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and mechanisms remain undefined.

DNA repair.
Conclusion: Cdc48-Ufd1-Npl4 acts as a STUDBL effector.

signaling by these critical factors.

(Background: SUMO-targeted ubiquitylation controls critical cellular processes, including genome stability; but effectors

Results: The Cdc48-Ufd1-Npl4 segregase binds SUMO and cooperates with the SUMO-targeted ubiquitin ligase (STUbL) in

Significance: Novel dual recognition of SUMO and ubiquitin co-modified proteins likely provides selectivity and specificity in

N
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Protein modification by SUMO and ubiquitin critically
impacts genome stability via effectors that “read” their signals
using SUMO interaction motifs or ubiquitin binding domains,
respectively. A novel mixed SUMO and ubiquitin signal is gen-
erated by the SUMO-targeted ubiquitin ligase (STUbL), which
ubiquitylates SUMO conjugates. Herein, we determine that the
“ubiquitin-selective” segregase Cdc48-Ufd1-Npl4 also binds
SUMO via a SUMO interaction motif in Ufd1 and can thus act as
a selective receptor for STUbL targets. Indeed, we define key
cooperative DNA repair functions for Cdc48-Ufd1-Npl4 and
STUDL, thereby revealing a new signaling mechanism involving
dual recruitment by SUMO and ubiquitin for Cdc48-Ufd1-Npl4
functions in maintaining genome stability.

Posttranslational modifications regulate diverse biological
processes, and cross-talk among different posttranslational
modifications fine-tunes and increases the complexity of cellu-
lar regulation. For example, phosphorylation, ubiquitylation,
and sumoylation all contribute extensively toward the precise
orchestration of the DNA damage response, upon which both
cell viability and suppression of human disease critically
depend. Recent studies on the DNA damage response to DNA
double strand breaks (DSBs)? link both ubiquitylation and
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sumoylation to key targets at the lesion where these two mod-
ifications govern separate yet interrelated steps in DSB repair
(1,2).

A novel class of ubiquitin E3 ligases orchestrates direct coop-
erativity of SUMO and ubiquitin in genome maintenance. The
evolutionarily conserved SUMO-targeted ubiquitin ligases
(STUDbLSs), including human RNF4, budding yeast SIx5-SIx8,
and fission yeast Rfp1/2-SIx8, catalyze the ubiquitylation of
SUMO-modified proteins, which can target them for protea-
some-mediated degradation (3—8). Consistent with this role,
STUbL inactivation causes an accumulation of cellular SUMO-
modified species, especially high molecular weight SUMO
chains. Severe genomic instability and genotoxin hypersensitiv-
ity accompany the accumulation of SUMO chains, and in fis-
sion yeast, blocking SUMO chain formation mitigates these
phenotypes (4, 9). The last finding suggests that either a poly-
sumoylated protein(s) dominantly interferes with key cellular
processes or, that the SUMO chains are themselves toxic and
the critical STUDL target. Although the relevant pathways that
are perturbed by STUbL inactivation remain largely undefined,
STUbL maintains genome stability, at least in part, by facilitat-
ing the removal of genotoxic covalent topoisomerase I (Top1)-
DNA adducts (10).

To further define the physiological impact of SUMO chains
and their regulation by STUbL, we undertook a proteomics
approach to identify proteins that can bind non-covalently to
SUMO and/or SUMO chains in fission yeast. Intriguingly, we
found the Cdc48-Ufd1-Npl4 (Cdc48-UN) protein complex was

ubiquitin ligase; SUMO, small ubiquitin-like modifier protein; Top1, topoi-
somerase |; TopTcc, Top1 cleavage complex; Tdp1, tyrosyl DNA phospho-
diesterase; PCNA, proliferating cell nuclear antigen; PIP, PCNA interacting
protein; DIC, differential interference contrast.
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highly enriched among SUMO binding proteins. The
Cdc48-UN complex is best known for its ubiquitin-mediated
role in endoplasmic reticulum-associated protein degradation
(11, 12). Endoplasmic reticulum-associated protein degrada-
tion substrates are extracted from the endoplasmic reticulum
using the Cdc48 (human p97) AAA ATPase “motor” and
directed to the proteasome for degradation. Recently, evidence
for Cdc48/p97 playing key roles in the DNA damage response
has emerged (11-23). Here, we define a new role for Cdc48-UN
as a STUbBL cofactor in protecting cells from SUMO chain-
mediated toxicity, and Topl-induced genome instability. Our
data suggest that Cdc48-UN can be targeted to SUMO and
ubiquitin co-modified substrates such as STUbL targets via an
unprecedented combination of ubiquitin and SUMO recogni-
tion motifs in Ufd1.

EXPERIMENTAL PROCEDURES

General Yeast Techniques—Standard yeast methods were
performed as described previously (24). Low fidelity PCR prod-
ucts covering the entire ufdl locus were used to replace the
genomic locus and generate the ufd1 temperature-sensitive (zs)
alleles. The mutations within each mutant were identified via
sequencing. Strains used in this study are listed in supplemental
Table S2.

SUMO Chain Pulldown from Schizosaccharomyces pombe
Cell Lysate—The S. pombe SUMO chains were produced in
Escherichia coli as described (9). His,-tagged SUMO was puri-
fied from bacteria using nickel-nitrilotriacetic acid beads and
eluted with 200 mm imidazole (see Fig. 1A4). Purified SUMO
chains were coupled to AffiGel-15 beads (Bio-Rad) in 0.1 m
MOPS (pH 7.5). As a control, GST proteins were conjugated to
AffiGel-10 beads in buffering containing 0.1 m HEPES, pH 6,
150 mm NaCl. Cells from the S. pombe SUMO deletion strain
were lysed in Sp (S. pombe)-lysis buffer (50 mm Tris, pH 8, 150
mm NaCl, 1 mm EDTA, 10% glycerol, 0.1% Nonidet P-40, 20 mm
N-ethylmaleimide, 2 mm PMSF, and Complete protease inhib-
itor EDTA-free, Roche Applied Science). Lysate containing 50
mg of proteins was pre-cleared with GST-agarose at4 °Cfor2h
to adsorb nonspecific interacting proteins and subsequently
incubated with SUMO chain agarose. Both GST and SUMO
beads were washed extensively with Sp-lysis buffer and eluted
by competition with monomeric SUMO (see Fig. 1A4).

Fluorescence Microscopy—To induce expression of GFP or
mCherry-tagged proteins, cells were cultured in the absence of
thiamine (B1) at 25 °C for 2 days. SIx8 inactivation was achieved
by shifting temperature to 35 °C for 6 h. Wide-field fluores-
cence images of live cells were acquired using a Nikon Eclipse
microscope with a 100X Plan Apochromat DIC H oil immer-
sion objective and a Photometrics Quantix charge-coupled
device camera. Images were analyzed with NIH Image]
software.

Chromatin Immunoprecipitation (ChIP) Assay—Strains
expressing endogenous nmt4I:FLAG-Topl were cultured at
25 °C in the absence of B1 for 30 h. The cells were harvested,
and native ChIP experiments without cross-linking were per-
formed essentially as described (10). For each experiment, the
percentage DNA recovery of ChIP samples relative to the DNA
amount in the input was averaged over triplicate quantitative
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PCR measurements (Chromo4, Bio-Rad). Primer sequences for
cnt2 (centromeric inner repeats of Chromosome 2), telo2R
(subtelomeres of Chromosome 2), mesI (upstream of mesl on
Chromosome 1), and rDNA2 (rDNA) have been published (25,
26). The data represent the average DNA recovery compared
with the input DNA samples with standard variances from
three replicates. Student’s ¢ tests were performed between wild
type and the indicated strains. The p value < 0.05 is denoted
with one asterisk (*) and < 0.01 with two asterisks (**).

Western Blotting—To assay total levels of sumoylated pro-
teins, cells were harvested in the appropriate media/conditions
and lysed in denaturing buffer (8 m urea, 50 mm NaH,PO,, 50
mM Tris, pH 8, 300 mm NaCl, 20 mm N-ethylmaleimide, 2 mm
PMSF, and Complete protease inhibitor EDTA-free). Equal
quantities of protein were then resolved on 4-20% gradient
Tris-glycine gels and immunoblotted using antisera raised
against S. pombe SUMO (9). Anti-tubulin was used as a loading
control (Sigma). Membranes were then probed with IRDye800
or IRDye680 secondary antibodies (LI-COR Biosciences), and
fluorescence was detected using the ODYSSEY Infrared Imag-
ing system (LI-COR 117 Biosciences).

Mass Spectrometry Analyses—Samples were denatured and
then reduced and alkylated prior to overnight digestion with
trypsin. The protein digests were loaded onto MudPIT columns
that were placed inline with a 1200 quaternary HPLC pump
(Agilent Technologies) and the eluted peptides were electros-
prayed directly into an LTQ Orbitrap XL mass spectrometer
(Thermo Scientific) using a 10-step MudPIT method. MS/MS
spectra were extracted using RawXtract (version 1.9.9) (27).
MS/MS spectra were searched with the Sequest algorithm (28)
againsta S. pombe database concatenated to a decoy database in
which the sequence for each entry in the original database was
reversed (29). Sequest results were assembled and filtered using
the DT ASelect (version 2.0) algorithm (30).

In Vitro Pulldown Experiments—The S. pombe SUMO
chains were produced as described above. GST-tagged Ufd1 or
Ufd144* were expressed in BL21 cells and purified using glu-
tathione (GSH)-Sepharose (GE Healthcare). Purified SUMO
chains and GST-Ufd1l or GST-Ufd1*** were combined in
buffer containing 50 mm Tris, pH 8, 150 mm NaCl, 0.5 mm
EDTA, 5 mMm B-mercaptoethanol at 25 °C for 15 min prior to
pulldown with GSH-Sepharose. After extensive washes with
the binding buffer, proteins were eluted with 20 mm reduced
GSH and analyzed by Western blotting.

RESULTS

Ufdl C-terminal SIM Mediates Non-covalent Interaction
between Cdc48-UN Complex and SUMO—We carried out a
proteomic screen to identify SUMO binding proteins that may
be involved in STUbL function. Immobilized SUMO chains (or
control GST) were used to pull down proteins in cell lysates
prepared from fission yeast lacking endogenous SUMO
(SUMOA). Bound proteins were eluted using purified mono-
meric SUMO (Fig. 14), and identified by mass spectrometry.
Notably, the fission yeast orthologues of a number of known
SUMO interactors were identified in the eluate from the
SUMO chain but not the GST column (see supplemental Table
S1). Among the SUMO-specific interactors, the Cdc48/p97
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FIGURE 1. Ufd1 interacts with SUMO in vivo via a C-terminal SIM. A, sche-
matics of SUMO chain pull down of S. pombe proteins. S, SUMO. Cell lysate of
a SUMOA strain was applied to AffiGel agarose matrix conjugated with SUMO
chains or control GST. After binding and washing, bound proteins were
eluted by competition with monomeric SUMO. SUMO chains purified from
E. coli BL21(DE3) expressing the S. pombe SUMO pathway were resolved
using SDS-PAGE and visualized by Coomassie staining (right panel). B and C,
the indicated yeast two-hybrid strains were spotted onto selective plates to
identify interacting proteins. The key indicates genes placed in frame with the
Gal4 DNA-binding (DBD) or the Gal4-activating domains (AD). D, Western
analysis using antibodies for GST or SUMO following in vitro GSH-Sepharose
pulldowns of GST-Ufd1 or GST-Ufd1*** incubated with SUMO chains. All of
the above proteins were expressed and purified from E. coli. E, Western anal-
ysis (WB) of GSH-Sepharose pulldowns from lysates of DE3 strains co-express-
ing Hisg-SUMO with either GST-Ufd1, or GST-Npl4. Immunoblots were probed
with antibodies for GST or SUMO. MW, molecular weight.

cofactors Ufd1 and Npl4 were the most highly represented,
with ~60% of their primary sequence covered by numerous
independent peptides (see supplemental Table S1). This was
intriguing, as the Ufd1-Npl4 heterodimer is well characterized
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and reported to bind ubiquitylated proteins (31). Nevertheless,
we identified a potential SUMO interaction motif (SIM) in the
last seven amino acids (DPIDIDA) of Ufdl, which deviates
somewhat from the core consensus I/V-X-1/V-1/V or I/V-1/V-
X-1/V sequence, but closely resembles the SIM found in the
SUMO-2 binding protein CoREST1 (NPIDIEV; (32)). Notably,
the budding yeast Ufd1 protein also terminates with a SIM-
containing sequence (EVIEID), which matches the core con-
sensus motif I/V-1/V-X-1/V. Consistently, budding yeast Ufd1l
was identified as a SUMO interactor in recent high throughput
yeast two-hybrid analyses (33, 34). In the latter study, all Ufd1
clones identified encoded the C terminus of the protein but
lacked various extents of the N terminus, indicating that the
SUMO interaction site resides in the C terminus of Ufd1. How-
ever, neither the function nor the nature of the interaction
(covalent versus non-covalent, direct versus indirect) was
defined in those studies. Therefore, we tested for non-covalent
interaction between Cdc48-UN and a non-conjugatable form
of SUMO (SUMO*#) using pairwise yeast two-hybrid analyses.
We determined that Ufd1 but neither Npl4 nor Cdc48 inter-
acted with SUMO (Fig. 1B); and confirmed the known interac-
tion between Ufd1 and Npl4 (35). Removing the putative SIM,
by deleting the last seven amino acids of the unstructured C
terminus (Ufd14<%) of Ufd1 abolished interaction with SUMO
but did not affect the interaction between Ufd1 and Npl4 (Fig.
1B). Furthermore, mutating the hydrophobic residues in the
Ufdl C-terminal SIM to alanine (DAADADA; Ufd1444) also
abolished the interaction of Ufdl with SUMO but not with
Npl4 (Fig. 1C).

To confirm that Ufd1 interacts directly and non-covalently
with SUMO, we expressed and purified GST-Ufd1l, GST-
Ufd14**, and His,-SUMO chains from bacteria and tested
their interactions in vitro. Compared with GST-Ufd1, which
bound SUMO robustly, GST-Ufd1*** showed only back-
ground levels of SUMO binding (Fig. 1D), consistent with our
yeast two-hybrid analyses and proteomic approaches. There-
fore, Ufd1 contains a bona fide C-terminal SIM that mediates
direct and non-covalent interaction with SUMO in vitro. As
anticipated for a protein that contains a single SIM and not the
tandem arrangements observed in STUbL proteins (36), we did
not observe preferential binding of Ufd1 to the higher molecu-
lar weight SUMO chain species.

We further confirmed that GST-Ufd1, but not GST-Npl4,
interacts directly with SUMO (Fig. 1E). Taken together, our
analyses thus far indicate that Cdc48-UN interacts non-cova-
lently with SUMO via a SIM in Ufd1, which is conserved in the
two distantly related fission and budding yeasts.

Colocalization of Ufd1 with SUMO in Vivo—We next tested
the interaction of Ufd1 with SUMO chains in vivo. We previ-
ously showed that upon inactivation of the STUbL SIx8-Rfp1,
SUMO chains accumulate to high levels, as detected by West-
ern blotting (9, 37). Similarly, here we found that GFP-SUMO
forms one to two nuclear foci in s/x8 —29 temperature-sensitive
cells, and both the frequency and size of these foci dramatically
increased upon a shift from permissive (25 °C) to restrictive
temperature (35 °C; Fig. 2A). These foci represent an accumu-
lation of localized SUMO chains, as when all (SUMOX°) or
major (SUMO®!*RK30R) SUMO acceptor lysines were mutated
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FIGURE 2. A, fluorescence imaging of live s/x8-29 cells, expressing GFP fusions
of SUMOWT, SUMOXT4RK30R o SUMOK® from the nmt41 promoter and inacti-
vated at 35°C for 6 h. Bar, 5 um. DIC, differential interference contrast.
B, GFP-SUMO and mCherry-Ufd1 (wild type, Ufd 14, or Ufd1A** mutant) were
co-expressed in s/x8-29 cells, which were inactivated at 35 °C for 6 h. The
mCherry-Ufd1 and SUMO constructs were expressed using the nmt41 and the
nmt42 promoters, respectively. Cells were cultured in the absence of thia-
mine (B1) at 25 °C for 2 days and then inactivated at 35 °C for 6 h before live
cell imaging. Bar, 5 um. C, live cell imaging of s/x8-29 mutants, co-expressing
either GFP-SUMOXT4RK30R o SUMOX® with mCherry-Ufd1. Bar, 5 um.

to arginine, these foci were either not observed or were greatly
diminished, respectively (Fig. 24) (9). Strikingly, mCherry-
Ufd1 also formed intense foci in s/x8-29 cells at restrictive tem-
perature, which tightly colocalized with the GFP-SUMO foci
(Fig. 2B).

Underscoring our biochemical and genetic data, deletion or
mutation of the Ufd1 SIM completely abrogated the formation
of Ufd1 foci, and colocalization with SUMO (Fig. 25; Ufd14¢*
Ufd1444). Furthermore, in six8-29 cells expressing GFP-
SUMOX®, which is unable to form chains or foci, the mCherry-
Ufdl signal remained diffuse (Fig. 2C). However, in GFP-
SUMOXMRK30R expressing slx8-29 cells, mCherry-Ufd1 again
formed foci that both colocalized with (Fig. 2C) and matched
the reduced size of SUMO foci in this background (see Fig. 24).
This result also indicates that Ufd1 does not require a specific
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SUMO chain topology, as alternative acceptor sites are used to
form the limited chains in the SUMOQ ' *®*3%R hackground (9).
Indeed, as alluded to above, we believe that the single SIM pres-
ent in Ufd1 is unlikely to favor binding of the protein to SUMO
chains over monomeric SUMO. However, SUMO chains could
potentially provide binding sites for multiple Ufdl proteins.
Overall, we have demonstrated that Ufd1 interacts with SUMO
non-covalently and that it colocalizes with SUMO in vivo, in a
SIM-dependent manner.

Ufdl Is Important for Maintaining Genome Stability—
STUbL mutants exhibit genome instability and are hypersensi-
tive to genotoxins, due to defects in SUMO-dependent protein
regulation (9). As Ufdl physically and may also functionally
intersect with the SUMO pathway, we tested whether hypo-
morphic Ufdl mutants were also sensitive to DNA damaging
agents. Ufd1 is essential for viability, so we generated a number
of temperature-sensitive alleles that were expressed from the
endogenous ufdl locus (Fig. 3A). All except one of the eight
ufd1 ts alleles we identified contain point mutations within the
conserved UFD1 domain. Western blot analysis revealed that
the ufdi-1 allele, which was used in subsequent experiments,
became destabilized upon shifting of temperature from permis-
sive (25°C) to non-permissive (35°C) conditions (data not
shown). As expected, the growth of the majority of Ufd1 mutant
strains was strongly inhibited at restrictive temperature (Fig.
3B). At semi-permissive temperature, Ufdl mutants were
hypersensitive to a number of genotoxins, including the repli-
cation inhibitor hydroxyurea, the alkylating agent methyl
methanesulfonate, and the topoisomerase I poison camptoth-
ecin (Fig. 3B). Therefore, similar to STUbL, fission yeast Ufd1
plays a key role in cell survival following genotoxic stress.

Ufd1 Is Involved in SUMO Chain Metabolism—The known
roles of Cdc48-UN in proteolysis, together with our findings
that it interacts with SUMO and is required for cellular resis-
tance to DNA damaging agents, suggested to us that the com-
plex might have a previously undefined role in SUMO pathway
homeostasis. Therefore, we assayed SUMO chain formation in
Ufdl mutants in vivo, using the foregoing GFP-SUMO foci
reporter system (see Fig. 2A). Notably, ufd1-1 mutant cells, sim-
ilar to six8-29, also accumulated GFP-SUMO foci, although
they were not as numerous or bright as those in slx8-29 cells
(Fig. 4, A and B). Double mutant six8-29 ufdi-1 cells accumu-
lated GFP-SUMO foci that were qualitatively similar to those in
slx8-29 cells (Fig. 4, A and B). Interestingly, GFP-SUMO foci
were not detected in an mts3-1 proteasome mutant (Fig. 44).
This indicates that when SIx8 or Ufd1 are still functional, they
can counteract focal SUMO chain accumulation, indepen-
dently of proteasomal activity.

We extended our analysis to determine the effects of Ufd1l
inactivation on total cellular SUMO conjugates, as detected by
Western analysis. Compared with wild type, slx8-29 cells accu-
mulated sumoylated species that were especially evident in the
higher molecular weight range (Fig. 4C) (4, 9, 37). Consistent
with our GFP-SUMO foci data, ufdI-1 cells also accumulated
higher molecular weight SUMO conjugates, albeit to a lesser
degree, and wufdi-1 six8-29 double mutants exhibited an
increase in these conjugates over the s/x8-29 single mutant,
whereas the mts3-1 proteasome mutant predominantly accu-
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mulated medium molecular weight range SUMO conjugates,
which were not prone to accumulate in visible nuclear foci (Fig.
4, A and C).

Cdc48-UN Function Is Critical in Absence of DNA Repair
Enzyme Tdpl—We recently identified a potent and evolution-
arily conserved negative genetic interaction between SIx8
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(STUbL) mutants and a deletion of tyrosyl DNA phosphodies-
terase (Tdpl (10, 38)). As our analyses have implicated
Cdc48-UN in SUMO and STUbL-related genome stability
functions, we determined the phenotype of ufdi-1 tdpIA dou-
ble mutant cells. Strikingly, similar to six8-29 tdpIA, ufdl-1
tdpIA double mutant cells were extremely elongated, slow
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of spontaneous Top1cc. A, B, and D, serial dilutions of the indicated strains were spotted onto media with or without genotoxins. C, cells of the indicated
genotypes were cultured in liquid media at 25 °C to mid-log phase and imaged with a Nikon Eclipse E800 microscope. Bar, 5 um. E, native ChIP-quantitative PCR
assays of an nmt47-inducible FLAG-Top1 integrated at Top1 endogenous locus in the indicated strains. Student’s t tests were performed between wild type and
the indicated strains. Error bars show S.D. *, p value < 0.05; **, p value < 0.01. HU, hydroxyurea; CPT, camptothecin.

growing, and more sensitive to genotoxins when compared due to activation of the DNA damage checkpoint kinase Chk1,
with either single mutant (Fig. 5, A and C). This phenotype was  which blocks cell cycle progression by antagonizing CDK acti-
completely reversed by deleting Topl (Fig. 5C), echoing the vation (10, 39). Consistently, ufdI-1 tdp1A chkIA triple mutant
identical rescue of six8-29 tdp1A synthetic sickness by Topl cells were not elongated (Fig. 5C). Although it is well estab-
deletion (10). The elongated phenotype of ufd1-1 tdpIA cellsis lished that Ufd1 functions with Cdc48, we wished to confirm
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that the genetic interaction between ufd1-1 and tdp 1A was also
observed between a Cdc48 hypomorph and tdp1A. To this end,
we generated a temperature-sensitive Cdc48 allele (cdc48-1),
from which we created a cdc48-1 tdpIA double mutant, and
compared its growth at 32 and 35°C to that of the single
mutants, in the presence and absence of camptothecin. As for
ufd1-1, we observed synergistic camptothecin sensitivity of the
cdc48-1 tdplA strain compared with that observed in either
single mutant (Fig. 5B). Again, in the absence of camptothecin,
cdc48-1 tdpl1A cells exhibited the highly elongated phenotype
characteristic of ufd1-1 tdp 1A or six8-29 tdp 1A double mutants
(data not shown). These data are consistent with the concerted
action of the Cdc48-UN complex in protecting genome stability
against spontaneous Topl1 lesions in the absence of Tdp1, strik-
ingly mirroring our findings for STUbL mutants.

Elevated Levels of Spontaneous Toplcc in ufdl-1 tdplA Cells—
We previously showed that elevated levels of stalled covalent
Topl-DNA adducts, also known as Topl cleavage complexes
(Toplcc) cause the severe growth and genome instability phe-
notypes of six8-29 tdpIA cells (10). As deleting Topl reverses
the ufdi-1 tdplA phenotype, we tested whether there were
increased levels of Toplcc in this background as well, which
would account for activation of the G, DNA damage check-
point in cells lacking Tdp1 (10). We initially determined the
effects of expressing wild type Topl versus the active site
mutant Top1Y”7?" in ufdl-1 tdpIA cells and other selected
genetic backgrounds. Wild type Topl was highly toxic to both
ufdl-1 tdplA and six8-29 tdp1A cells in the presence of camp-
tothecin, whereas Top1¥””f had no deleterious effect on the
growth of either strain (Fig. 5D). Strikingly, even in the absence
of camptothecin, wild type Top1 at both permissive and semi-
permissive temperatures strongly inhibits the growth of the
ufdi-1 tdplA double mutant (Fig. 5D). Therefore, Top1 cata-
lytic activity and hence its ability to form Toplcc causes toxicity
in ufdI-1 tdplA cells.

To quantify Toplcc levels, we performed a modified
native chromatin immunoprecipitation and quantitative
PCR assay (10) to examine covalent chromatin association of
Topl. Similar basal levels of Toplcc were observed in wild
type, ufdl-1, and tdpIA single mutant cells (Fig. 5E). How-
ever, in the ufd1-1 tdp1A double mutant, there was a signif-
icant increase in Toplcc at all four loci analyzed (Fig. 5E).
The increase in Toplcc in ufdi-1 tdpIA cells was similar to
that seen in s/x8-29 tdp1A cells (10) and was abolished in the
Top1Y773F catalytic mutant (Fig. 5E). Comparable levels
of Topl expression in each background were verified via
Western analysis (data not shown). Thus, as suggested by
our genetic analyses, there is an increase in stable spontane-
ous Toplccin ufdi-1 tdplA mutants, which accounts for the
genomic instability of these cells.

Critical Role of Ufd1 C-terminal SIM when STUbL Function
Is Compromised—Our data demonstrate that the Cdc48-UN
complex can interact with SUMO via a C-terminal SIM in Ufd1
and that both Ufdl and STUDL share a role in suppressing
Toplcc-induced genome instability. To gain further insight
into the physiological function of the interaction between Ufd1
and SUMO, we replaced the endogenous Ufd1 gene with one
that encodes Ufd1 lacking its C-terminal SIM (Ufd1*<"; see Fig.
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1B). Cells expressing Ufd14“* were indistinguishable from wild
type either at high temperature or in the presence of genotoxins
(Fig. 64, Fig. 3C, and Fig. 5C). In addition, Ufd1*“ cells deleted
for Tdp1 did not show enhanced camptothecin sensitivity over
tdplA cells (Fig. 6A). Therefore, we hypothesized that the
Ufd1-SUMO interaction might be partly redundant with other
recruitment signals used by Cdc48-UN such as ubiquitylation.
As both STUbL and the Cdc48-UN complex cooperate in a
Toplcc repair pathway parallel to Tdpl, we tested for genetic
interaction between Ufd12* and six8-29, in the presence or
absence of Tdpl. We performed tetrad dissections on asci pro-
duced from a genetic cross between six8-29 ufd1*“* and tdp1A
cells. Fission yeast meiosis produces four haploid spores, which
can be micromanipulated prior to germination to allow analysis
of each resultant genotype. Such analysis determines whether a
particular genotype has defects in germination and subsequent
propagation, which is indicative of a genetic interaction. Strik-
ingly, the sIx8-29 tdp 1A phenotype was strongly exacerbated by
the Ufd14“ mutation (Fig. 6B). Indeed, unlike s/x8-29 tdpIA,
the six8-29 tdp 1A ufd1*“" triple mutant cells could not be fur-
ther propagated following tetrad dissection, due to extreme
sickness. This synthetic phenotype was not caused by the pres-
ence of an epitope tag on Ufd1, as ufd1-myc showed no genetic
interaction in the six8-29 tdp 1A background (Fig. 6C). We also
tested whether ufdl SIM mutants (ufd1*“* or ufd1***) had a
more general role in cell growth when SUMO conjugates accu-
mulated in a hypo-ubiquitylated state in s/x8-29 cells at elevated
temperatures. The growth of s/x8-29 cells was further compro-
mised at permissive and semi-permissive temperatures by the
presence of Ufd1*“* or Ufd1*“ and was strongly defective at
restrictive temperature, versus six8-29 cells alone (Fig. 6D).
Thus, when STUDL activity is compromised and SUMO conju-
gates are not (or not extensively) ubiquitylated, the ability of
Ufd1 to bind SUMO becomes critical. Such redundancy in cell
signaling is a recurrent and important theme as discussed
below. The synthetic sickness between six8-29 and ufd1 SIM
mutants was fully rescued by reducing the ability of SUMO to
form chains (SUMOXMRX3R, Fig 6D), indicating that the
essential functions of SIx8 and Ufd1 converge on reducing or
eliminating the toxic higher molecular weight SUMO chain
species in a cell.

DISCUSSION

Herein, we reveal and functionally define a non-covalent
interaction between the Cdc48-UN complex and SUMO medi-
ated by a SIM at the Ufd1 C terminus. The known interaction
with ubiquitin of the Cdc48-UN complex (40), together with its
novel ability to interact with SUMO, make Cdc48-UN an excel-
lent candidate as a STUbL cofactor, working either alongside or
downstream of STUbL. Our genetic analysis certainly supports
a cooperative function for fission yeast STUbL and the
Cdc48-UN complex in mitigating the genome destabilizing
effects of Toplcc and also indicates a broader concerted action
in other as yet unidentified DNA repair processes. Given the
conservation of the SUMO interaction and SIM in the distantly
related budding yeast Ufd1 (Refs. 33, 34, and this study), the
cooperation between STUbL and Cdc48-UN is likely to be
broadly conserved in eukaryotes. Intriguingly, in this regard,
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budding yeast Cdc48-UN was recently shown to remove ubiq-
uitylated Mat alpha2 transcription factor from its promoter
sites (41). Budding yeast STUbL is in part responsible for the
ubiquitylation of Mat &2 and executes this role in a SIM-depen-
dent manner (41, 42). Thus, although as yet untested, budding
yeast Cdc48-UN may also recognize Mat a2 through ubiquitin
and SUMO binding motifs.

As s often the case with SIM motifs, we do not observe a clear
SIM in the same location in the human Ufd1 C terminus. For
example, we identified SIMs in distinct positions and number
in different species when we initially defined the STUbL family
(36). Nevertheless, they all exhibit SUMO interaction and share
the same mechanism of action. Furthermore, the UvrD family
helicase of budding yeast, Srs2, contains a SIM at its C terminus,
which recruits it to SUMO-modified proliferating cell nuclear
antigen (43). This was long thought to be a budding yeast spe-
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cific phenomenon, given the lack of a conserved SIM in the
fission yeast Srs2 C terminus or a clear human Srs2 ortholog.
However, it turns out that a SIM located in the middle of the
human UvrD-like helicase called PARI likely recruits it to
SUMO-modified proliferating cell nuclear antigen to execute
Srs2-like functions (44).

DNA repair processes in budding yeast, Caenorhabditis
elegans, and mammalian cells were only recently shown to crit-
ically depend on the Cdc48-UN complex (14, 16-18). Human
Cdc48/p97 is recruited to DSBs by Ufd1-Npl4 and Lys-48-
linked ubiquitin. Cdc48/p97 promotes the turnover of Lys-48-
linked ubiquitin conjugates at DNA damage sites and is impor-
tant for the proper association of critical DNA repair factors
such as 53BP1, BRCA1, and Rad51 with DSB sites (18). Cdc48/
p97-mediated targeting of 53BP1 to DSBs has been attributed
to its role in displacing polycomb group protein L3MBTLI,
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which binds the same H4-K20me2 modification as 53BP1 (17).
Furthermore, Cdc48/p97 and Ufdl mediate the UV-induced
turnover of RNA polymerase II and the replication-licensing
factor CDT1 (14, 16). A unifying theme in these Cdc48/p97
functions appears to be the stripping or disassembly of ubiqui-
tylated substrates from large protein complexes, or its so-called
segregase activity. This segregase function may not always be
coupled to protein degradation, as there is evidence for deubiq-
uitylation of proteins once evicted from a protein complex (12),
which could provide for rapidly reversible “toggling” of protein
activity. In this regard, it is interesting to note that either
STUbL or Cdc48-UN dysfunction causes SUMO chains to
accumulate in subnuclear foci, whereas proteasomal inhibition
does not. We propose that this is a result of concerted STUbL
and Cdc48-UN-mediated “extraction” of SUMO conjugates
from chromatin (similar to Mat «2; (41, 42)), and/or regulation
of the SUMO pathway enzymes, which can inhibit SUMO
chain formation, independent of proteasomal turnover.

Our discovery that Ufd1 can bind not only to ubiquitin but
also with SUMO has important ramifications for Cdc48-UN
function and may hint at a more pervasive mechanism in “read-
ing” these posttranslational modifications (Fig. 6E). Through
Ufd1, Cdc48-UN could be recruited to a subset of proteins that
are co-modified with SUMO and ubiquitin, such as STUbL tar-
gets (36). The recognition of STUbL substrates by Cdc48-UN
could either facilitate the degradation of these proteins by the
proteasome or their de-ubiquitylation (and possibly de-sumoy-
lation) and recycling back to a functional pool (Fig. 6E). Such
dual recognition of ubiquitin and SUMO may provide addi-
tional flexibility, cooperativity, and specificity to substrate tar-
geting, as exemplified by the recent characterization of tandem
PCNA Interacting Protein (PIP)-SIM receptor motifs in Srs2
for the recognition of sumoylated proliferating cell nuclear
antigen (45). Cooperative recognition of distinct protein mod-
ifications is an emerging mechanism in the regulation of cellu-
lar activities such as DNA damage repair. For example, Crb2, an
S. pombe ortholog of metazoan 53BP1, recognizes both H2A
phosphorylation and H4-K20 methylation to promote the opti-
mal accumulation of Crb2 at DNA damage sites (46, 47). In
addition to phosphorylation and ubiquitylation, sumoylation of
DNA repair factors also occurs on a large scale upon DNA dam-
age (48 —50). Therefore, the ubiquitylation of sumoylated pro-
teins by STUbL may promote their recognition and removal
from DSBs or damage sites by the Cdc48-UN complex, thereby
critically orchestrating the DNA damage response.
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