Not tested
sad1 H85A Viable Viable
sadl D159A Viable Viable
sadl H405A Viable Viable
sad1 D422A Viable Viable

5). Unlike the wild-type extract, upon the addition of 2 mM
ATP, the sadI-1 assembled spliccosome band was barely
detectable and the prespliceosome band had only a slight
decrease in intensity, reflecting the weakened capacity for
this sadl-1 to splice at 30°C (Fig. 1D, lane 6, C, lane 2).
Heat-shocking the sadI-1 extracts for 10 min at 37°C led to
a large accumulation of the prespliceosome species after the
addition of 2 mM ATP, consistent with the total block to splic-
ing that we observe by in vitro splicing (Fig. 1D, lane 8, C, lane
3). This defect looked similar to the U6 snRNA knockdown in
wild-type extracts (Fig. 1D, lane 3), and the addition of re-
combinant Sadl to sadI-1 lysates grown at 30°C or to heat-
shocked sadl-1 lysates rescued these defects (Fig. 1D, lanes
7,9). Therefore yeast Sad1 is required for the stable integration
of the tri-snRNP into the prespliceosome to form the fully as-
sembled spliceosome, similar to what was observed for USP39
(Makarova et al. 2001). Sad1 could achieve this by interacting
with the prespliceosome, the tri-snRNP, or both. Additionally
Sadl could be required to maintain the stability of the tri-
snRNP, as it was originally identified as a di-snRNP assembly
factor (Lygerou et al. 1999). As connections between ubiqui-
tin and the tri-snRNP had been established previously
(Bellare et al. 2008; Song et al. 2010) we were intrigued by
the possibility that Sadl might somehow employ its ubi-
quitin-related domains to affect tri-snRNP joining to the
prespliceosome.

The two ubiquitin-related domains of Sad1 do not
bind ubiquitin in vitro

Sadl is composed of two domains that have the potential to
bind ubiquitin (Fig. 1A). We found that both domains are re-
quired for Sad1’s function in vivo, as each domain by itself is
unable to complement a SAD1 deletion (Table 1). To deter-
mine whether Sadl binds to ubiquitin, we developed an iso-
thermal titration calorimetry (ITC) assay to measure the
interaction between Sadl and ubiquitin. For comparison,
we used the ZnF-UBP from USP5, known to bind the C-ter-

minal tail of ubiquitin through a WRY motif that is well con-
served among the ZnF-UBP domains that have been shown
to bind ubiquitin (Fig. 2A; Reyes-Turcu et al. 2006; Bonnet
etal. 2008; Ouyang et al. 2011). In contrast, the ZnF-UBP do-
mains that do not bind ubiquitin have substitutions in the
WRY motif (Allen and Bycroft 2007; Zhang et al. 2011), as
does Sadl, which occurs as YRL (Fig. 2A).

Using ITC, we were unable to detect an interaction between
full-length Sad1 and ubiquitin. Titrating 1 mM ubiquitin into
either 50 uM Sadl or buffer produces no observable response
as measured by ITC (Fig. 2A). The ZnF-UBP from USP5 pro-
duced a dissociation constant of 2.4 pM, consistent with pre-
viously published values (Fig. 2B; Reyes-Turcu et al. 2006). In
addition, the iUSP domain alone of Sadl does not bind to
ubiquitin, as it, too, did not produce a measurable ITC re-
sponse (Fig. 2B). The ZnF-UBP domain alone of Sad1 could
not be recombinantly purified and was thus unsuitable for
ITC analysis. As ITC only measures the enthalpy between
two reactants, there was a possibility that Sad1 bound to ubig-
uitin with a purely entropic-based interaction. To address this
possibility, we used an alternative method to investigate the
potential binding between Sadl and ubiquitin by perform-
ing biolayer interferometry (BLI) with immobilized ubiqui-
tin and either USP5 ZnF-UBP or Sadl (Supplemental Fig.
S2). Consistent with the ITC results, USP5 ZnF-UBP pro-
duced a robust response with a Ky, similar to that previously
observed and there was no specific response for Sadl.

We also used glutathione-S-transferase (GST) immuno-
precipitations to investigate the possibility of an interaction
between Sadl and ubiquitin or the yeast ubiquitin-like pro-
teins. We used the yeast pre-mRNA splicing factor Snu66,
which has been shown to interact with Hub1 (Mishra et al.
2011), as a positive control. When purified N-terminal
GST fusions of ubiquitin, SUMO, Nedd8, and Hub1 were in-
cubated with either Sadl, ZnF-UBP USP5, or Snu66, the only
observed interactions were between GST-ubiquitin and the
ZnF-UBP of USP5 and between GST-Hub1 and Snu66 (Sup-
plemental Fig. S3). As this absence of ubiquitin binding for
Sadl was contrary to our expectations, and given Sadl’s crit-
ical role in splicing, we pursued a structural approach to gain
further insights into Sadl function.

The crystal structure of full-length SAD1

Full-length Sadl fused to a N-terminal 6-His tag was recom-
binantly expressed and purified to homogeneity from
Escherichia coli and was crystallized by hanging drop vapor
diffusion methods. The crystal structure was solved by single
anomalous diffraction using a tungsten derivative (Table 2).
The structure of Sadl was refined to 1.87 A resolution with
Ryork 0f 17.1%, Rgee of 20.2%, and good stereochemistry.
The phased electron density maps allowed for the unambigu-
ous placement of 414 of 448 residues of the full-length Sadl.
The N-terminal 28 amino acids were disordered in the crystal
and absent from the experimental map. The tips of the USP
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FIGURE 2. Sadl does not bind ubiquitin in vitro. (A) A primary sequence alignment of ubiquitin binding and nonubiquitin binding Homo sapiens
and S. cerevisiae ZnF-UBP domains. The WRY motif residues that are essential for ubiquitin binding in USP5 are annotated with asterisks; in Sadl,
they appear as YRL. The residues that comprise the three zinc fingers found in ZnF-UBPs are denoted A, B, and C; Sad1 only possesses the B site zinc
finger. Conservation is indicated by shades of gray, and gaps in the alignment are represented by dashes. (B) We titrated 1 mM of ubiquitin into an ITC
receptor cell containing either 50 uM full-length Sad1, Sad1-iUSP, USP5 ZnF-UBP, or buffer at 25°C. The data from the USP5 ZnF-UBP titration with
ubiquitin were fit to a single exponential in good agreement with one binding site and a dissociation constant of 2.3 pM. ITC curve-fitting and data

analysis were performed with the MicroCal-enabled Origin software.

fingers subdomain were also disordered (Fig. 3A), which is a
feature that has been observed in other USPs crystallized in the
absence of ubiquitin (Joint Center For Structural Genomics
2004; Kohler et al. 2010; Samara et al. 2010). Additionally, a
loop in the pseudo-active site of Sad1’s USP domain is disor-
dered. As mentioned, the sadl-1 ts mutations, L236P and
S276F, likely destabilize the protein at 37°C. The L236P mu-
tation introduces a proline in the middle of a central a-helix
of the iUSP domain, and S276F introduces a hydrophobic res-
idue in the solvent-exposed tips of the iUSP fingers domain,
both of which would be likely to challenge the stability of
the Sadl iUSP domain.

The orientation of Sadl’s ZnF-UBP domain to its iUSP
domain is specified by a 25-amino-acid linker composed of
a short helix and two short anti-parallel B-strands (Fig.
3A). The linker sequence, amino acids 122-147, is not well
conserved among Sadl homologs. The length of Sad1’s linker
is only three amino acids shorter in the Schizosaccharomyces
pombe and human homologs, suggesting some conservation
in their interdomain orientations (Supplemental Fig. S1).

660 RNA, Vol. 20, No. 5

The linker is structurally distinct from the linker observed
in the structure of Ubp8, another ZnF-UBP USP in the
PDB, which is longer and composed of multiple short a-he-
lices (Kohler et al. 2010; Samara et al. 2010). Sad1 K199 from
the iUSP domain makes hydrogen bonds to D43 from the
ZnF-UBP domain. Sadl K207 from the iUSP domain con-
nects the two domains with a hydrogen bond to D41 from
the ZnF-UBP domain (Fig. 3B). Lastly, interdomain contacts
are further specified through hydrophobic residues that are
within van der Waals distances of each other. F206 from
the iUSP domain and L140 from the linker domain interact
with a hydrophobic patch from the ZnF-UBP domain, which
is composed of the aliphatic part of the conserved R37 side-
chain and the side-chains of L40 and 1117 residues (Fig. 3C).

The ZnF-UBP of Sad1

The ZnF-UBP domain from Sad1 shares the same (~95-ami-
no-acid) mixed o—f core structure found in other ZnF-UBP
proteins, possessing a five-stranded anti-parallel (-sheet,
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TABLE 2. Data collection and refinement statistics

Native W derivative

Data collection
Space group
Cell dimensions

a, ¢ (A)

P45 2, 2 P45 2, 2

139.315, 86.737 138.685, 87.755

Resolution (A) 98.511-1.87 98.064-2.61
Rsym or Rme,ge 0.085 (0.94) 0.128 (1.13)
I/sig(i) 10.5 (1.7) 10.7 (1.6)
Completeness (%) 99.5 (100.0) 100 (100)
Redundancy/ 7.7 (7.6) 7.9 (7.3)

multiplicity
Wavelength 1.1159 1.2146

Refinement

Resolution (A) 1.87
No. of reflections 70,404 (6898)
Ruwork/Riree 17.1/20.2
No. of atoms 7109

Protein 6780

Ligand/ion 8

Water 321
B-factors

Protein 43.20

Ligand/ion 50.50

Water 51.20
RMSDs

Bond lengths (A) 0.018

Bond angles (°) 1.605

Ramachandran 98

favored (%)
Ramachandran 0
outliers (%)

Statistics for the highest-resolution shell are shown in parentheses.

flanked by two a-helices. Table 3 lists the RMSDs for these
ZnF-UBPs aligned to Sadl’s ZnF-UBP. The first a-helix,
aA, is connected to the end of the second B-strand through
aloop, Loop L2A (Reyes-Turcu et al. 2006), that displays var-
ied orientations in the different ZnF-UBP structures (Fig. 4A).
The second a-helix, aB, is held closely to the opposite side of
the B-sheet wall through a network of hydrophobic residues.

ZnF-UBPs can bind up to three zinc atoms, as is the case
with the ZnF-UBP from USP16 (Fig. 4B; Pai et al. 2007).
Unlike USP16, Sadl’s ZnF-UBP only binds a single zinc
atom at the B site through a CCHH zinc finger, which serves
to connect the first and second B-strand to the end of the first
a-helix (Fig. 4B,C). Sadl’s B-site CCHH zinc-binding finger
is conserved among all of Sad1’s splicing homologs and aligns
well with the B-site CCHH zinc fingers from the ZnF-UBP
domains of USP16 and HDAC6 (Fig. 4C; Supplemental
Fig. S1).

The B-site CCHH finger may be generally important for the
stability of ZnF-UBP domains. Alanine substitutions at any of
the CCHH zinc-binding residues of Sad1’s B site results in ag-
gregated protein as determined by size-exclusion chromatog-
raphy (data not shown), and the Sad1 ACHH and the CCHA
substitutions were lethal in vivo (Table 1). Every ZnF-UBP

from human and yeast contains a B-site CCHH zinc finger,
with the sole exception being USP5, which possesses residues
that are engaged in compensatory interactions (Supplemental
Fig. S4; Reyes-Turcu et al. 2006; Bonnet et al. 2008).

Sad1 does not possess a canonical ubiquitin binding site

Comparison of Sadl’s ZnF-UBP primary sequence with
those ZnF-UBPs that bind ubiquitin provided little insight
into why ubiquitin binding was not observed for Sadl (Fig.
2A). Inspection of the available ubiquitin-bound ZnF-UBP
crystal structures in the PDB shows that the ubiquitin binding
site lies between the L2A loop and the loop that connects the
fourth and fifth p-strands, the f4-5 loop (Reyes-Turcu et al.
2006; Dong et al. 2008). Although overall RMSDs for Sad1’s
ZnF-UBP with other ZnF-UBPs in the PDB are low (Table 3),
a structural alignment of Sad1’s ZnF-UBP with the ubiquitin
binding ZnF-UBPs from USP5 and HDACS6 reveals notable
differences in the conformations of their L2A and 4-5 loops.
In Sadl, these loops are positioned closer to one another rel-
ative to the USP5 and HDAC6 ZnF-UBP structures (Fig. 5A).
Additionally, the closed conformation of Sadl does not align
well with any of the ZnF-UBP structures available in the PDB
(Fig. 5B).

As a result of the contraction between the L2A and p4-5
loops in Sadl, homologous residues that would be used for
ubiquitin recognition in USP5 are in a conformation that
blocks ubiquitin binding by Sadl. Ubiquitin binding by
USP5’s ZnF-UBP is dependent upon the presence of a group
of residues that are conserved in those ZnF-UBPs competent
to bind ubiquitin (Fig. 2A; Reyes-Turcu et al. 2006). R221
from USP5’s loop L2A forms two hydrogen bonds to the
main-chain carbonyl oxygen of ubiquitin G75 (Fig. 5D).
Sadl’s ZnF-UBP also has an arginine at this position, Sadl
R70 (Fig. 2A). However, instead of pointing toward solvent
to make itself available for interaction with ubiquitin, the crys-
tal structure of Sad1 reveals that R70 packs against the surface
of Sadl’s ZnF-UBP (Fig. 5C,D). This conformation of Sadl
R70 is stabilized by hydrogen bonds to Y58 from the first -
strand and to N102 from the $4-5 loop (Fig. 5C). The homol-
ogous residue of Sadl Y58 corresponds to W209 of USP5,
which interacts with ubiquitin and is conserved among
ZnF-UBPs that bind ubiquitin (Fig. 2A). Although the posi-
tions of the planar rings of Sadl Y58 and USP5 W209 align
well, Sadl Y58 introduces a hydroxyl group that functions
as a hydrogen bond acceptor for the terminal amine of Sadl
R70 (Fig. 5C). Sad1 R70 is further stabilized through a second
hydrogen bond to N102 (Fig. 5C). Sadl N102 corresponds to
D264 in USP5, which in USP5’s ZnF-UBP points toward the
solvent to interact with the terminal amines of ubiquitin R72
and R74 (Fig. 5C,D; Reyes-Turcu et al. 2006). Aligning Sad1 to
the crystal structure of USP5 bound to ubiquitin shows that,
as a result of the unique stabilization of Sad1’s R70, the R70
arginine side-chain lies directly in the path of where ubiquitin
would be expected to bind (Fig. 5D).
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F206

A and C zinc binding sites. In HDACS,
the A zinc binds the p4-5 loop and the
C zinc binds to the L2A loop, constrain-
ing the positions of these loops and lead-
ing to the observed open conformation
(Fig. 5A). The ZnF-UBP from USP5
also has a more open conformation rela-
tive to Sad1. USP5 has the C-site zinc fin-
ger, and although it is missing the A-site
zinc finger, it appears to compensate for
this absence by constraining the (4-5
loop with intraloop hydrogen bonds be-
tween E263, S260, and S177 (Fig. 5F).
The importance of these bonds is sup-
ported by the observation that the only
deviation from these well-conserved resi-
dues is with the Saccharomyces cerevisiae
and S. pombe homologs of USP5, which
contain a CHCC zinc finger (Fig. 5G).
Shown below the alignment is the corre-
sponding sequence in Sadl, which with
the crystal structure shows that Sad1l pos-
sesses no such mechanism to constrain
the position of its f4-5 loop. With the ab-
sence of the A and C zinc fingers in Sadl
and its homologs, a more closed confor-
mation between the L2A and B4-5 loops
is likely to be a general feature of the splic-
ing-specific ZnF-UBPs, making ubiquitin
binding unlikely.

The iUSP domain from Sad1

FIGURE 3. The crystal structure of full-length Sadl. (A) The ZnF-UBP (pale orange) and the
iUSP domain (slate blue) are connected through a 25-amino-acid linker (pale green). (B)

Intradomain hydrogen bonding of K199 to D43 and of K207 to D41 provides interdomain stabi-
lization. (C) Intradomain hydrophobic packing between F206, L140, R37, and a hydrophobic
patch on the ZnF-UBP domain further specifies the orientation of the two domains.

The more contracted conformation of Sad1’s L2A and p4-5
loops and R70’s blockage of the ubiquitin binding path also
results in an altered ZnF-UBP surface. Whereas the USP5
ZnF-UBP ubiquitin binding site appears as a prominent cav-
ity on the surface of both the apo and the ubiquitin bound
structures (Fig. 5E), the same area on Sadl, which corre-
sponds to the space between the L2A and p4-5 loops, is entire-
ly filled by the contraction of these loops and the placement of
Sadl’s R70 side-chain (Fig. 5E).

The absence of the A and C zinc binding sites in Sad1
allows for the observed contraction between the L2A
loop and the B4-5 loop

Unlike Sadl, those ZnF-UBPs that are competent to bind
ubiquitin have open structures stabilized by the presence of
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The iUSP domain of Sadl possesses the
finger, thumb, and palm subdomains
that are characteristic of USPs, and a
Dali structural alignment search with
the iUSP domain of Sad1 shows a high de-
gree of structural similarity to other USP structures (Fig. 6A;
Table 4; Hasegawa and Holm 2009; Komander et al. 2009). To
analyze the structure of Sad1’s {USP domain, we used the USP
domain from USP2 for comparison, as it has been well char-
acterized biochemically and has been crystallized with ubiqui-
tin, allowing us to model ubiquitin onto Sadl (Renatus et al.
2006).

A structural alignment of Sadl’s iUSP domain to USP2
bound to ubiquitin shows similarities in the palm and thumb
subdomains but also reveals the extent to which Sad1’s iUSP
fingers could not be built due to the high degree of disorder
in this region (Fig. 6B). As can be observed from the struc-
tural alignment, USP2 binds one zinc atom in the tips of its
fingers, the presence of which has been implicated in ubiqui-
tin recognition (Renatus et al. 2006). However, zinc binding
in the fingertips is not a prerequisite for ubiquitin binding, as
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TABLE 3. ZnF-UBP domains from the PDB with the highest
structural similarity as determined by the DALI server for the ZnF-
UBP domain of Sad1 (amino acids 29-124)

No.  Total

Res. no.
Description ~ Chain  RMSD aligned Res. % ID Z-score
HDAC6 3QV4-A 1.8 84 99 20 12.7
USP5 2PHD-C 2.2 85 673 13 10.1
USP16 2150-A 2.2 83 122 22 9.6
USP33 2UZG-A 2.1 75 95 24 8.7
ETP1 2IDA-A 3.0 80 102 14 8.2
USP13 2L80-A 3.0 88 114 15 8.0
UBP8 3MHS-A 2.7 71 455 20 7.9

USP14 and USP7 are active USPs that are missing this zinc
binding site in their fingertips; instead, these USPs compen-
sate for this absence through the formation of a zinc ribbon—
like fold (Hu et al. 2002, 2005). It is unclear how Sad1’s fin-
gertips are structured as it is missing the zinc binding residues
identified in USP2, and the high degree
of disorder in this region makes it impos-
sible to determine if they adopt the com-
pensatory zinc ribbon-like fold.

The overall fold and dimensions of
Sadl’s iUSP domain and catalytic core
are similar to other USPs; however, the
consensus motif for the catalytic triad of
active USP domains, CHD/N, is changed
(Komander et al. 2009). Instead of the es-
sential nucleophilic cysteine, Sadl and its
homologs contain an aspartate, which in
Sadl is D159. Sadl D159 participates in
a hydrogen bond network with Sadl
H405 and D422, the conformations of
which closely resemble that of the USP2
active catalytic triad, composed of C33,
H314, and N331 (Fig. 6F). However, con-
sistent with the hypothesis that Sadl is
catalytically inactive, Sadl H405 and
D422 are not well conserved, and single
alanine mutations of the residues in the
pseudo-catalytic triad are tolerated in
vivo and in vitro, suggesting that they are
dispensable for Sad1 function (Table 1).

The USP domain of USP2 recognizes
ubiquitin through two distinct sets of
interactions. A large cup-like surface
formed between the finger, palm, and
thumb subdomains recognizes the core
of ubiquitin, residues 1-71, and a deep
catalytic cleft formed between the palm
and thumb subdomains interacts exten-
sively with the C-terminal tail of ubiqui-
tin, residues 71-76 (Fig. 6C; Renatus

et al. 2006). Sad1’s iUSP domain contains a similar cup-like
feature that appears large enough to accommodate the core
domain of ubiquitin in a hypothetical model of Sadl bound
to ubiquitin (Fig. 6D); however, the cup is partially disordered
in the fingers region, complicating the interpretation of Sad1’s
putative ubiquitin binding surface.

The structure of Sad1’s iUSP domain reveals the presence of
a cleft that is reminiscent of the catalytic cleft seen in USP2,
but it is missing critical elements. The catalytic cleft of
USP2 appears as a deep groove that binds to the last five amino
acids of the ubiquitin tail (Fig. 6C; Renatus et al. 2006). This
groove is composed of the “Cys Box,” the “His Box,” the
“QDE Box,” and two loops, Blocking Loop 1 (BL1) and
Blocking Loop 2 (BL2) (Hu et al. 2005; Renatus et al. 2006).
Sadl is missing the catalytic cysteine from the Cys Box, but
has the histidine and aspartate residues from the His box
(Fig. 6F). The QDE box contacts the C terminus of ubiquitin
in the active site of USP2, but in Sadl, the homologous se-
quence appears as PDL and is in an alternate orientation
(Fig. 6E). Finally, BL1 and BL2, which abut the active site in

FIGURE 4. The ZnF-UBP domain of Sadl binds one Zn atom. (A) Sadl’s ZnF-UBP domain
(pale orange) with secondary structure elements labeled, including loop L2A and the p4-5
loop. This view is from a 50° rotation about the y-axis of the full-length molecule in Figure 3B
with the iUSP domain removed for clarity. (B) A structural alignment produced with Pymol of
Sadl’s ZnF-UBP to the ZnF-UBP domain from H. sapiens USP16 (yellow; PDB ID 2150). The
three zinc atoms of USP16, A through C, appear as gray spheres, and the B-site zinc atom
from Sadl appears as a pale orange sphere. (C) Structural alignment of the B-site zincs from
SAD1 ZnF-UBP, H. sapiens HDAC6 ZnF-UBP (violet, PDB ID 3C5K), and USP16 ZnF-UBP.
The residues that comprise the CCHH zinc finger of Sadl are labeled.
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FIGURE 5. The L2A and 4-5 loops of Sad1’s ZnF-UBP domain are contracted relative to other ZnF-UBPs. (A) Structural alignment of Sad1’s ZnF-
UBP domain (pale orange) to the ZnF-UBP domains from H. sapiens HDAC6 (violet; PDB ID 3C5K) and H. sapiens USP5 (cyan; PDB ID 2G43). The
zinc atoms of HDAC6 and USP5 are depicted as gray spheres, and the zinc atom from Sad1 is depicted as an orange sphere. Structural alignments were
performed in Pymol. (B) Structural alignment of Sad1’s ZnF-UBP main-chain (pale orange) to all other ZnF-UBP domain main-chains available in
the PDB (gray; 2G45, 2G43, 3IHP, 3C5K, 3PHD, 3GV4, 2UZG, 2150, 2L80, 2IDA, 3M99, 3MHH, and 3MHS). Sadl is an outlier with respect to the
distance between its L2A and p4-5 loops. (C) Structural alignment of Sad1’s ZnF-UBP domain to the apo ZnF-UBP domain from USP5 (PDB ID
2G43). The ubiquitin interacting residue R221 of USP5 is pointed toward solvent. In contrast, the corresponding residue in Sadl, R70, is held close
to the surface through two hydrogen bonds to Y58 and N102. Hydrogen bonds were determined by Pymol with a 3.1 A cut-off. (D) Structural align-
ment of Sad1’s ZnF-UBP to the ZnF-UBP domain from USP5 bound to ubiquitin (raspberry; PDB ID 2G45), shows that the ubiquitin tail as it binds to
USP5 would clash with the unique placement of Sad1 R70. (E) Surface representations of the ZnF-UBP domains from USP5 and Sadl, either with or
without ubiquitin. The structural alignment from 4D was used to model Sad1 with ubiquitin, and USP5 was removed for clarity. The deep depression
present on the surface of USP5’s ZnF-UBP domain is entirely filled by the unique placement of Sadl R70. (F) Structural alignment of the A site zinc
finger of HDACS to the corresponding regions of USP5 and Sad1. The residues of USP5 that are engaged in compensatory hydrogen bond interactions
are labeled. (G) Primary sequence alignment of USP5 homologs aligned with the T-coffee server. The H. sapiens USP5 residues that engage in com-
pensatory A-site zinc finger hydrogen bond interactions are highlighted. Shown below the alignment for reference are the equivalent residues in Sadl.

USP2, are larger, and BL2 appears more flexible in Sad1 com- flexibility (Fig. 6E). Thus, the increased bulk of BL1 and BL2

pared with USP2, as it was unable to be resolved in the crystal
structure due to its high degree of disorder (Fig. 6E).

In USPs, BL1 and BL2 are connected to the palm subdo-
main in the catalytic cleft and must move to accommodate
the docking of the C-terminal ubiquitin tail (Hu et al.
2005; Luna-Vargas et al. 2011). As is found with other
USPs crystallized in the absence of ubiquitin, Sad1’s BL1 is
in the closed conformation, yet BL1 possesses an extra helical
region that points toward the ubiquitin tail and is larger than
the USP BL1s in the PDB (Fig. 6E). The BL2s from all USPs
crystallized to date are short, well-ordered loops. In Sadl,
BL2 not only is five amino acids longer than those of all other
USPs but also is disordered, suggesting an increased degree of
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may prevent Sadl from creating an open pocket for ubiquitin
binding, which may account for the observed inability to rec-
ognize ubiquitin in vitro.

DISCUSSION

Sad1 protein is a general splicing factor

We have examined the structure and function of the essential
splicing factor Sad1, which is composed of two conserved and
essential domains, a zinc finger ubiquitin binding domain
and an inactive USP domain. Using pre-mRNA splicing mi-
croarrays (Fig. 1B), we show that Sadl is a general splicing
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FIGURE 6. The iUSP domain of Sadl aligns well with known USP structures. (A) The finger,
palm, and thumb subdomains of Sadl’s iUSP domain (slate blue) are circled and the blocking
loops indicated. (B) Structural alignment of the Sadl iUSP domain to the USP domain from
H. sapiens USP2 (lime) bound to ubiquitin (PDB ID 2HD5), where ubiquitin was removed after-
ward for clarity. The structural alignment was produced in Pymol. (C) Transparent surface rep-
resentation of USP2 bound to ubiquitin (raspberry). The cup-like surface, which binds to the
globular fold of ubiquitin, and the catalytic cleft, which binds to the C-terminal tail of ubiquitin,
are highlighted. (D) A hypothetical model of the transparent surface representation of Sadl’s
iUSP domain after a structural alignment of Sad’s iUSP domain to USP2 bound to ubiquitin.
USP2 was removed to allow modeling of Sad1 iUSP’s capacity to accommodate ubiquitin in its
partial cup-like surface. (E) A zoomed image of the catalytic cleft from USP2 bound to ubiquitin
aligned to Sad1’s iUSP domain. The two blocking loops, the QDE loop of USP2 and the homol-
ogous PDL loop of Sadl, are labeled to highlight their different conformations. (F) A zoomed
image of the catalytic triad from USP2 aligned to the pseudo-catalytic triad of Sad1’s iUSP domain
shows a high degree of structural similarity.

(Fig. 3A) and found that although the
two domains of Sadl are broadly similar
to the ubiquitin signaling families from
which they are derived, they deviate
sharply in the regions that would be pre-
dicted to interact with ubiquitin, which
may explain the inability to observe ubig-
uitin binding to purified Sadl in vitro.

Sad1 protein does not bind ubiquitin
in vitro

Sad1 lacks two of the zinc-binding sites
found in ZnF-UBPs. Taken together
with the dramatic rearrangement of the
ubiquitin binding pocket, it is clear that
the ZnF-UBP domain of Sadl does not
have the high affinity ubiquitin binding
site seen in other members of this family
(Figs. 2A, 5D). There are three other
structures of ZnF-UBP domains that do
not bind ubiquitin, and sequence align-
ments of all ZnF-UBPs in humans and
yeast indicate that there may be more
(Fig. 2A; Bonnet et al. 2008). Thus, as
has been suggested previously, there are
two classes of ZnF-UBPs: those that can
bind ubiquitin and those, like Sad1, that
cannot (Bonnet et al. 2008). Based upon
the structural studies presented here and
the high degree of conservation in the
residues that dictates Sad1’s unique L2A
and B4-5 loop rearrangements, it is ex-
pected that the ZnF-UBP domain from
all of Sad1’s splicing homologs will simi-
larly not bind ubiquitin (Supplemental
Fig. S1).

While it is clear from the crystal struc-
ture of Sadl why the ZnF-UBP domain
is unable to bind ubiquitin, it is less obvi-
ous why Sadl’s iUSP domain does not
bind ubiquitin. Sad1’s iUSP structure re-
sembles other USP structures; it contains
the prominent, cup-like surface that con-
tributes to the binding of the core domain
of ubiquitin in other USPs. However, the
catalytic cleft also contributes to ubiquitin

factor. Inactivation of SAD] in vivo causes a rapid pre-mRNA
splicing defect that is both broad and severe, and this pheno-
type is most likely due to a tri-snRNP joining defect, as inac-
tivation of SADI in vitro causes an immediate block to
spliccosome assembly at the presplicecosome stage (Fig.
1D). Recombinant Sad1 was able to complement the spliceo-
some assembly defect and restore in vitro splicing (Fig. 1C).
We determined a 1.8 A crystal structure of full-length Sad1

binding in active USPs, and this region, although present in
Sadl, is dramatically remodeled. The pseudo-active site
formed by Sadl’s catalytic cleft lacks the essential catalytic
USP residues and contains active site loops that are longer
and more disordered than those that have been seen in other
USP structures. Such changes may explain the inability to ob-
serve ubiquitin binding to the USP domain of Sad1 in vitroand
may point to an unidentified role for these features in vivo.
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TABLE 4. USP domains from the PDB with the highest structural
similarity as determined by the DALI server for the iUSP domain
of Sad1 (amino acids 125-448)

No. Total

Res. no. % Z-
Description ~ Chain ~ RMSD aligned  Res. ID score
USP4 2Y6E-B 2.3 244 339 23 255
USP8 2GFO-A 2.6 246 339 21 252
USP21 3MTN-A 2.5 240 315 18 25.1
USP2 2IBI-A 2.4 237 315 20 2438
UBP8 3MHH-A 2.7 242 433 17 243
USP5 3IHP-A 2.6 245 673 16 7.9
Usp7 TNBF-A 2.4 237 347 15 228
UBP6 TVJV-A 2.4 238 367 16 22.7
USP14 2AYN-A 2.3 234 337 13 225
CYLD 2VHEF-A 3.2 219 341 18 17.7

The ZnF-UBP domain as an activator for the neighboring
USP domain

ZnF-UBPs domains have been shown to act as ubiquitin-de-
pendent activators for the deubiquitinase activity of their
neighboring USP domains. For example, the deubiquitinase
activity of USP5 is stimulated when the free C-terminal tail
of ubiquitin binds to its ZnF-UPB domain, most likely
through contributions to substrate recruitment (Reyes-
Turcu et al. 2006, 2008; Avvakumov et al. 2012).

The ZnF-UBP domain has also been shown to contribute
to USP activity in a ubiquitin-independent manner. Instead
of binding ubiquitin, the ZnF-UBP from Ubp8 functions
as an assembly lobe to recruit cofactors, which then stimulate
the catalytic activity of its neighboring USP domain (Kohler
et al. 2010; Samara et al. 2010, 2012). Analogous to our cur-
rent examination of Sadl, initial studies of Ubp8 showed that
purified full-length Ubp8 did not bind ubiquitin nor did it
possess in vitro deubiquitinase activity (Lee et al. 2005). It
was only upon the purification of Ubp8 from cell lysates
and the identification of its interacting partners that in vitro
deubiquitinase activity could be observed (Ingvarsdottir et al.
2005; Lee et al. 2005). Finally Ubp8 crystallized in the pres-
ence of these factors revealed that they assembled upon the
ZnF-UBP domain, which then allowed them to interact
with the fingers and catalytic cleft of Ubp8’s USP domain
to activate USP activity (Kohler et al. 2010; Samara et al.
2010, 2012). Consistent with its ubiquitin-independent
function, the ZnF-UBP domain from Ubp8 is missing
many of the residues important for ubiquitin recognition
(Fig. 2A).

In this work, we show that Sad1’s ZnF-UBP is of the class
that does not bind ubiquitin and possesses an iUSP domain
that closely resembles the USP fold (Table 4). Given UBP8’s
dependence upon its nonubiquitin binding ZnF-UBP
domain for activity, it is plausible that Sad1’s function similar-
ly depends upon activation through cofactor binding to its
upstream ZnF-UBP domain. This could result in the activa-
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tion of a ubiquitin receptor-like function in its neighboring
iUSP domain given its high similarity to known USP struc-
tures. Additionally, the ZnF-UBP of Sadl may be essential
for its recruitment to the spliceosome, as the cofactors that
decorate the ZnF-UBP of Ubp8 for activation of the USP
domain are also essential for its recruitment to the SAGA
complex (Ingvarsdottir et al. 2005; Lee et al. 2005; Kohler
et al. 2006).

If Sad1’s ZnEF-UBP does act as a scaffold, then these inter-
actions occur in the pre-mRNA splicing lysate during in vitro
splicing and assembly. When these cofactors are identified,
we predict that Sad1’s iUSP domain will become competent
to interact with ubiquitin. An alternative to this model is
that Sadl’s iUSP domain may not need activation to bind
ubiquitin but rather may require the recognition of both
ubiquitin and the spliceosomal protein to which it is conju-
gated. Finally, Sadl’s iUSP domain may not bind ubiquitin
and instead may serve an entirely different function in the
splicing reaction. With the resolution of which proteins
directly interact with Sadl, which will be a challenge given
Sadl’s low affinity for splicing factors, we will distinguish be-
tween these potential mechanisms. The work presented here
provides critical insight into the function of Sadl by demon-
strating Sad1’s role in spliceosome assembly as a general splic-
ing factor and by providing a structural perspective on the
role of its essential and well-conserved ubiquitin-related
domains.

MATERIALS AND METHODS

Strain construction and 5-fluoroorotic acid selection

The sadl-1 allele was cloned from the original sadl-I isolate
(Lygerou et al. 1999) along with 800 bp upstream of the start site
and 900 bp downstream from the stop codon into a pRS313
HIS3 CEN/ARS plasmid. The same primers were used to clone a
wild-type copy of SADI from S. cerevisize S288C into both a
pRS316 URA3 CEN/ARS plasmid and a pRS313 HIS3 CEN/ARS
plasmid. The sequences were identical with the exception of
T707C and C827T, resulting in the amino acid changes L236P
and S276F, respectively. Subsequent mutants and truncations of
SADI were produced by standard PCR mutagenesis of the SADI
pRS313 plasmid. To produce a deletion strain of SADI, the
SADI gene was deleted using PCR-based homologous recombina-
tion in a diploid S288C strain using the KanMX marker (Longtine
et al. 1998). After selection for kanamycin resistance, an individual
colony was transformed with the wild-type SADI pRS316 plasmid,
and after selection in the absence of uracil and the presence of
kanamycin, the transformants were allowed to sporulate. Tetrads
were dissected and grown on complete media, and then replica
were plated to media lacking uracil and containing kanamycin
for the selection of haploid cells harboring both the KanMX
marked SADI deletion and the wild-type SADI pRS316 plasmid,
producing the SADI pRS316/sadl::kan strain.

5-Fluoroorotic acid (5-FOA) screening was performed by trans-
forming the SADI pRS316/sadl::kan strain with the wild-type
SADI pRS313 plasmid, an empty pRS313 plasmid, or a pRS313
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plasmid containing a mutation or truncation of SAD]. Selection was
performed in the absence of histidine and in the presence of uracil to
allow for the passive loss of the wild-type SADI pRS316 plasmid.
Individual colonies were patched, then replica were plated to 5-
FOA-—containing plates. Growth indicated the ability to lose the
wild-type SADI pRS316 plasmid and, therefore, the viability of the
genetic manipulation. Transformants that survived on 5-FOA were
further screened for temperature sensitivity by testing for growth
at 30°C and 37°C.

Protein purification

Full-length Sadl, amino acids 1-448, was cloned from S. cerevisiae
S288C into the pET-28b plasmid at the Bam HI and Xhol sites,
which fuses a 6-His tag to the N terminus. BL21 E. coli cells were
transformed and induced with 0.1 mM isopropyl p-D-1-thiogalac-
topyranoside at an optical density of 0.8 at 600 nm, and the cultures
were allowed to grow overnight at 18°C. Cells were flash frozen and
resuspended in 50 mM Hepes (pH 7.9), 500 mM NaCl, 20 mM
Imidazole, 1 mM tris (2-chloroethyl) phosphate (TCEP). After son-
ication, the soluble lysate was incubated with Ni-NTA; washed with
50 mM Hepes (pH 7.9), 150 mM NaCl, 20 mM imidazole, 1 mM
TCEP; and eluted with wash buffer supplemented with imidazole
to 300 mM. The eluate was concentrated and applied to a S200
Superdex size-exclusion column equilibrated with 20 mM Hepes
(pH 7.9), 50 mM KCl, and 1 mM TCEP. The peak fractions were
pooled, concentrated to 50 uM Sadl, and then flash frozen. This
protein was used for crystallization and for use in in vitro splicing
and assembly assays.

Crystallization

The initial screen to identify crystallization conditions for full-length
Sadl was conducted by the Hauptman-Woodward Institute with
50 uM 6-His-Sad1l. Under oil hits were optimized by vapor-diffu-
sion hanging drop methods, and the optimal crystal conditions
were determined to be 1:1 50 uM 6-His Sadlwith 13% PEG 4000,
0.1 M sodium acetate, and 0.1 M magnesium acetate (pH 5.5) at
25°C and were fully grown within 48 h. Tungsten-derivative Sadl
crystals were produced by soaking native crystals for 2 h in mother
liquor supplemented with 10 mM sodium tungstate. Optimal cryo-
genic conditions were achieved by soaking crystals in a drop of
mother liquor supplemented with PEG 400 to 25%.

Structure solution

Data were collected at 100 K at the Advanced Light Source and pro-
cessed using the program suite Elves (Holton and Alber 2004).
Phases were determined from a single-wavelength anomalous dis-
persion experiment. A single tungsten site was found in the HYSS
module of Autosol in Phenix (Adams et al. 2010), which was used
to calculate phases with the program Phaser and then to generate
an electron density map with Resolve for Autobuild. Three hundred
seventy-five of 414 residues were placed by Autobuild, and then 39
residues were placed manually into the density. The final model was
refined in Phenix to an R/Rge. of 17.1/20.2 (Adams et al. 2010).
Coordinates and structure factors were deposited in the Protein
Data Bank with accession code 4MSX.

Pre-mRNA splicing arrays

The following is adapted from previously designed S. cerevisiae pre-
mRNA microarray studies (Pleiss et al. 2007). Briefly, 100 mL of
SADI pRS313/sadla:kan and sadl-1 pRS313/sadlA:kan cells
were grown to mid-log phase at 25°C and then split to two 50 mL cul-
tures, which were either kept at 25°C or shifted to 37°C for 30 min un-
til cells were collected and frozen. RNA was extracted and split for
dN9 cDNA synthesis in the presence of either Cy5- or Cy3-labeled
dUTP. Cy3/Cy5-labeled SAD1I and sad1-1 cDNAs were competitively
hybridized to pre-mRNA microarrays composed of probes that were
designed to hybridize to sequence elements in the intron, the exon,
and the junction of every yeast intron-containing gene. Microarray
fluorescence was measured at 532 and 635 nm with an Axon
Instruments GenePix 4000B, and images were processed with Axon
Instruments GenePix Pro, version 5.1. Six technical replicate spots
perarrayand dye flipped replicate arrays were combined and normal-
ized as log, transformed ratios that were then averaged and subjected
to centroid-linkage hierarchical clustering using Cluster 3.0 and dis-
played graphically to produce heat maps with Java Treeview.

In vitro splicing and assembly

Splicing extracts were prepared as follows from SADI pRS313/
sadlA:kan and sadl-1 pRS313/sad1A::kan grown at 30°C to an op-
tical density of 2 at 600 nm. Cells were resuspended in 0.4X volumes
AGK buffer (20 mM Hepes at pH 7.9, 200 mM KCl, 2.5 mM MgCl,,
protease inhibitors) and frozen. Cells were ball-milled five times at 10
Hz for 3 min, and thawed lysates were centrifuged at 50,000¢ for 30
min to remove membranes and centrifuged again at 125,000¢ for 80
min to remove ribosomes. Finally, lysates were buffer exchanged into
buffer D (20 mM Hepes at pH 7.9, 10% glycerol, 50 mM KCl, 1.5 mM
MgCl,, 0.5 mM DTT) using a desalting column.

In vitro splicing reactions were prepared with 8 uL of splicing ex-
tract, which was added to a reaction containing 3% PEG 8000,
60 mM potassium phosphate (pH 7.0), 2.5 mM magnesium chloride,
and 10 units of RNasin. The ACT1 pre-mRNA, transcribed with Cy5-
labeled UTP (as 5% of the UTP), was incubated with sadI-1 splicing
extracts that were either inactivated completely with an incubation at
37°C or not. Full-length Sad1 was supplemented to the reactions in a
10-fold serial dilution starting from 105 nM. After the addition of
ATP to 2 mM, the reactions were incubated for 30 min at 25°C and
stopped with the addition of SDS to 2.5%, 1 mM EDTA. Ten units
of Proteinase K were added, and the reactions were incubated for
10 min at 60°C and then loaded onto a 6% polyacrylamide, 6 M
urea, TBE gel.

Using a P**-labeled ACTI pre-mRNA, in vitro assembly reactions
were prepared in an identical manner to that of the in vitro splicing
reactions with the exception that the reactions were stopped with the
addition of 2x Native buffer (60 mM KPO,, 3 mM MgCl,, 3% PEG
8000, 8% glycerol, 10 mg/mL heparin) and were then resolved on a
26-cm-long, 0.5-mm-thick, 4% 80:1 polyacrylamide gel that was
run at 450 V for 4.5 h in TAE.

Isothermal titration calorimetry

To express the iUSP domain of Sadl for ITC, residues 124-448 were
cloned and purified in a similar manner to full-length Sad1, but to aid
in solubility, the Hepes (pH 7.9) buffer was replaced with Tris-Cl
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(pH 8.0) and the size-exclusion buffer was 20 mM Tris-Cl (pH 8.0),
150 mM NaCl, and 1 mM TCEP. Full-length Sadl was also purified
in this manner for the ITC experiments and showed no difference in
potency in the in vitro splicing or assembly add-back assays (data not
shown). The plasmid to express the ZnF-UBP domain from USP5
was a gift from Dr. Hong-Yu Hu, Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences, Shanghai, China, and the
protocol followed for purifying the protein did not vary from the
published one (Zhang et al. 2011). Ubiquitin was purchased from
Boston Biochemicals.

We dizlyzed 50 uM of Sad1, 50 pM of the iUSP domain from Sad1,
50 uM of the ZnF-UBP domain from USP5, and 1 mM ubiquitin ex-
tensively against 25 mM Tris (pH 7.4), 150 mM NaCl, and 0.5 mM
TCEP. The receptor cell was filled with 50 pM Sadl, 50 pM Sad1-
iUSP, or 50 pM USP5- ZnF-UBP. We used 1 mM ubiquitin as the ti-
trant. Experiments were carried out on a Microcal VPITC at 25°C.

GST-UBL immunoprecipitations

Hubl, SUMO, ubiquitin, and Rub1 were cloned from S. cerevisiae
$288C into the pGEX 6-P-1 vector, producing N-terminal fusions
with GST. Proteins were purified in a similar manner to the 6-His
tagged proteins above. We used 20 mM Tris-Cl (pH 8.0), 150
mM NaCland 1 mM TCEP as the resuspension and wash buffer,
which was then supplemented with 20 mM glutathione for elution.
Eluates were concentrated and dialyzed extensively against 20 mM
Tris-Cl (pH 8.0), 150 mM NaCl, and 0.5 mM TCEP. Full-length
Snu66 was cloned from S. cerevisiae S288C into pET28b, placing a
6-His tag on its N terminus. 6-His Snu66 was purified in a manner
identical to the Sadl iUSP domain.

Six nanomoles of each of the GST-UBLs was incubated separately
in 500 pL of wash buffer with 12.5 uL magnetic glutathione beads for
1 h at 4°C to allow for binding, and then beads were washed with
20 mM Tris-Cl (pH 8.0), 150 mM NaCl and 1 mM TCEP. Five hun-
dred microliters of 50 uM Sad1, 50 pM Snu66, or 50 pM USP5-ZnF-
UB was added to the beads and incubated for an additional hour at
4°C before washing and eluting in 50 pL wash buffer supplemented
with 20 mM glutathione. Eluates were analyzed on 8% SDS-poly-
acrylamide gel electrophoresis.

Biolayer interferometry

Ubiquitin labeled with a single biotin on its N terminus was pur-
chased from Thermo Scientific. Sadl and USP5 were prepared in a
manner identical to that used for the ITC experiments. BLI was mea-
sured at 25°C with an Octet384 (ForteBio). Biotin ubiquitin was im-
mobilized on streptavidin biosensors at 10 pg/mL in assay buffer (25
mM Tris-Cl at pH 8.0, 150 mM NaCl, and 1 mM TCEP) for 5 min.
Probes were then washed with assay buffer for 1 min, regeneration
buffer (0.1% SDS, 10 mM glycine-HCl at pH 2.5) for 30 sec, and assay
buffer again for 1 min. All binding measurements were carried out at
the indicated concentrations of either USP5 ZnF-UBP or Sad1 for the
indicated amounts of time. A single biosensor was used to measure
ubiquitin binding at each concentration. BLI responses to buffer
alone and responses to streptavidin coated tips without immobilized
ubiquitin were subtracted from each curve using the ForteBio analy-
sis suite. Data for processed association binding curves were analyzed
with GraphPad Prism 6.0 (GraphPad), where they were fit using the
equation for a one-phase association. Saturation binding values from
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the plateaus of the one-phase associations (R.q) were plotted as a
function of titrant concentration and fit with a single-site saturation
binding model to obtain Kps when possible.

DATA DEPOSITION

The coordinates and the structure factors have been deposited in the
Protein Data Bank with accession code 4MSX.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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