








gested by the UBL and Zf_AN1 domains in its polypeptide
sequence.
Cuz1 Associates Directly with the Cdc48 AAA-ATPase—To

validate the in vivo interaction of Cuz1 and Cdc48 that was
suggested by the LC-MS/MS analysis, we fused the chromo-

somal copy of CDC48 with a sequence encoding a V5 epitope
tag. The tag on the essential Cdc48 protein caused no detecta-
ble growth defect. Using a strain that had both the chromo-
somalCDC48-V5 and FLAG-CUZ1 alleles, we generated whole
cell extracts under nondenaturing conditions and immune-
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precipitated FLAG-Cuz1 and any associated proteinswith anti-
FLAG antibody beads. As seen in Fig. 3A, FLAG-Cuz1 effi-
ciently co-precipitated the Cdc48-V5 protein. Interestingly,
addition of 2 mM ATP to the extraction buffer consistently

reduced the amount of co-precipitated Cdc48 protein (Fig. 3A,
lanes 3 and 5 versus lanes 2 and 4). This effect of ATP was
confirmed by LC-MS/MS analysis; by comparing Cdc48 spec-
tral counts in FLAG-Cuz1 purifications in buffers with or with-

FIGURE 1. Sequence features of yeast Cuz1/YNL155w and YOR052c. A, schematic depicting domain organization of Cuz1 and Yor052c. Proteasome-
associated control elements (PACE) are found upstream of the corresponding genes. B, Cuz1 is evolutionarily conserved, containing an AN1-type zinc finger
(Zf_AN1) domain in its N-terminal region. Aligned proteins were chosen based on the phylogenetic tree of Cuz1 orthologs from the Phylome database.
Alignments were performed with ClustalOmega and edited with ESPript. The expected zinc-coordinating residues of the N-terminal Zf_AN1 domain are
indicated with a filled circle (●). Except for Cuz1 and Q754N1, all other proteins possess a second Zf_AN1 domain; the putative metal-coordinating residues of
this second domain are marked with a filled star (�). Proteins are from the following species: YEAST, S. cerevisiae; HUMAN, Homo sapiens; MOUSE, Mus musculus;
DANIO, Danio rerio; ASPFU, Aspergillus fumigatus; PHANO, Phaeosphaeria nodorum SN15; NEUCR, Neurospora crassa; CHAGB, Chaetomium globosum; ASHGO,
Ashbya gossypii; APLCA, Aplysia californica; STRPU, Strongylocentrotus purpuratus; TRICA, Tribolium castaneum; CIOIN, Ciona intestinalis. Secondary structure
elements were added using ESPript based on the Protein Data Bank file of the obtained model for the ubiquitin-like domain. C, Cuz1 contains a C-terminal UBL.
Protein fold and three-dimensional structure predictions were obtained using Phyre2 (43). Model includes fragment 161–265 in green and aligned to ubiquitin
(Protein Data Bank 1UBQ) in blue using PyMol. Phyre2 output model was predicted based on human ubiquilin 3 (d1yqba1).

Spectral counts Peptide counts 

Protein Control Tag Control Tag Description MW 
(kDa) 

SC 
ratio 

CDC48 11 2932 5 55 Cell division control protein 48 92 255 
CUZ1 11 945 4 22 AN1-type zinc finger protein YNL155W 31 82.2 
NPL4 0 20 0 5 Nuclear protein localization protein 4 66 40 
UBX1 0 17 0 6 UBX domain-containing protein 1 (SHP1) 47 34 
QNS1 4 98 3 17 Glutamine-dependent NAD(+) synthetase 81 21.8 
RPN3 0 8 0 7 26S proteasome regulatory subunit RPN3 60 16 
RPT3 0 8 0 4 26S protease regulatory subunit RPT3 48 16 
RGI2 0 7 0 2 Respiratory growth induced protein 2 19 14 
ERG9 0 6 0 2 Farnesyl pyrophosphate synthase 40 12 

HXT6/7 0 5 0 3 High-affinity hexose transporters HXT6, HXT7 63 10 
SPT5 0 5 0 2 Transcription elongation factor SPT5 116 10 

RPL40B 12 102 3 4 Ubiquitin-60S ribosomal protein L40 15 8.2 
 RPS31 12 102 3 4 Ubiquitin-40S ribosomal protein S31 17 8.2 
RPL40A 12 102 3 4 Ubiquitin-60S ribosomal proteinL40 15 8.2 

UBI4 12 102 3 4 Polyubiquitin 43 8.2 
PCK1 5 44 3 8 Phosphoenolpyruvate carboxykinase [ATP] 61 8 

YGR250C 0 4 0 3 Uncharacterized RNA-binding protein YGR250C 89 8 
UBX2 0 4 0 2 UBX domain-containing protein 2 67 8 
VAR1 0 4 0 1 Ribosomal protein VAR1, mitochondrial 47 8 
RPB2 2 18 2 9 RNA polymerase II second largest subunit B150 139 7.2 
ARO1 36 224 17 44 Pentafunctional AROM polypeptide 175 6.1 
RPB5 0 3 0 2 DNA-directed RNA polymerases I, II, and III subunit 25 6 
FAS1 0 3 0 2 Fatty acid synthase subunit beta 229 6 
RPN7 0 3 0 2 26S proteasome regulatory subunit RPN7 49 6 
FPS1 0 3 0 2 Glycerol uptake/efflux facilitator protein 74 6 
FBP1 0 3 0 2 Fructose-1,6-bisphosphatase 38 6 
FRD1 0 3 0 2 Fumarate reductase 51 6 
GAD1 2 14 2 6 Glutamate decarboxylase 66 5.6 
RPB1 8 45 6 16 RNA polymerase II largest subunit B220 191 5.3 
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FIGURE 2. Identification of Cuz1-binding proteins in vivo. A, proteins from a strain expressing FLAG-Cuz1 from the chromosomal CUZ1 locus, or an untagged
control strain, were affinity purified on an anti-FLAG resin; 10% of the purified sample was resolved in a 10% SDS-PAGE gel followed by silver staining. B, the
remaining sample from the immunopurification was subjected to LC-MS/MS analysis. Using spectral counts as a semi-quantitative index, the majority of
proteins showed similar abundance in both samples (untagged versus FLAG-Cuz1). The table shows the proteins from the FLAG-Cuz1 purification that had a
spectral count (SC) ratio �5-fold above the untagged control.
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out added ATP, a greater than 2-fold reduction in counts was
seen when ATPwas added compared with extracts without the
added nucleotide (supplemental Table S3).
To determine whether the association of Cuz1 with Cdc48

was direct ormediated by other proteins, in vitro binding assays
were carried out using recombinant GST-Cuz1 and His6-
Cdc48 proteins both purified from E. coli. GST or GST-Cuz1
was immobilized on glutathione-agarose beads and incubated
with His6-Cdc48. GST-Cuz1, but not GST, was able to pull
down His6-Cdc48, indicating that their interaction did not
require any other yeast proteins (Fig. 3B). Cdc48 interacts with
its cofactors through either theCdc48N-terminal domain or its
C-terminal tail, although the N-terminal domain is the pre-
dominant interaction site (44). Therefore, we asked whether a
fragment encompassing the Cdc48 N-terminal domain (resi-
dues 1–220) would be sufficient for Cuz1 binding. As shown in
Fig. 3C, this was in fact the case.
To identify which region(s) of Cuz1 was involved in Cdc48

binding, several GST-Cuz1 deletion variants were created (Fig.
3D). Neither the Cuz1 zinc finger domain by itself (GST-

Cuz1(1–59)) nor a fragment consisting of the less conserved
central region between the Zf_AN1 and UBL domains (GST-
Cuz1(59–161)) showed detectable binding to Cdc48. More-
over, a fragment including both of these regions (GST-Cuz1(1–
161)) also failed to pull down Cdc48. Conversely, mutation of
four cysteines in Zf_AN1 to serines, which should eliminate
zinc binding, did not impair binding to Cdc48 (4-Cys to Ser,
construct 2). Together, these data indicate that the Cuz1 zinc
finger is neither necessary nor sufficient for Cdc48 interaction.
Most of the known Cdc48 adaptors bind Cdc48 via a UBX

domain, which has a ubiquitin-like (�-grasp) fold. The Cdc48
cofactor Npl4 binds to Cdc48 through a UBX-related domain
(24). Cuz1 possesses a domain predicted to be a UBL (Fig. 1),
and a C-terminal deletion that removed the UBL and little else
prevented Cdc48 binding (Fig. 3D, GST-Cuz1(1–161)). This
indicates that the Cuz1 UBL is necessary for Cdc48 binding.
We tested two N-terminal Cuz1 truncations to help narrow

down the region that is sufficient for Cdc48 interaction. GST-
Cuz1(60–274) and GST-Cuz1(168–274) were expressed at
similar levels, but only the longer construct was able to bind
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FIGURE 3. Cuz1 interacts directly with Cdc48. A, Cuz1 and Cdc48 associate in vivo, and ATP reduces their interaction. Cells expressed FLAG-tagged Cuz1 and
Cdc48-V5 or, as a control, untagged Cuz1 and Cdc48-V5. Cultures were treated with 0.2 mM As2O3 for 2 h prior to lysis where indicated. ATP (2 mM) was added
to the extracts where indicated. Following immunoprecipitation of FLAG-Cuz1, anti-V5 and anti-FLAG immunoblot analysis was performed. B, Cdc48 interac-
tion with Cuz1 is direct. His6-Cdc48, GST, and GST-Cuz1 were expressed in and purified from E. coli. GST pulldowns were followed by anti-His tag and anti-GST
immunoblotting. C, Cuz1 interacts with N-terminal domain of Cdc48. Binding of GST-Cuz1 to His6-Cdc48(1–220) was tested as described for the full-length
construct in B. D, the Cuz1 Zf_AN1 domain is neither necessary nor sufficient for Cdc48 interaction, whereas the UBL domain is required. All proteins used in the
GST pulldown analysis were purified from E. coli.
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Cdc48 (Fig. 3D, constructs 6 and 7). This confirmed the lack of a
requirement for the Zf_AN1 domain for Cdc48 binding and
suggested either that the UBL is not sufficient for binding or
that additional sequences N-terminal to residue 168 are neces-
sary for a fully functional UBL. Considered together, the dele-
tion data indicate that the Cuz1 UBL is necessary for Cdc48
binding but may not be sufficient, whereas the zinc finger
domain is neither necessary nor sufficient for this interaction.
Cuz1 Functions with Cdc48 in the Ubiquitin-Proteasome

System—Cdc48 has a broad array of functions, but one of its
best characterized roles is in protein degradation by the UPS
(45).We used pulse-chase analyses to determine whether Cuz1
contributes to the degradation of the UFD substrate UbVal-76-
�-galactosidase (UbVal-76-�-gal) (46). Deletion ofCUZ1 caused

a very mild but reproducible slowdown in UbVal-76-�-gal
degradation kinetics (Fig. 4A). We then combined the cuz1�
allele with temperature-sensitive mutations in Cdc48Npl4-Ufd1

components. The defects in UbVal-76-�-gal degradation were
already sufficiently severe in these single mutants at the semi-
permissive temperature of 28 °C that we could not detect any
additional defect when the mutations were combined with
cuz1� (not shown).

We also examined degradation of the classical ERAD sub-
strate CPY*, a mutant derivative of the vacuolar carboxypepti-
dase Y enzyme that is retrotranslocated from the ER lumen for
degradation by the cytoplasmic proteasome (47). Degradation
of an HA-tagged CPY* protein at 37 °C appeared to be weakly
impaired by loss of Cuz1 (Fig. 4B). Notably, when cuz1� was
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FIGURE 4. Deletion of Cuz1 causes cellular protein degradation defects. A, pulse-chase analysis of UbVal-76-�-gal in the indicated yeast strains. Represent-
ative autoradiograph of a gel is shown at left. Arrowhead indicates a 90-kDa degradation product observed with UbVal-76-�-gal degradation in yeast. Bands
above the primary UbVal-76-�-gal are polyubiquitylated species. The graph at right shows the mean degradation rates observed from three independent
experiments. Error bars represent S.E. B, degradation of CPY*-HA was analyzed by cycloheximide chase/immunoblot analysis. CPY*-HA was detected by anti-HA
immunoblotting. As a loading control, the membrane was subsequently probed with anti-PGK antibodies (bottom panels). C, growth assays reveal genetic
interactions of cuz1� with mutations in Cdc48Npl4-Ufd1. 6-Fold serial dilutions of cultures were spotted onto plates (SD minimal medium or SD with 0.5 �g/ml
of tunicamycin). The apparent growth advantage of cdc48-6 and cdc48-6 cuz1� in medium containing tunicamycin could in principle be due to a low
constitutive induction of the ER unfolded-protein response in these cells. D, double mutant analysis of cuz1� with different UBX gene deletions. Myriocin was
used at 0.2 �g/ml. 10-Fold serial dilutions of cultures were spotted onto the plates. Negative genetic interactions between cuz1� and ubx1� were also
observed in a different strain background (not shown).
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combined with mutations in Npl4 or Ufd1, CPY*-HA degrada-
tion was further impeded (the cdc48-6 single mutant was
already strongly defective; not shown). These results indicate
that Cuz1 has an auxiliary or partially redundant role in
Cdc48Npl4-Ufd1-dependent protein degradation by the UPS.

When growth of these same strains was examined under var-
ious conditions, distinct genetic interactions between cuz1�
and different Cdc48Npl4-Ufd1 mutations were observed. The
ufd1-2 cuz1� double mutant grewmore slowly than the ufd1-2
single mutant in the presence of tunicamycin, an ER stress
inducer (Fig. 4C). We did not see clear differences in growth
when cuz1� was combined with cdc48-6, and in combination
with npl4-1, an apparent increase in growth rate was seen rela-
tive to the npl4-1 single mutant. This was seen with cells
derived from two different npl4-1 cuz1� spores, but when
CUZ1was reintroduced into these cells on a plasmid, no change
in growth was seen, suggesting that the double mutants carried
a cryptic suppressor of npl4-1 (not shown). Collectively, the
growth data suggest an overlap in Cuz1 and Ufd1 function,
whereas the results with the cdc48-6 and npl4-1 mutants are
not readily interpreted.
Because the Cdc48-binding Ubx1/Shp1 and Ubx2 proteins

were found to copurify with Cuz1 based on LC-MS/MS, we
tested for genetic interactions between cuz1� and deletions of
all seven yeast UBX genes as well as the gene for the Cdc48
cofactor Vms1. For ubx2�–ubx7� and vms1�, no obvious dif-
ferences in growth rate were seen under a variety of conditions
when these alleles were combined with cuz1� (Fig. 4D and not
shown). In contrast, a ubx1� cuz1� double mutant grewmark-
edly slower than either single mutant at lower temperatures
(24 °C), but this effect was attenuated at 30 °C and no longer
detected at 36.5 °C (Fig. 4D and not shown). Membrane stres-
sors such tunicamycin or the sphingolipid synthesis inhibitor
myriocin, exacerbated the synthetic defect. The ubx1� cuz1�
genetic interaction, together with the enhanced defects seen in
the ufd1-2 cuz1� mutant, is consistent with our LC-MS/MS
results and supports a function for Cuz1 in multiple Cdc48-
adaptor complexes.
Cuz1 Interacts with Ubiquitylated Proteins in Vivo—Many

Cdc48 cofactors help recruit or process polyubiquitylated pro-
tein substrates (48). This prompted us to investigate a possible
interaction between Cuz1 and ubiquitylated proteins. GST-
Cuz1 was immobilized on glutathione-agarose beads and incu-
bated with whole cell extracts from yeast that expressed HA-
tagged ubiquitin. GST and GST-Rad23 were used as negative
and positive controls, respectively. GST-Cuz1 bound to high
molecular mass ubiquitylated species that were visualized near
the top of the resolving gel and in the stacking gel (Fig. 5A). The
pattern of ubiquitin conjugates that bound was similar to those
bound by the well characterized ubiquitin chain-binding GST-
Rad23 protein, although the level of bound conjugates was
lower than found with Rad23. No conjugates were detected
when GST was used (Fig. 5A).
We tested whether the ubiquitylated protein-Cuz1 interac-

tion was likely to be direct by performing the pulldown assay
with purified polyubiquitin chains. Neither Lys48-linked chains
(chain lengths of 2 to 7 ubiquitins) nor Lys63-linked tetraubiq-
uitin chains bound detectably to GST-Cuz1, in contrast to

GST-Rad23 (data not shown). Although it remains possible
that Cuz1 directly interacts with ubiquitin chains of distinct
linkages, it is more likely that the interactions seen in yeast
lysates were indirect (or only occur in the context of a protein
complex, such as one bearing additional ubiquitin-binding
sites). Using the same Cuz1 deletion constructs described
above for examining Cdc48 interactions, we mapped the
region(s) in Cuz1 responsible for interactionwith ubiquitylated
proteins in yeast extracts (Fig. 5B).We observed the exact same
binding behaviors as seen when Cdc48 interaction was evalu-
ated (Fig. 3D). Specifically, binding did not require the Zf_AN1
domain, but association was observed with a C-terminal Cuz1
fragment including the UBL (GST-Cuz1(60–274)) but with no
other truncations. A parsimonious explanation of these results
is that Cdc48mediates the interaction of ubiquitylated proteins
with Cuz1, presumably in the context of Cdc48 complexes with
one or more of its known cofactors.
These results raise the question of whether Cuz1 influences

the interaction of Cdc48 with ubiquitylated substrates in vivo.
We transformed a plasmid overexpressing HA-tagged ubiqui-
tin into cuz1� and CUZ1 strains carrying the chromosomal
CDC48-V5 allele. If Cuz1 were involved in the recruitment of
substrates to Cdc48, loss of Cuz1 might reduce ubiquitin-con-
jugate interaction with the ATPase complex. Conversely, if
Cuz1 were affecting substrate release from Cdc48, an increase
in the level of ubiquitylated substrates on Cdc48 may be
observed. In fact, when Cdc48-V5 was immunoprecipitated
from extracts derived from cuz1� cells, there was a reproduci-
ble increase in the levels of high molecular mass ubiquitylated
species that were co-precipitated (Fig. 5C). This suggests a
potential role for Cuz1 in releasing ubiquitylated substrates
from Cdc48 or in transferring them from Cdc48 to the protea-
some or proteasome shuttle factors.
Cuz1 Binds to the Proteasome and Is Stimulated by Exposure

of Cells to Arsenite—The preceding data raised the possibility
that Cuz1 is involved in transferring ubiquitylated substrates
from Cdc48 to the proteasome. This idea is supported by our
mass spectrometry data, which revealed low levels of protea-
some subunits co-purifyingwithCuz1 (Fig. 2B).Moreover, pre-
vious studies had shown that AIRAP and AIRAPL, mammalian
proteins related to Cuz1, can interact with the 26 S proteasome
(40, 41). To determine whether Cuz1 interacts with the yeast
26 S proteasome, we affinity purified 26 S proteasomes from
yeast cells that expressed proteasomes with a FLAG epitope tag
on either the Pre1 (�4) subunit of the CP or the Rpn5 subunit of
the RP. Anti-Cuz1 immunoblot analysis of the purified com-
plexes revealed association of Cuz1 in both cases (Fig. 6A).
Additionally, GST-tagged Cuz1 was purified from E. coli asso-
ciated with isolated 26 S proteasome particles, suggesting that
the Cuz1-proteasome interaction is direct (Fig. 6B). We noted
that Cuz1 is a long-lived protein, so its association with the
proteasome is unlikely to be as a substrate (data not shown). A
subset of the GST-Cuz1 deletion derivatives described above
was used for pulldown assays with purified yeast RP. In contrast
to Cdc48 and polyubiquitin (Figs. 3D and 5B), the UBL was not
necessary for RP binding (Fig. 6C). A fragment containing the
Zf_AN1 domain and the linker region was sufficient for maxi-
mal binding (GST-Cuz1(1–151)). The Zf_AN1 domain itself
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does not appear to be sufficient for proteasome binding, but
whether it is necessary remains to be determined.
The composition of the S. cerevisiae proteasome has been

thoroughly analyzed, and Cuz1 association was not reported
(49, 50). It is likely that the amount of Cuz1 on the proteasome
is strongly substoichiometric and its interaction transient.
Measurements of epitope-tagged Cuz1 levels in yeast com-
pared with those of the proteasome and Cdc48 suggest that the
latter proteins are present at 5–20 times the amount of Cuz1
(51, 52). Nevertheless, in support of the physiological relevance
of the Cuz1-proteasome interaction, deletion of CUZ1
enhanced the growth defects of both rpt6 (cim3-1) and rpt1
(cim5-1) temperature-sensitive mutants (Fig. 6D).
Arsenite is a well known inducer of protein misfolding and

causes accumulation of polyubiquitylated conjugates in vivo
(41, 53). CUZ1 mRNA levels were reported to be elevated by
exposure of cells to arsenite (54), and we detected a modest
increase in FLAG-Cuz1 protein levels when cells were
exposed to 0.2 mM As2O3 for 2 h (Fig. 7A, input lanes). It is
noteworthy that both mammalian AIRAP and p97 (Cdc48)
display increased binding to the proteasome upon arsenite

stress (41, 55). Based on these results, we tested whether arsen-
ite might affect interaction of Cuz1 with proteasomes in yeast.
In the presence of arsenite, we observed a marked increase in
Cuz1 binding to proteasomes immunoprecipitated from yeast
extracts; the increase greatly exceeded the modest overall
increase of Cuz1 levels in the treated cells (Fig. 7A). When nor-
malized to the amount of precipitated FLAG-Rpn11, a �10-
fold increase in Cuz1-proteasome association was seen follow-
ing arsenite treatment (Fig. 7A, right). The increase in this
association was supported by LC-MS/MS analysis (supplemen-
tal Table S3). Addition of arsenite to cells before FLAG-Cuz1
purification led to the identification of 15 of the 19 RP subunits
(but no CP subunits).
Loss of Cuz1 alone caused no reduction in cell growth in the

presence of arsenite, butwhen cuz1� cim5-1 cells grown at high
temperature were examined, arsenite exacerbated the already
slow growth seen in the cim5-1 single mutant (Fig. 7B). This
supports the potential biological importance of Cuz1 in pro-
moting proteasome function in arsenite resistance. Finally,
because arsenite seemed to increase association of mammalian
p97 with the proteasome (55), we checked if this was also true
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FIGURE 5. Cuz1 associates with ubiquitin-protein conjugates in vivo. A, recombinant GST-Cuz1 was incubated with extracts from yeast overexpressing
HA-tagged ubiquitin, and protein eluted from the glutathione resin was analyzed by anti-HA and anti-GST immunoblotting. B, the Cuz1 UBL domain is required
for ubiquitin-conjugate interaction, but the Zf_AN1 domain is neither necessary nor sufficient. The indicated GST-tagged constructs were used in GST
pulldown assays performed as in A. C, loss of Cuz1 enhances association of polyubiquitinated conjugates with Cdc48 in vivo. Analysis was done with cultures
of CUZ1 or cuz1� cells expressing Cdc48-V5 from the endogenous CDC48 locus and expressing HA-tagged ubiquitin from a plasmid.
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for Cdc48. In fact, Cdc48 co-precipitation with the proteasome
increased already after just a 30-min exposure to the metalloid
(Fig. 7C). These data suggest that Cdc48 and the proteasome
have linked functions in promoting arsenite resistance.
Interestingly, loss of Cuz1 caused a small but reproducible

increase in Cdc48 interaction with proteasomes with and with-
out arsenite stress (Fig. 8A). A parallel increase in polyubiqui-
tylated proteins on the proteasome was observed when CUZ1
was deleted (Fig. 8B). These data would be consistent with the
participation of Cuz1 in either the transfer of polyubiquitin
conjugates from Cdc48 to the proteasome, which would nor-
mally end with the release of Cdc48 from the proteasome, or,
more directly, in Cdc48-proteasome dissociation.

DISCUSSION

In this study we have described a novel arsenite-inducible
yeast protein, Cuz1, which associates under normal growth

conditions primarily with Cdc48; however, upon cellular expo-
sure to arsenite, which activates multiple stress-response path-
ways (40), a �10-fold increase in Cuz1-proteasome association
occurs (Fig. 7A). Cuz1 provides the first reported functional
connection between the extremely widespread AN1-type zinc
finger (Zf_AN1) motif and the phylogenetically conserved
Cdc48 AAA-ATPase. The Zf_AN1 domain is not required for
Cdc48 binding but appears to contribute to proteasome associ-
ation. Conversely, a highly divergent UBL domain near the C
terminus of Cuz1 is required for its binding to Cdc48 but not
the proteasome. Cuz1 plays an ancillary or partially redundant
role in the degradation of UPS substrates that depend on
Cdc48. Protein-protein interaction data and other results sug-
gest possible roles for Cuz1 in promoting polyubiquitylated
substrate release from Cdc48 or the proteasome (or both).
The Zf_AN1 domain has an extremely broad distribution in

both eukaryotes and archaea, with a few examples in bacteria,
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presumably due to lateral gene transfer (39). Most remarkably,
this domain is part of many highly divergent multidomain pro-
teins, but most, if not all, are linked to membrane-localized
proteolytic systems. When we performed sequence searches
with the Zf_AN1 domain, it was found in a wide range of eur-
yarchaeota species and several thaumarchaeotes. The domain
most commonly found to be part of archaeal Zf_AN1 proteins
was a rhomboid-related protease domain. Rhomboid proteases
are polytopic membrane proteins bearing a protease active site
deep within the lipid bilayer (56). It may be relevant in this
context that some eukaryotic rhomboid and pseudorhomboid
proteins function in ERAD (57, 58).
In eukaryotes, Zf_AN1 domains are commonly part of pro-

teins that also contain ubiquitin, polyubiquitin, or ubiquitin-
like sequences; however, the domain order in the protein is
often permuted relative to Cuz1. For example, the fungus Rhi-
zopus oryzae has a protein (GenBankTM EIE85715) with two
N-terminal, near-exact ubiquitin repeats, which should be
cleavable by deubiquitylating enzymes, and a C-terminal
Zf_AN1 domain. The joining of divergent ubiquitin and UBL
domains to Zf_AN1 motifs may be an example of convergent
evolution based on their phylogenetic distribution and differ-
ences in Zf_AN1 and ubiquitin/UBL sequence; this might have

been driven by a common role for many Zf_AN1 domain pro-
teins in proteasome binding. Like Cuz1, the human AIRAP/
ZFAND2A and AIRAPL/ZFAND2B proteins both bind 26 S
proteasomes, as does their C. elegans ortholog, AIP-1 (40, 41).
Our data with yeast Cuz1 (Fig. 6) and domain swaps with the
AIRAP and AIRAPL proteins (40, 41) both suggest that the
Zf_AN1 domain participates in proteasome association.
Finally, a subfamily of Zf_AN1 proteins also contain A20 zinc
finger domains, which in some cases have been shown to have
ubiquitin ligase activity (59). In plants these proteins are asso-
ciated with stress responses (60), whereas in mammals they are
usually involved in the immune system (61, 62). It is likely that
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Zf_AN1 proteins have widespread and disparate functions in
the UPS.
Additional support for links between Cuz1 and both protea-

somes and Cdc48 can be found in available genomic and pro-
teomic databases. Cluster analysis of aggregated RNAmicroar-
ray data shows that CUZ1 transcriptional regulation clusters
very closely with that of UBX4, which encodes a UBX protein
that has been suggested to promote dissociation of ubiquiti-
nated proteins from Cdc48 based on results similar to those
reported here for Cuz1 (63). Another gene with a similar tran-
scription profile is UFD1. Of the 25 genes most closely corre-
lated transcriptionally withCUZ1 (in addition toYOR052C), 19
are proteasome subunit genes. This co-regulation is consistent
with the fact that CUZ1, YOR052C, and proteasome genes
all have upstream proteasome-associated control element
sequences, the target for the Rpn4 transcription factor. Large
scale protein interaction studies using yeast two-hybrid ormass
spectrometry approaches also identified, among other proteins,
Cdc48, Ubx1, and Npl4. Although not pursued further, these
earlier genomic and proteomic studies are fully consistent with
our findings.
Cdc48 adaptors bind to the ATPase in both mutually exclu-

sive and interdependent fashion. Ubx1 and Npl4-Ufd1 do not
bind the same Cdc48 hexamer (18, 22), and conversely, certain
UBX proteins only bind to Cdc48 if Npl4-Ufd1 is also present
(64, 65). Intriguingly, the mass spectrometry analysis of Cuz1-
associated proteins identifiedUbx1 aswell asNpl4 andUfd1 (Fig.
2B and supplemental Table S3). Moreover, mutations in either
adaptorwhencombinedwith loss ofCuz1 cause enhancedgrowth
defects (Fig. 4). This suggests that Cuz1 is part of distinct Cdc48-
adaptor complexes. A C-terminal GFP fusion of Cuz1 localizes
diffusely throughout the cell, with a slight concentration in the
nucleus (66), so Cuz1would bewell placed to function inmultiple
Cdc48 complexes.
As is true for the majority of Cdc48 cofactors, Cuz1 interacts

directly with the N-terminal domain of the ATPase (Fig. 3C).
Notably, addition of ATP to Cuz1-Cdc48 binding reactions
attenuates their association (Fig. 3A), and thiswas also apparent
in our LC-MS/MS sampleswithATP supplementation (supple-
mental Table S3). ATP has been reported to modulate the
recruitment of other cofactors toCdc48. ATPbinding to theD1
domain enhances interaction of the Npl4-Ufd1 heterodimer
with the N-terminal domain of p97 (67), and disassembly of
Ufd2-Rad23 complexes by Cdc48 depends onCdc48 binding to
Ufd2 and ATP (68). Ubx2 interaction with Cdc48 is strongly
decreased in the presence of ATP (69). Cuz1 occupancy of
Cdc48 may similarly be tied to nucleotide-dependent confor-
mation changes or specific steps of theATPase catalytic cycle. It
remains to be determined whether this modulation of Cuz1-
Cdc48 association is due toATPbinding or hydrolysis. A recent
study suggests that Cdc48 may directly control proteolytic
activity of the eukaryotic 20 S proteasome (70); Cuz1 might
modulate this potential Cdc48 function as well.
Many Cdc48 cofactors interact with polyubiquitin-protein

conjugates, some of them directly. For example, Ubx1, Ubx2,
and Ubx5 are UBA-UBX proteins in which the UBA domain
mediates polyubiquitin binding (71). Cdc48, Npl4, and Ufd1
also all have ubiquitin-binding sites (12, 72, 73). Cuz1 interacts

in vivo with polyubiquitylated proteins (Fig. 5A), but this is
likely to be indirect; this is not unexpected given thatCuz1 lacks
any known ubiquitin-binding motif. The binding behavior of a
series of Cuz1 deletion variants is identical for Cdc48 and
polyubiquitylated species in cell extracts, consistent with the
possibility that interaction between Cuz1 and polyubiquitin
occurs in the context of a Cdc48 complex. Although it is known
that recruitment of polyubiquitinated substrates to Cdc48 is
largely mediated by the Npl4-Ufd1 dimer (73), their release to
downstream components is less well understood. Ubx4 has
been identified as one possible releasing factor (61) and Vms1
as another (27). As observed upon deletion of these factors in
the earlier studies, loss of Cuz1 also leads to an increase in the
levels of polyubiquitylated substrates associated with Cdc48
(Fig. 5C). Therefore, Cuz1 might have a related mechanism of
action. Moreover, cuz1� cells also accumulate higher levels of
polyubiquitin conjugates on proteasomes (Fig. 8B).
The exact mechanistic function of Cuz1, like that of most

other Cdc48 cofactors, remains to be determined. Based on the
genetic interactionsweobserve betweenmutations inCuz1 and
Npl4-Ufd1 (Fig. 4) and their co-purification (Fig. 2B and sup-
plemental Table S3), Cuz1 might work with Npl4-Ufd1 on a
subset of Cdc48 complexes. Cuz1 function in these complexes
remains unclear, but it may stimulate ATP binding or hydroly-
sis by Cdc48, inducing conformation changes that weaken
ubiquitylated substrate binding. This would facilitate substrate
transfer to Rad23 or related shuttle factors. Other factors such
as Ufd2 bind to both Cdc48 and Rad23 and may recruit Rad23
to Cdc48-bound substrates (68). Following release from Ufd2,
Rad23 and related shuttle proteins can bind the proteasome via
their UBL domain interaction with Rpn1. In the absence of
Cuz1, the Cdc48 complex may tend to remain bound to poly-
ubiquitylated substrates and accompany them to the protea-
some. Alternatively, Cuz1might enhance the transfer of certain
ubiquitin conjugates from Cdc48 directly to the proteasome or
promote Cdc48-proteasome dissociation. Arsenite may alter
Cuz1 itself in a way that impacts these processes, or the metal-
loidmight actmore indirectly, such as bymodifying the cellular
pool of ubiquitin conjugates. These ideas are testable and will
be the subject of future studies.
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