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SUMMARY

Cdc48 (p97/VCP) is a AAA-ATPase that can extract ubiquitinated proteins from their binding 

partners and can cooperate with the proteasome for their degradation. A fission yeast cdc48 mutant 

(cdc48-353) shows low levels of the cohesin protease, separase, and pronounced chromosome 

segregation defects in mitosis. Separase initiates chromosome segregation when its binding partner 

securin is ubiquitinated and degraded. The low separase levels in the cdc48-353 mutant have been 

attributed to a failure to extract ubiquitinated securin from separase, resulting in co-degradation of 

separase along with securin. If true, Cdc48 would be important in mitosis. In contrast, we show 

here that low separase levels in the cdc48-353 mutant are independent of mitosis. Moreover, we 

find no evidence of enhanced separase degradation in the mutant. Instead, we suggest that the 

cdc48-353 mutant uncovers specific requirements for separase translation. Our results highlight a 

need to better understand how this key mitotic enzyme is synthesized.
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In brief

Vijayakumari et al. provide evidence against the long-standing hypothesis that low levels of 

separase in the S. pombe cdc48-353 mutant are caused by mitotic co-degradation of separase, 

along with its binding partner securin. Instead, separase protein synthesis may be defective in 

cdc48-353 cells.

INTRODUCTION

Separase is a protease that triggers chromosome separation in anaphase by cleaving the 

cohesin complex (Uhlmann et al., 2000). Prior to anaphase, separase is kept inactive by 

inhibitory binding of securin, as well as in some eukaryotes by inhibitory binding of cyclin 

B and Sgo2/Mad2 (Hellmuth et al., 2020; Stemmann et al., 2001; Uhlmann, 2001). Removal 

of securin from separase is initiated by the anaphase promoting complex (APC/C), an E3 

ligase. The APC/C ubiquitinates securin, which marks it for proteasomal degradation. The 

APC/C also ubiquitinates cyclin B, whose degradation then leads to the inactivation of 

cyclin-dependent kinase (CDK1) and mitotic exit (Peters, 2006).

Cdc48 (also known as p97 or VCP in vertebrates) is a homohexameric AAA-ATPase 

that targets ubiquitinated proteins and is essential for cell viability. Cdc48 can unfold 

ubiquitinated proteins and promote their degradation by the proteasome (van den Boom 

and Meyer, 2018; Ye et al., 2017). Cdc48 has an N-terminal domain, two tandem ATPase 

domains (D1 and D2), and an unstructured C-terminal tail. In the hexameric complex, 
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D1 and D2 form a double-ring structure with a central pore through which substrates can 

be threaded, which unfolds the polypeptide (Banerjee et al., 2016; Bodnar and Rapoport, 

2017; Cooney et al., 2019; Ji et al., 2021; Twomey et al., 2019). Both the N-terminal 

domain and the C-terminal tail provide platforms for cofactor binding. Two of the best 

studied cofactors are the heterodimeric Ufd1/Npl4 complex and Shp1 (p47), which mediate 

substrate recognition (Buchberger et al., 2015; Schuberth et al., 2004; Ye et al., 2017). Other 

cofactors change the degree or type of ubiquitination of substrates (Jentsch and Rumpf, 

2007; Ye et al., 2017). Ufd2 is one such cofactor, which in budding yeast (S. cerevisiae) 

binds to the C-terminal tail of Cdc48 and acts as E4 ubiquitin ligase, adding additional 

ubiquitin moieties to enhance proteasomal degradation (Böhm et al., 2011; Rumpf and 

Jentsch, 2006).

Central to the function of Cdc48 is its role as a segregase. Cdc48 separates ubiquitinated 

targets from their non-modified binding partners or from cellular structures (Stolz et al., 

2011; Ye et al., 2017). For example, p97Ufd1/Npl4 extracts ubiquitinated Aurora B kinase 

from chromatin at mitotic exit to promote chromatin decondensation and nuclear envelope 

reformation (Ramadan et al., 2007), and yeast Cdc48 mobilizes the transcription factors 

Mga2 and Spt23 from the endoplasmic reticulum membrane (Rape et al., 2001; Shcherbik 

and Haines, 2007).

In fission yeast (S. pombe), a temperature-sensitive allele of cdc48 (cdc48-353) was isolated 

based on its characteristic of being suppressed by separase overexpression (Yuasa et al., 

2004). The mutation in cdc48-353 resides in the D1 domain and replaces glycine 338 with 

aspartate (G338D) (Ikai and Yanagida, 2006). The cdc48-353 mutant has low levels of 

separase and displays a severe chromosome segregation defect, similar to separase mutants. 

This segregation defect is rescued by overexpression of separase (Ikai and Yanagida, 2006; 

Yuasa et al., 2004). To explain this phenotype, it has been proposed that Cdc48 targets 

polyubiquitinated securin and extracts it from separase (Yuasa et al., 2004). The low 

levels of separase in the cdc48-353 mutant could then be explained by a failure to extract 

securin from separase and subsequent co-degradation of separase, along with securin, during 

anaphase (Figure 1A). This is an attractive model that is consistent with findings that 

impairing Cdc48/p97 activity can lead to mitotic delays in S. cerevisiae and human cells 

(Chien and Chen, 2013; Wojcik et al., 2004), and that the Cdc48 ortholog p97 recognizes 

branched ubiquitin chains synthesized by the human APC/C (Meyer and Rape, 2014; Oh 

et al., 2020). If the hypothesis is true, Cdc48 would be a key player in the regulation of 

anaphase.

Here, we have tested—and falsify—this hypothesis. Using a combination of live-cell 

imaging, genetics, and biochemistry in fission yeast (S. pombe), we demonstrate that 

separase is not specifically degraded during mitosis in the cdc48-353 mutant. Moreover, 

we generally do not find evidence of enhanced separase degradation. Instead, we argue that 

the cdc48-353 mutant uncovers that separase has specific requirements for its translation, 

which is an aspect of separase regulation that has been little studied.
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RESULTS

Securin mutants that lack the ability to bind separase are not toxic when overexpressed in 
the S. pombe cdc48-353 mutant

The levels of separase and of the key APC/C substrates securin and Cdc13 (S. pombe 
mitotic cyclin B) are reduced in the cdc48-353 mutant (Figures 1B and S1) (Ikai and 

Yanagida, 2006). As we will discuss in more detail below, treatment with the proteasome 

inhibitor Velcade (bortezomib) did not restore separase levels in the cdc48-353 mutant, 

although it increased securin and Cdc13 levels (Figure 1B). Consistent with the low levels of 

separase, we found that sister chromatid separation was delayed in cdc48-353 mutant cells 

relative to the decline in CDK1 activity at mitotic exit (Figure 1C). This strongly resembles 

the defects seen in a separase mutant (cut1-206) and thus suggests that the mitotic phenotype 

of the cdc48-353 mutant is caused by reduced separase activity.

Consistent with low separase activity in cdc48-353 mutant cells, overexpression of the 

separase inhibitor securin becomes lethal (Ikai and Yanagida, 2006; Yuasa et al., 2004). We 

found this to be the case even if securin levels were elevated to only about eight times the 

wild-type level (Kamenz et al., 2015) (Figure 2A). To better understand this toxicity, we 

screened for securin mutants whose overexpression is tolerated in cdc48-353 mutant cells 

(Figure 2B). Of 10 such mutants that we sequenced, six were truncations of securin that 

terminated before the separase-binding motif (SBM) (Boland et al., 2017; Lin et al., 2016; 

Luo and Tong, 2017; Nagao and Yanagida, 2006). The other four mutants had missense 

or frameshift mutations clustered around the SBM. The SBM of securin is known to bind 

into the separase catalytic site (Boland et al., 2017; Lin et al., 2016; Luo and Tong, 2017; 

Nagao and Yanagida, 2006). Overexpression of the previously characterized securin-AIA 

mutant (DIE in the SBM replaced with AIA; Nagao et al., 2004) or of a mutant that lacks 

the SBM and all sequences downstream (securin-N121), was also tolerated in the cdc48-353 
mutant background. In contrast, the expression of wild-type securin from the same promoter 

was lethal (Figure 2C). Hence the SBM is crucial for the toxic effect. The levels of all 

overexpressed securin versions (both mutant and wild type) were drastically lowered in the 

cdc48-353 mutant background, suggesting that the mutants remain susceptible to the effects 

of the cdc48-353 mutant (Figure 2D).

The securin mutants that lacked toxicity when overexpressed presumably neither bind nor 

inhibit separase efficiently (Nagao et al., 2004; Nagao and Yanagida, 2006). Hence these 

mutants may lack toxicity because they are unable to mediate separase co-degradation with 

securin as a result of their failure to bind separase, or they may lack toxicity because they 

do not inhibit the small, remaining amount of separase in the cdc48-353 mutant. When 

we compared short-term overexpression of the toxic wild-type securin and the non-toxic 

securin-AIA in cdc48-353 mutant cells, we did not observe any difference in the amount 

of separase (Figure 2D). Wild-type securin and securin-AIA should have been separase 

binding and non-binding, respectively, and the result therefore indicates that overexpression 

of wild-type securin (able to bind separase) does not further enhance separase degradation. 

This casts doubt on whether separase indeed undergoes co-degradation with securin in 

cdc48-353 mutant cells.
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Separase levels do not drop during mitosis in the cdc48-353 mutant

The proposed model suggests that Cdc48 extracts securin from separase and aids the 

proteasome-mediated mitotic degradation of securin (Figure 1A). When this fails in the 

cdc48-353 mutant, there may be two consequences: (1) securin degradation may become 

less efficient because Cdc48-mediated pre-processing fails, and (2) separase may be co-

degraded with securin. To directly test this, we imaged cells expressing securin-GFP or 

separase-GFP as they underwent mitosis. The level of securin-GFP in the cdc48-353 mutant 

was lower than in the wild-type background (Figures 3A and S1), consistent with the finding 

for endogenous securin by immunoblot (Figure 1B). However, the cellular degradation 

kinetics of securin-GFP were indistinguishable in cdc48+ and cdc48-353 mutant cells after 

normalizing forthe reduced level (Figure 3A), suggesting that securin degradation was 

unaffected in the cdc48-353 mutant. Similar results were obtained for Cdc13-GFP (Figure 

S1). Hence securin and Cdc13 are still efficiently targeted for proteasomal degradation in the 

cdc48-353 mutant.

We next checked whether a decline in separase levels occurs during mitosis. Similar to 

securin-GFP, both the cellular and nuclear levels of separase-GFP were low in cdc48-353 
mutant cells (Figures 3B and S1). However, we did not observe a drop in separase-GFP 

levels during mitosis, as would be expected if separase was co-degraded with securin (Figure 

3B). Given the already low levels, a further drop may be difficult to detect. We therefore 

expressed a second copy of separase-GFP under its endogenous promoter from another 

genetic locus (leu1). A second copy of separase was sufficient to rescue growth of the 

cdc48-353 mutant cells, but only if it was catalytically active (Figure S2A). The cellular and 

nuclear separase levels now were indeed increased, but we were still unable to observe any 

drop during mitosis (Figures 3C and S2B).

To separately assess the effect of cdc48-353 on the two copies of separase, we used two 

different tags: GFP at the endogenous and myc at the exogenous locus. Separase-myc 

expressed from the exogenous locus remained susceptible to the cdc48-353 mutant because 

its levels were also lowered (Figure S2C). The presence of this extra copy did not change the 

level of separase-GFP expressed from the endogenous locus (Figures S2C and S2D). Hence 

the mechanism that lowers separase levels in the cdc48-353 mutant acts equally on separase 

expressed from the endogenous and the exogenous locus. Securin levels were moderately 

higher in cdc48-353 mutant cells with two copies of separase compared with one copy 

(Figure S2D), consistent with separase being able to stabilize securin (Kumada et al., 1998).

To further test the original model of securin and separase codegradation, we anchored 

Cdc48 away from the nucleus (Figure S2E) (Ding et al., 2014; Haruki et al., 2008). Despite 

successfully reducing the amount of Cdc48 in the nucleus, we did not observe an obvious 

decline of separase levels during mitosis (Figure S2F).

Taken together, the unaltered securin degradation kinetics and stable separase levels 

throughout mitosis in the cdc48-353 mutant suggest that the reduction in separase levels 

is not caused by mitotic co-degradation with securin. Supporting this notion, we did not find 

a convincing physical association between Cdc48 and separase in asynchronous cultures, or 

between securin and Cdc48 in cells undergoing mitosis (Figure S3).
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Cdc48-353 is a dominant-negative gain-of-function allele

The cdc48-353 allele causes a single amino acid change (G338D) in the D1 domain of 

Cdc48 within a loop (loop 2) that faces the central pore (Ikai and Yanagida, 2006; Marinova 

et al., 2015). In the D2 domain, pore-facing loops contain aromatic residues that are used 

to translocate substrates (Twomey et al., 2019). Pore-facing D1 loops of archaeal Cdc48 

homologs retain aromatic residues, but in eukaryotic Cdc48 they have been replaced by 

non-aromatic residues (Esaki et al., 2017; Twomey et al., 2019). In budding yeast (S. 
cerevisiae), re-inserting an aromatic residue into the pore-facing loop 1 of D1 (e.g., M288Y) 

led to lethality (Esaki et al., 2017). Overexpression of the S. cerevisiae Cdc48-M288Y 

mutant in the wild-type background was lethal as well, and this lethality was rescued by 

deletion of some, but not all, Cdc48 cofactors, by truncation of the Cdc48 C-terminal tail, 

or by impairing the ATPase activity of the D1 domain (Esaki et al., 2017). Interestingly, the 

S. pombe cdc48-353 mutant has also been shown to be rescued by deletion of the cofactor 

Ufd2, by a specific mutation in the cofactor Ufd1, by mutations in the Cdc48 C-terminal tail, 

or by mutations expected to lower the D1 ATPase activity (Marinova et al., 2015; xu et al., 

2018). This suggested that the mechanism behind the toxicity of S. pombe Cdc48-G338D 

and S. cerevisiae Cdc48-M288Y may be similar.

It was previously reported that S. pombe strains overexpressing Cdc48-G338D retained 

viability (Ikai and Yanagida, 2006). In our hands, though, nmt1 promoter-driven 

overexpression of Cdc48-G338D, but not wild-type Cdc48, strongly reduced separase and 

securin levels, caused abnormal cell division, and was lethal (Figures 4 and S4). These 

phenotypes were rescued to a large extent by introducing an additional E325A mutation 

in the Walker B motif of the D1 domain (Figures 4 and S4), which is expected to 

lower ATPase activity (Bodnar and Rapoport, 2017). Because C-terminal tagging of Cdc48-

G338D ameliorates the mutant phenotype (Marinova et al., 2015), these constructs were 

N-terminally tagged. The difference to previous results, where no lethality was observed 

(Ikai and Yanagida, 2006), may be because of different tagging of Cdc48 or different 

levels of overexpression. Based on our results, we conclude that Cdc48-G338D behaves as 

dominant negative.

We also generated the mutant analogous to S. cerevisiae Cdc48-M288Y, S. pombe M298Y. 

However, overexpression of this mutant neither lowered separase levels nor was lethal 

(Figures 4A and 4B). Furthermore, some cofactor deletions (shp1/ubx3Δ or ubx4Δ) that 

rescued the lethality of Cdc48-M288Y overexpression in S. cerevisiae did not rescue S. 
pombe cdc48-353 mutant growth (Figure S5A). Altogether, this indicates that G338D and 

M298Y do not cause the same cellular phenotype, although it remains possible that they 

mechanistically cause similar defects in Cdc48 function. For example, both may cause 

misprocessing of Cdc48 substrates, but possibly of different substrates.

Because the cdc48-353 phenotype is rescued by impairing the D1 ATPase activity (Figure 

4) or by mutating or deleting cofactors that cooperate with Cdc48 (Marinova et al., 2015; 

Xu et al., 2018), we conclude that cdc48-353 is a gain-of-function allele whose toxic effects 

are mitigated by making Cdc48 less active. These findings further conflict with the proposed 

model, which assumes cdc48-353 to be a loss-of-function allele (Figure 1A).
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The rescue of the cdc48-353 mutant by deletion of the Ufd2 cofactor is independent of 
securin degradation during mitosis

Deletion of the Cdc48 cofactor ufd2+ strongly suppresses the cdc48-353 mutant growth 

phenotype (Figures 5A and 6A) (Xu et al., 2018). Note that tagging of separase alone 

impairs cdc48-353 growth (Figures 6A and S5B). So, all direct comparisons use the same 

version of separase. In accordance with the rescue of cdc48-353 growth by ufd2Δ, we found 

that separase, securin, and Cdc13 levels were restored in the double mutant (Figures 5A–5C 

and S5C), and the mitotic phenotype was rescued (Figure 7D). Ufd2 is an E4 ubiquitin 

ligase that in S. cerevisiae has been shown to add ubiquitin moieties to preformed ubiquitin 

conjugates to aid proteasomal degradation (Richly et al., 2005; Rumpf and Jentsch, 2006). 

The suppression observed in the cdc48-353 ufd2Δ double mutant has been proposed to 

arise from inefficient securin degradation rescuing separase from undergoing co-degradation 

(Xu et al., 2018). However, despite slightly higher securin and separase levels in the ufd2Δ 
mutant, we found no obvious change in securin degradation kinetics during mitosis (Figures 

5D, S5C, and S5D). These results indicate that the rescue of separase levels seen in 

the cdc48-353 ufd2Δ double mutant is unlikely to be a consequence of impaired securin 

degradation during mitosis.

A cdc48-353 suppressor screen identified a frameshift mutation in ufd1+ (Marinova et al., 

2015), another Cdc48 cofactor. Ufd1 in complex with Npl4 binds ubiquitinated substrates 

and helps Cdc48-mediated unfolding and processing (Ji et al., 2021; Meyer et al., 2002; 

Rape et al., 2001; Rumpf and Jentsch, 2006; Twomey et al., 2019). We tested the genetic 

interaction of two ufd1 mutants (ufd1-1 and ufd1-5) with cdc48-353. The first of these 

(ufd1-1, P76S) is expected to impair ubiquitin binding, the second (ufd1-5, L281S) is 

expected to impair Cdc48 binding (Burr et al., 2017; Hänzelmann and Schindelin, 2016; Nie 

et al., 2012; Twomey et al., 2019). The ufd1-1 mutant slightly raised separase-GFP levels 

(Figures S5E and S5F) but was synthetic lethal with cdc48-353, whereas the ufd1-5 mutant 

was not (Figure 5E) and rescued cdc48-353 growth in some conditions (Figures 5A and 

S5B). The rescue suggests that interaction of Ufd1 with Cdc48 is important for the toxic 

effect of cdc48-353. If securin degradation was indeed facilitated by Ufd1/Npl4-Cdc48, 

we would expect securin overexpression to be toxic in ufd1 mutants. However, securin 

overexpression was tolerated by all ufd1 mutants we tested, ufd1-1, ufd1-5, and ufd1-3 
(N175S Y179N; Nie et al., 2012) (Figure S5G).

In summary, these results show that the detrimental effects of cdc48-353 can be alleviated by 

removing Cdc48 cofactors or impairing their interaction with Cdc48. This supports the idea 

that cdc48-353 is a gain-of-function allele. The fact that deletion of ufd2+ strongly rescues 

the cdc48-353 mutant phenotype, but does not impair securin degradation, further supports 

our conclusion that low separase levels are independent of mitotic securin degradation and 

not a consequence of co-degradation of separase with securin in the cdc48-353 mutant.

TORC1 mutation rescues cdc48-353 growth and mitotic defects without restoring separase 
levels

In addition to cofactor deletions, growth on minimal medium suppresses the temperature 

sensitivity of the cdc48-353 mutant, suggesting a link to nutrient availability (Ikai and 
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Yanagida, 2006). The conserved TOR (target of rapamycin) pathway controls cell growth 

in response to nutrients (González and Hall, 2017). In S. pombe, Tor2 is the kinase subunit 

of TOR complex 1 (TORC1), and Fkh1 (Fkbp12 ortholog) is the direct target of rapamycin 

(Hayashi et al., 2007; Weisman et al., 2001). Interestingly, mutations in Tor2 and deletion of 

fkh1 have been shown to rescue the phenotype of separase mutants (Ikai et al., 2011). We 

therefore asked whether such mutants would also rescue the effects caused by cdc48-353. 

Both fkh1Δ and the Tor2-S1837E mutation (tor2SE; Laor et al., 2014; Nakashima et al., 

2010) rescued growth of cdc48-353 mutant cells (Figures 6A and S6A). Rescue by tor2SE 
was stronger than by fkh1Δ. Furthermore, tor2SE rescued mitotic phenotypes of cdc48-353 
cells, such as chromosome bridges and the “cut” phenotype (Figure 6B). Strikingly, though, 

separase and securin levels remained low (Figures 6C and S6B). Although surprising, this 

fits with the prior observation that growth of the separase mutant cut1-206 is rescued by 

the TOR inhibitor rapamycin, although separase levels are not restored (Ikai et al., 2011). 

The rescuing effect of tor2SE on cut1-206 and cdc48-353 was specific, because tor2SE did 

not rescue most other temperature-sensitive mutants that we tested, including other “cut” 

mutants, such as the condensin cut3-477 mutant (Figures S6C and S6D).

Because tor2SE suppresses the “cut” phenotype (Figure 6B), we considered whether the 

tor2SE mutation may prolong mitosis, so that cells with reduced separase activity have 

more time to cleave cohesin and separate chromosomes. However, by using Plo1 kinase 

localization to spindle pole bodies as a marker for mitosis (Figure S6E; see Figure 1B for 

an example image), we did not observe an obvious mitotic delay in the tor2SE mutant. 

Furthermore, the delay in sister chromatid separation relative to the removal of Plo1 from 

spindle pole bodies seen in cut1-206 and cdc48-353 mutant cells (Figure 1B) persisted in 

cdc48-353 tor2SE double mutants (Figure S6F). These results suggest that mitotic timing 

was not altered by tor2SE mutation.

Interestingly, ufd2Δ and tor2SE differ in their influence on cdc48-353 and the separase 

cut1-206 mutant. Whereas tor2SE rescues growth of both cdc48-353 and cut1-206 mutants, 

deletion of ufd2 rescues growth of the cdc48-353 mutant more efficiently than tor2SE does 

but does not rescue growth of the cut1-206 mutant (Figures 6A and 6D). This suggests 

that ufd2Δ rescues at the level of Cdc48 (consistent with restoring separase levels), whereas 

tor2SE rescues the phenotypic effect of low separase concentrations, without correcting the 

underlying problem of the Cdc48 malfunction (Figure 6E). This is corroborated by tor2SE 
not rescuing a short spindle phenotype that is seen in cdc48-353 mutant cells, but not in 

cut1-206 mutant cells (Figure S6G).

Low separase levels in the cdc48-353 mutant do not depend on any major degradation 
pathway

If low separase levels in the cdc48-353 mutant were a consequence of mitotic co-

degradation with securin (Figure 1A), impairing proteasomal degradation would be expected 

to rescue separase levels. However, combining cdc48-353 with a proteasome mutant 

(mts3-1) (Ikai and Yanagida, 2006) or chemical inhibition of proteasome activity by Velcade 

(bortezomib) failed to rescue separase levels in the cdc48-353 mutant (Figures 1B and 7B). 

In contrast, the levels of securin and Cdc13 increased, indicating that different mechanisms 
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are behind the low levels of these three proteins in the cdc48-353 mutant. The results 

suggest that the low separase levels are not a direct consequence of proteasomal degradation.

This prompted us to test alternative degradation pathways. Autophagy was a particularly 

promising candidate because Cdc48 can promote autophagy (Dargemont and Ossareh-

Nazari, 2012; Franz et al., 2014). However, deletion of the core autophagy kinase atg1+ did 

not rescue growth of the cdc48-353 mutant or separase levels or abnormal mitosis (Figures 

7A, 7B, and 7D). Similarly, deletion of the vacuolar ubiquitin ligase pib1+ or the vacuolar 

serine proteases isp6+ and psp3+ did not rescue growth or separase levels (Figures 7A and 

7C).

We did observe two faster migrating bands in the GFP immunoblot of cdc48-353 cells 

expressing separase-GFP (Figures 5, 6, and 7). Unlike full-length separase-GFP, these bands 

were affected by interfering with the different degradation pathways (Figures 7B and 7C), 

and they disappeared on combination of cdc48-353 with the tor2SE mutant (Figure 6C). 

However, these bands seemed absent in cells overexpressing the mutant Cdc48-G338D 

(Figure 4B) and did not appear at corresponding sizes in cdc48-353 mutant cells expressing 

myc-tagged separase (Figure S2C). Hence their presence or absence does not seem to 

correlate with functional outcomes, and we did not investigate their origin further.

To more generally address whether separase is becoming destabilized in the cdc48-353 
mutant, we assessed separase levels after promoter shut-off, using a second copy of separase 

integrated at the leu1 locus. Separase mRNA has a short half-life (3.6 min; Eser et al., 

2016), so a transcriptional shut-off is expected to rapidly stop protein production. Although 

we observed a slightly shorter protein half-life of separase in cdc48-353 compared with 

wild-type cells (Figures 7E and S7A), the difference is insufficient to explain the large 

difference in separase levels (at least 4-fold; e.g., Figures 1B and 7F). This provides further 

evidence that the low separase level in the cdc48-353 mutant cannot be purely explained by 

degradation and instead suggests that separase is less efficiently produced in the cdc48-353 
mutant.

Low separase levels may result from poor separase translation in the cdc48-353 mutant

Because we could not positively confirm any of the major cellular degradation pathways 

to be involved in lowering full-length separase levels in the cdc48-353 mutant, we asked 

whether synthesis is inefficient. Separase mRNA levels have been shown to be unaffected 

in the cdc48-353 mutant (Ikai and Yanagida, 2006), and we therefore hypothesized that 

translation is impaired. Based on recent genome-wide ribosome profiling in S. pombe 
(Rubio et al., 2021), separase has a very low translation efficiency (Figure S7B), and this 

may be exacerbated by the cdc48-353 mutation.

To assess separase synthesis, we pulse-labeled newly synthesized protein with radioactive 

methionine and cysteine and immunopurified separase-GFP, as well as a control protein, 

the stably expressed spindle assembly checkpoint protein Mad1 (Esposito et al., 2021). 

Much less radiolabeled separase was obtained from a cdc48-353 extract than from the same 

volume of wild-type extract (Figure 7F, lane 1 versus 3 and lane 4 versus 6), and this was 

not the case for Mad1. When comparing approximately the same amount of immunopurified 
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separase protein (labeled and unlabeled) from wild-type or cdc48-353 extracts (Figure 7F, 

lane 2 versus 3 and lane 5 versus 6), roughly the same proportion was radiolabeled. Along 

with the similar degradation rates (Figure 7E), this suggests that separase synthesis is less 

efficient in the cdc48-353 mutant, which may explain the lower separase level. This does 

not necessarily mean that translation initiation is impaired. It is possible that some problem 

during translation leads to co-translational degradation, which would not be detected in our 

assessment of degradation rates (Figure 7E) and would also lead to less nascent protein.

Of interest with respect to the hypothesis that translation may be impaired, the 

overexpression of components of the translation initiation complex eIF3 (Int6, Moe1) has 

been reported to rescue cdc48-353 growth and, vice versa, cdc48-353 defects are aggravated 

by int6+ or moe1+ deletion (Otero et al., 2010). We therefore overexpressed Int6 in wild-type 

and cdc48-353 mutant strains. However, separase levels remained unchanged upon Int6 

overexpression in the cdc48-353 mutant, and we could not confirm the rescue of growth 

defects upon Int6 overexpression from its endogenous promoter or from a strong nmt1 
promoter (Figure S7C–S7E).

Hence the cause for inefficient separase synthesis remains uncertain, but our results argue 

that separase has specific requirements for its translation that are impaired in the cdc48-353 
mutant (Figure 7G).

DISCUSSION

In contrast to the long-standing hypothesis that separase undergoes mitotic co-degradation 

with securin in the S. pombe cdc48-353 mutant, which would have implicated Cdc48 (VCP/

p97) in the regulation of anaphase (Figure 1A), we show here that low separase levels in this 

cdc48 mutant occur independent of securin degradation in anaphase, and our data suggest 

that Cdc48 does not play a major role in securin degradation and separase activation during 

mitosis. Experiments in Xenopus laevis extracts and more recently in human cells reached 

similar conclusions (Heubes, 2007; Wang et al., 2021). The unfoldase activity of Cdc48 is 

thought to be critical for proteasomal degradation when substrates are well folded and lack a 

flexible region (Beskow et al., 2009; Olszewski et al., 2019). Securin, in contrast, is a largely 

unstructured protein whose ubiquitinated N terminus is natively unfolded (Cox et al., 2002; 

Csizmok et al., 2008; Sánchez-Puig et al., 2005). It is therefore plausible that securin is 

efficiently degraded without the help of Cdc48. Separase becomes activated not only during 

mitosis, but also locally in interphase upon DNA damage (Hellmuth et al., 2018; McAleenan 

et al., 2013; Nagao et al., 2004). Cdc48 is known to be involved in DNA repair (Franz et 

al., 2016; Torrecilla et al., 2017). Whether Cdc48 plays a role in temporarily and locally 

removing securin from separase in this situation remains an open question.

We show that the previously known rescue of separase mutants by tor2 (TORC1) mutations 

(Ikai et al., 2011) extends to a rescue of cdc48-353 (Figure 6). However, separase levels 

are not restored (Figure 6C), and a short spindle phenotype observed in the cdc48-353, but 

not in the separase cut1-206, mutant is not rescued either (Figure S6G). Hence the tor2SE 
mutation specifically alleviates the effects of low separase activity. So far, we have been 

unable to pinpoint the mechanism of action. We were not able to entirely delete separase in 
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the cdc48-353 tor2SE double mutant (data not shown), which suggests that some separase 

activity remains necessary for successful mitosis in tor2SE cells. We did not find evidence 

that tor2SE prolongs mitosis, which could have given cells more time for chromosome 

separation (Figures S6E and S6F).

Instead, it is possible that rescue by tor2SE is related to lipid metabolism. Nuclear division 

in S. pombe cells requires nuclear membrane expansion, and some mutations or drugs that 

impair lipid synthesis also cause “cut” phenotypes, similar to separase mutants (Saitoh et al., 

1996; Takemoto et al., 2016; Yam et al., 2011; Zach and Prevorovsky, 2018). Such mutants 

are rescued by minimal medium, more specifically by the ammonium present in standard 

minimal medium (Zach et al., 2018). A similar rescue by standard minimal medium is seen 

for cdc48-353 (Ikai and Yanagida, 2006). Growth of rapamycin-treated cells, in contrast, is 

worsened by ammonium, which in these cells limits amino acid uptake, including that of 

leucine (Weisman et al., 2005). We have also seen that leucine auxotrophy affects growth 

of cdc48-353 (Figure S5B). Amino acids are an important regulator of TOR signaling, 

and leucine and TOR signaling can influence lipid metabolism (González and Hall, 2017; 

Lamming and Sabatini, 2013; Madeira et al., 2015; Neinast et al., 2019). Altogether, this 

suggests that separase mutants may not only cause the “cut” phenotype because of deficient 

cohesin cleavage, but possibly also because of effects on lipid metabolism, and the latter 

may be rescued by ammonium or reduced TORC1 signaling.

With respect to the influence of cdc48-353 on cellular physiology, our data suggest that 

cdc48-353 is a gain-of-function mutation (Figures 4 and 5), and we propose that the 

mutant Cdc48-G338D, along with the cofactors Ufd1 and Ufd2, over-processes one or 

more natural substrates, thereby impairing their function. Because not all aspects of the 

cdc48-353 mitotic phenotype can be attributed to the reduction in separase activity (Figure 

S6G), Cdc48-G338D may misprocess multiple substrates or a single substrate with multiple 

downstream effects. The involvement of the Ufd1 and Ufd2 cofactors suggests that a 

relevant substrate is ubiquitinated. A comparative proteome analysis or comparative Cdc48 

immunoprecipitations between cdc48-353 and wild-type cells may identify the relevant 

substrates in the future. As of now, there is no evidence that Cdc48 acts directly on securin 

and separase (Figure S3), and cdc48-353 may therefore lower separase levels indirectly. In 

contrast with the previously prevailing hypothesis that separase has become unstable in the 

cdc48-353 mutant, our data suggest that separase is inefficiently produced.

Separase requires securin for its stability and full activity (Hornig et al., 2002; Jallepalli 

et al., 2001; Rosen et al., 2019), and securin starts to associate with separase during 

separase translation (Hellmuth et al., 2015). Hence a failure to establish this interaction 

may lead to reduced separase translation. However, we did not find a defect in securin-

separase interaction in the cdc48-353 mutant (Figure S3A). It remains possible, though, that 

co-translational association is inefficient and leads to a defect in separase translation, but 

that the few successfully formed securin-separase complexes are fully translated and only 

those are evaluated in our assay. Given the stabilizing effect of securin, we also considered 

whether the low separase levels could be a consequence of a failure to sustain proper 

concentrations of securin in the cdc48-353 mutant. However, this seems unlikely given that 

expression of additional securin is toxic and does not rescue separase levels (Figure 2) (Ikai 
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and Yanagida, 2006; Yuasa et al., 2004). It remains possible that cdc48-353 has an influence 

on securin, independent of separase, because the expression of securin mutants that should 

be unable to bind to separase (AIA and N121) is still lowered in the cdc48-353 mutant 

(Figure 2).

The lower level of separase in the cdc48-353 mutant may also result from other defects in 

separase translation. In addition to the canonical translation machinery, non-canonical trans-

acting proteins and cellular tRNA composition affect the translation of specific subsets of 

mRNAs (Baltz et al., 2012; Harvey et al., 2018; Rak et al., 2018). The previously established 

genetic interaction between cdc48 and components of the eIF3 translation initiation complex 

(Otero et al., 2010) and findings that these eIF3 components promote proper chromosome 

segregation (Yen and Chang, 2000) were exciting, but we have so far been unable to verify 

this connection (Figure S7). Cdc48 has also been shown to promote the disassembly and 

subsequent degradation of defective or stalled RNA polymerase III complexes (Wang et al., 

2018). Hence it is possible that cdc48-353 shapes the tRNA pool with consequences on the 

translation of separase and likely other proteins.

Although it remains unknown how mutant Cdc48 impairs separase, our study suggests that 

separase production has specific requirements that are impaired by dysfunctional Cdc48, 

leading to catastrophic cellular outcomes. It will be interesting to address what these 

requirements are and what purpose they serve in wild-type cells. This may also shed light 

on the causes of the separase overexpression that is often seen in cancer cells (Meyer et al., 

2009).

Limitations of the study

Our study does not unravel how cdc48-353 affects separase levels. Both the relevant Cdc48 

substrate(s) and the downstream consequences remain unclear. Overall, the data favor a 

defect in separase synthesis, but we did And slightly accelerated protein degradation (Figure 

7E), and simple pulse labeling (Figure 7F) cannot clearly distinguish between the individual 

contributions of reduced synthesis and enhanced degradation; an extended and costly kinetic 

analysis would be required. The lack of mechanistic understanding also makes it hard 

to gauge whether wild-type Cdc48 influences separase in unperturbed cells. The gain-of-

function nature of cdc48-353 may have caused a “freak accident,” where the mutated 

Cdc48 processesone or more non-physiologic substrates with catastrophic consequences. 

Regardless of these uncertainties, this and earlier studies suggest that separase has special 

requirements for its protein homeostasis that are not shared by other proteins.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Silke Hauf (silke@vt.edu).

Materials availability—Yeast strains and vectors generated in this study are available 

from the lead contact without restriction.

Vijayakumari et al. Page 12

Cell Rep. Author manuscript; available in PMC 2022 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Data and code availability—All data reported in this paper will be shared by the lead 

contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

S. pombe strains—Tagging or deletion of genes at the endogenous locus was performed 

by PCR-based gene targeting (Bähler et al., 1998). For strains expressing a second copy 

of separase, a pDUAL vector (Matsuyama et al., 2004) containing Pcut1-cut1+-GFP or 

Pcut1-cut1+-(myc)13 was linearized with NotI and integrated at the leu1 locus. 905 bp 

of cut1 region upstream of its start codon were used. For strains expressing cut1+-GFP 
under the regulatable nmt81 promoter, pDUAL-Pnmt81-cut1+-GFP was linearized with NotI 

and integrated at the leu1 locus. For plasmids expressing cdc48+ and mutant versions, a 

(His)6 tag was introduced at the N-terminus of cdc48 by PCR and the entire fragment 

was introduced into Ndel/BamHI digested pREP1-Pnmt1 vector. To generate the Pint6-

int6+ expression construct, full-length int6+ including 1105 bp upstream of the int6+ start 

codon was inserted into the pREP1 vector replacing the nmt1 promoter. For Pnmt1 driven 

overexpression of int6+, full-length int6+ was fused to a dual Flag tag at the C-terminus in 

a pDUAL vector which was linearized with NotI and integrated at the leu1 locus. For the 

Cdc48 anchor away strains, Cdc48 was C-terminally tagged with either FRB-GFP or only 

FRB (for strains expressing Cut1-GFP). Ribosomal protein Rpl13 tagged with 2 tandem 

copies of FKBP12 at the C-terminus was integrated at the leu1 locus and expressed from the 

Pnmt1 promoter.

Cell culture and growth assays—For all immunoprecipitations, immunoblots and 

imaging assays, cells were cultured in Edinburgh minimal medium (EMM, MP Biomedicals, 

114110022) with supplements for auxotrophic strains as needed (0.2 g/L L-leucine, 0.15 g/L 

adenine). To suppress expression from nmt1 or nmt81 promoters, 16 μM thiamine was used. 

For growth assays with or without thiamine, cultures were grown in EMM media containing 

16 μM thiamine, followed by thiamine washout before spotting onto EMM plates with or 

without thiamine. For growth assays on rich media, cells were grown in yeast extract with 

adenine (YEA: 5% (w/v) yeast extract (IBI Scientific, IB49160), 20 g/L glucose, 0.15 g/L 

Adenine) and spotted onto YEA plates (5% (w/v) yeast extract, 30 g/L glucose, 0.15 g/L 

adenine, 2% (w/v) agar) including 2 μg/mL Phloxine B (Sigma, P4030). Growth assays have 

approx. 4,000 cells in the first spot and a 1:5 dilution series in the following. To inhibit 

proteasome activity, bortezomib (Velcade, LC Laboratories, B-1408) was added at a final 

concentration of 1 mM to cultures in exponential growth phase, and cultures were incubated 

at 30°C for 45 min in the presence of the drug. A small volume of the culture was fixed 

with methanol to check for proteasomal inhibition by scoring for cells arrested at metaphase. 

Rapamycin (LC Laboratories, R-5000) was added to medium at 2.5 μg/mL for 45 min prior 

to the start of imaging.
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METHOD DETAILS

Cut2 mutagenesis—The cut2+ coding sequence was mutagenized by PCR using Taq 

polymerase with conditions that further compromise fidelity of the polymerase (Wilson 

and Keefe, 2001). The mutant library was introduced into the pREP1-Pnmt1-GFP vector 

backbone by Gibson assembly (New England Biolabs, E2611). In this vector, cut2 was fused 

to GFP at its C-terminus and expressed under the nmt1 promoter (Pnmt1). The validation of 

the cut2 mutagenesis screen was performed by introducing the indicated cut2 variants into 

a pREP81 vector where they are expressed under the weaker nmt81 promoter (a mutated 

version of the nmt1 promoter).

Live-cell imaging—For live-cell imaging, cells were mounted in lectin-coated (40 μg/mL; 

Sigma L1395) culture dishes (μ-Slide 8-well, glass bottom; Ibidi, 80827) at a density of 

1.5 × 106 cells/mL and pre-incubated on the microscope stage at 30°C for 30 min. For 

temperature-sensitive strains, the culture was grown at 25°C and cells were shifted to 

30°C when pre-incubating on the microscope stage for 30 min prior to imaging at 30°C 

for 90 min. Images were acquired on a DeltaVision Elite system (Applied Precision/GE 

Healthcare) equipped with a pco.edge 4.2 (sCMOS) camera, Olympus 60X/1.42 (UIS2, 1-

U2B933) objective, Trulight fluorescent illumination module, and an EMBL environmental 

chamber for temperature control. Images were acquired using the optical axis integration 

(OAI) mode available with the SoftWoRx software using a range of 3.6 μm. Images were 

acquired every 15 s for 90 min to follow the levels of GFP-tagged separase, securin, 

Cdc13, or Plo1 in cells undergoing mitosis. Kymographs were assembled using Matlab 

(Mathworks), and kymographs in the same panel use the same intensity scaling.

Pnmt81 promoter shut down of separase expression—Wild-type and cdc48-353 
mutant strains expressing Pnmt81-cut1+-GFP from the leu1 locus were grown in EMM 

medium lacking thiamine for 15 h to induce Cut1-GFP expression; 1 × 108 cells were 

harvested from both WT and mutant cultures, 16 μM thiamine was added to both remaining 

cultures and 1 × 108 cells were harvested at every 30-min interval for 3 h. Harvested cells 

were washed with 20% trichloroacetic acid, spun down at 1,150 rcf and snap-frozen in liquid 

nitrogen. Protein samples were prepared using the denatured extract preparation described 

below.

Radioactive pulse-labelling—Cells were grown in EMM at 25°C and shifted to 30°C 

when reaching approx. 1.1 × 107 cells/mL. After 30 min incubation at 30°C, 3.5 mCi of a 

mix of 35S-L-methionine and 35S-L-cysteine (Perkin Elmer, NEG 772007MC) was added 

to 100 mL of cells. Half of the culture was harvested after 15 min, the other half after 30 

min. In a replicate experiment, 1 mCi of 35S-L-methionine/cysteine mix was added, and 

cultures were harvested after 10 min and 20 min. Cell pellets were washed with cold (4°C) 

buffer (20 mM Tris pH 7.5, 150 mM NaCl), resuspended in 150 μL of the same buffer, 

and dropped into liquid nitrogen. Frozen droplets were kept at −80°C before processing for 

extract and immunoprecipitation as below.

Cell extracts—For denatured extracts, protein samples were prepared using trichloroacetic 

acid-based extraction: 1 × 108 cells were resuspended in 500 μL water. To this suspension, 
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75 μL of 1.85 M sodium hydroxide/1 M beta-mercaptoethanol was added and the mixture 

incubated on ice for 15 min; 75 μL of 55% trichloroacetic acid were added and incubation 

was continued on ice for another 15 min. The samples were spun down at 16,000 rcf for 

15 min at 4°C and supernatant was completely removed from the pellet. The pellets were 

resuspended in 180 μL of sample buffer (500 μL of HU buffer [8 M urea, 5% SDS (w/v), 

200 mM Tris-HCl pH 6.8, 20% glycerol (v/v), 1 mMEDTA, 0.1% (w/v) bromophenol blue], 

400 μL of 2M Tris-HCl pH 6.8, 100 μL of 1 M DTT). 150 μL of acid-washed beads (Sigma, 

G8772) were added to the resuspended pellet and tubes agitated in a ball mill (Retsch, Mixer 

mill MM400) for 2 min at 30 Hz. Tubes were pierced at the bottom and eluates collected 

into fresh tubes by centrifugation at 2,400 rcf for 1 min. The extracts were heated at 75°C 

for 5 min. Lysate corresponding to 5 × 106 cells was loaded per lane.

For native extracts, cell pellets were resuspended in 100-250 μL of sterile water or buffer 

and frozen as droplets in liquid nitrogen. Cells were disrupted under cryogenic conditions 

for 15–30 s at 30 Hz in a ball mill (Retsch MM400) using 10 mL or 25 mL grinding 

jars with a fitting metal ball (Retsch). Powder was stored at −80°C until needed. A small 

sample of the protein powder was resuspended in lysis buffer (20 mM Tris-HCl pH 7.5, 150 

mM NaCl, 5% glycerol, and 0.1% NP-40) to determine the protein concentration by BCA 

assay (Pierce). For experiments, frozen powder was resuspended to a final concentration of 

10–20 mg/mL in lysis buffer supplemented with protease inhibitors (either Halt, Pierce, or 

cOmplete) and phosphatase inhibitors (either Halt or PhosSTOP). Protease inhibitors were 

used at 5× concentration. Extracts were spun down at 16,000 rcf for 10 min at 4°C and the 

supernatant was collected. For immunoblotting, the supernatant was mixed with an equal 

volume of sample buffer (900 μL HU buffer +100 μL of 1 M DTT) and heated to 75°C for 5 

min. Typically, 30 μg of protein was loaded into one lane.

Immunoblotting—Immunoblotting used either denatured extracts or native extracts. 

Proteins were separated by SDS-PAGE (NuPAGE 4–12% Bis-Tris or 3–8% Tris-Acetate, 

Invitrogen) and the resolved proteins were transferred onto a PVDF membrane (Immobilon-

P, Millipore) using a semi-dry blotting assembly (Amersham Biosciences) with Tris-glycine 

buffer (39 mM glycine, 48 mM Tris base) containing 10% methanol, 0.01% SDS, and 0.1% 

NuPAGE Antioxidant (Invitrogen, NP0005).

Primary antibodies were goat anti-Cdc48 (Abcam, ab206320), mouse anti-myc (Sigma, 

M4439), mouse anti-Cdc13 (cyclin B, Novus, NB200-576), rabbit anti-Cdc2 (CDK1,Santa 

Cruz, SC-53), mouse anti-tubulin (Sigma, T5168), mouse anti-GFP (Roche, 11814460001), 

rabbit anti-Cut2 (Kamenz and Hauf, 2014), and rabbit anti-Mad1 (Heinrich et al., 2013). 

Secondary antibodies were anti-mouse, anti-rabbit, or anti-goat HRP conjugates (Jackson 

115-035-003, 111-035-003; Abcam, ab6741). Antibodies were diluted in 4% (w/v) milk 

in TBS-T (150 mM NaCl, 20 mM Tris, 0.05% Tween-20); membranes were washed with 

TBS-T. Blots were developed using an enhanced chemiluminescent substrate (SuperSignal 

West Pico Plus, ThermoFisher). Radioactive immunoblots were dried, exposed to a 

phosphorimager screen (GE) for several days, and read out on a Typhoon Trio (GE).

Immunoprecipitation—Immunoprecipitations were performed using native extracts 

prepared as above. Mouse anti-GFP monoclonal antibody (Roche, 11814460001) or rabbit 
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anti-Mad1 antibody (Heinrich et al., 2013) were covalently coupled to Dynabeads Protein 

G (ThermoFisher, 10003D) at 12–16 μg antibody per 100 μL bead slurry for anti-GFP, and 

8 μg antibody per 100 μL bead slurry for anti-Mad1. Around 1.5–2.5 mg of cell lysate 

and 10–25 μL bead slurry was used per sample. Immunoprecipitates were eluted using 

7–15 μL of 100 mM citric acid pH 2; pH of the sample was adjusted with 1.5 M Tris pH 

9.2; either HU buffer (8 M urea, 5% SDS, 200 mM Tris HCl pH 6.8, 1mMEDTA, 20% 

glycerol, and 0.01% bromophenol blue) or 4× LDS-sample buffer (Invitrogen, NP0007) with 

beta-mercaptoethanol (3% (v/v) final conc.) were added and samples incubated at 85°C for 3 

min.

QUANTIFICATION AND STATISTICAL ANALYSIS

Calculating translation efficiency—Translation efficiency was calculated and plotted 

in R studio as the ratio between previously reported raw counts of ribosome-protected RNA 

fragments and RNA-seq of wild-type untreated cells from different experiments (Rubio et 

al., 2021). Only non-mitochondrial, non-dubious protein-coding genes were included, which 

resulted in a list of 5,057 genes. From this, an additional 30 genes were excluded because 

they had no RNA-seq raw counts or data were only available from four or fewer experiments 

out of a total of ten experiments.

Quantification of fluorescent signals—Fiji/ImageJ (Schindelin et al., 2012) was 

used to quantify nuclear and cellular concentrations of the protein analyzed. Nuclear and 

cellular region of interest (ROI) at each time point were defined using TetR-tdTomato- 

and brightfield-based thresholding, respectively. The mean background outside of cells was 

subtracted. The degradation kinetics of securin and Cdc13 were determined in Matlab 

(MathWorks). A cubic spline was fit to the degradation curve. The onset of degradation was 

defined as the point when the degradation rate first reached 10% of the maximal degradation 

rate; the end of degradation was defined as the point when the curve first became flat. 

Data were normalized to the intensities at these two points. For the normalized degradation 

rate, the region of the curve between 30 and 70% of degradation was used to determine 

the slope. Plo1 binding to spindle pole bodies was monitored by recording the maximum 

signal within the cellular ROI. The onset of Plo1 removal from spindle pole bodies was 

defined as the point when the loss in maximum signal first reached 20% of the maximal 

loss rate. The time point of sister chromatid separation (SCS) was determined by splitting of 

the dh1L<<tetO/TetR-tdTomato signal (Sakuno et al., 2009), and all fluorescence intensity 

curves were aligned to SCS. Spindle length was determined by manually measuring the 

distance between Plo1-GFP at spindle pole bodies in Fiji/ImageJ.

Quantification of immunoblots—Immunoblots were quantified in ImageLab (Bio-Rad) 

on images were none of the relevant pixels was saturated. The dilution series was used to 

create a standard curve by linear regression, with the exception of separase-GFP blots in 

the promoter shut-off experiment. In these experiments, the protein level dropped below the 

lowest amount in the dilution series. Therefore, a lane without sample was included in the 

quantification, and a hyperbola was fit using Prism (GraphPad). A one phase exponential 

decay was fit to the data to determine protein half-lives.
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Quantification of radiographs—Radiographs were quantified in ImageLab (Bio-Rad) 

on images were none of the relevant pixels was saturated. A lane without sample was 

measured as background, and all values were determined relative to the immunoprecipitation 

from wild-type extract at 30 min.

Statistical analysis—The number of cells (n) is shown in the figure; error bars and 

statistical tests are described in the figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Separase is not degraded during mitosis in cdc48-353 cells

• Securin and Cdc13 degradation during mitosis are not impaired in cdc48-353 
cells

• cdc48-353 is a dominant-negative gain-of-function allele

• cdc48-353 may impair separase protein synthesis rather than increase 

degradation
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Figure 1. Mitotic phenotype of cdc48-353 cells and the previously proposed model
(A) The current hypothesis suggests failure of Cdc48 segregase activity in the cdc48-353 
mutant, leading to co-degradation of separase and securin during mitosis.

(B) Immunoblot of extracts from asynchronously growing (30°C, minimal medium) 

wild-type (WT) or cdc48-353 mutant cells with and without 45-min treatment with the 

proteasome inhibitor Velcade. Wedges indicate a 1:1 dilution series for semi-quantitative 

comparison. Cdc2 (CDK1) serves as loading control.
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(C) Top: representative kymograph of a WT cell during mitosis (30°C, minimal medium). 

Plo1-GFP localization to spindle pole bodies serves as marker for mitotic entry and exit; 

the centromere of chromosome 1 is labeled with tdTomato to visualize sister chromatid 

separation (SCS). Vertical scale bar: 10 μm; horizontal scale bar: 2 min. Bottom left: 

maximum Plo1 intensity in cells undergoing mitosis (central line = mean, area = standard 

deviation, n = number of cells). The maximum signal increases as Plo1 binds to spindle pole 

bodies (mitotic entry), decreases slightly when spindle pole bodies split (spindle formation), 

and decreases to baseline at the end of mitosis when CDK1 activity declines (mitotic exit). 

Curves are aligned to SCS. Panels on the right are zoomed in to mitotic exit. Dotted lines 

indicate the mean time of onset of Plo1 removal, as indicated in the scatterplot on the right. 

Bottom right: time from the onset of Plo1 removal from spindle pole bodies to SCS. Black 

bars: mean and standard deviation. Unpaired t tests.

See also Figure S1.
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Figure 2. Overexpression of securin mutants compromised for interaction with separase is 
tolerated in the cdc48-353 mutant
(A) Tetrads from a cross between cdc48-353 mutant and a strain overexpressing (OE) 

securin to about eight times the WT level (rich medium). Colored circles: colony genotype; 

dashed colored circles: lethality of presumed double mutants.

(B) Left: schematic of securin mutagenesis screen to identify mutations that are non-toxic 

when overexpressed in cdc48-353 cells. Securin expression from the plasmid is suppressed 

in the presence of thiamine (+T) and induced in its absence (−T). Right: positions and type 

of mutation identified in the non-toxic mutants. The length of the protein is indicated with a 

black or gray horizontal line. Mutants examined in (C) are marked by an asterisk.

(C) Growth assay of cells inducibly expressing the indicated securin mutants from the nmt81 
promoter in the WT or cdc48-353 mutant background. Growth at 30°C on minimal medium 

in the presence or absence of thiamine. The latter induces expression. The strains marked 

with asterisks express mutants retrieved from the screen.

(D) Immunoblot of extracts from WT and cdc48-353 mutant strains overexpressing the 

indicated variants of securin or an empty vector, 15 h after induction. A strain expressing 

securin-GFP from the endogenous locus is included as reference in the first lane. Cdc2 

serves as loading control.

SBM, separase-binding motif (also known as separase-interaction segment [SIS]).
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Figure 3. Separase levels do not drop during mitosis in the cdc48-353 mutant
(A) Left: cellular concentrations of securin-GFP during mitosis (central line = mean, area = 

standard deviation, n = number of cells). Data are aligned to the time of SCS. Middle: 

normalized degradation rate of cellular securin during mitosis. Black bars: mean and 

standard deviation. Unpaired t test. Right: Representative kymographs of securin-GFP as 

cells undergo mitosis. SCS is indicated by an arrow. Horizontal scale bar: 2 min; vertical 

scale bar: 10 μm.

(B and C) Cellular (left) and nuclear (middle) concentrations of separase-GFP during 

mitosis. Right: representative kymographs of separase-GFP as cells progress through 

mitosis. In (C), leu1+ <<separase-GFP indicates that a second copy of separase-GFP is 

expressed from the exogenous leu1+ locus. The data for the strain with only endogenous 

separase-GFP are the same as in (B).

See also Figures S1–S3.

Vijayakumari et al. Page 27

Cell Rep. Author manuscript; available in PMC 2022 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. cdc48-353 is a dominant-negative gain-of-function allele
(A) Growth of WT strains transformed with vectors for conditional overexpression of 

cdc48+, cdc48 mutants, or the empty vector. Growth on minimal medium at 30°C in the 

presence or absence of thiamine; the latter induces expression.

(B) Immunoblot of extracts from the same strains as in (A). Exogenous Cdc48 probed with 

anti-His antibody. Growth in thiamine-depleted conditions for 15 h, except for lane 2, for 

which cells were grown in the presence of thiamine. Cdc2 serves as loading control.
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(C) Quantification of cellular phenotypes when overexpressing the indicated Cdc48 protein. 

Abnormal division includes cells with “cut” phenotype, unequal nuclear division, or 

chromosome bridges. Scale bar: 10 μm.

See also Figure S4.
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Figure 5. Deletion of ufd2 rescues separase levels in the cdc48-353 mutant
(A) Growth assay on rich medium containing Phloxine B, which stains dead cells.

(B) Immunoblot of extracts from asynchronously growing WT or mutant strains.

(C) Cellular (left) and nuclear (right) concentrations of separase-GFP during mitosis (central 

line = mean, area = standard deviation, n = number of cells). Data are aligned to the time of 

SCS.

(D) Left: cellular concentration of securin-GFP in the WT and ufd2Δ mutant during mitosis. 

Middle: normalized degradation rate of cellular securin during mitosis. Black bars: mean 

and standard deviation. Unpaired t test. The WT data are the same as in Figure 3. Right: 

kymographs of securin-GFP as cells progress through mitosis. Horizontal scale bar: 2 min; 

vertical scale bar: 10 μm.

(E) Left: domain organization of the Ufd1 protein. Asterisks indicate the mutations present 

in ufd1-1 and ufd1-5, respectively. Right: tetrads from crosses between cdc48-353 and ufd1 
mutants (rich medium). Colored circles: colony genotype; dashed colored circles: lethality of 

presumed double mutants.

See also Figure S5.

Vijayakumari et al. Page 30

Cell Rep. Author manuscript; available in PMC 2022 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Mutation of tor2 rescues both growth and mitotic defects in the cdc48-353 mutant 
without rescuing separase levels
(A) Growth assay on rich medium containing Phloxine B, which stains dead cells.

(B) Phenotypic analysis by DNA staining of fixed cells. Abnormal division includes “cut” 

phenotype, unequally divided nucleus, or chromosome bridges. The cdc48-353 data are the 

same as in Figure 7D.

(C) Immunoblot of extracts from asynchronously growing WT and mutant strains.

(D) Growth assay on rich medium containing Phloxine B.

(E) Proposed point of action of the suppressor mutants.
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See also Figure S6.
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Figure 7. Inhibition of major degradation pathways fails to rescue separase levels in the 
cdc48-353 mutant
(A) Growth assay on rich medium containing Phloxine B, which stains dead cells.

(B) Immunoblot of extracts from asynchronously growing WT and cdc48-353 strains with or 

without inhibition of autophagy by atg1+ deletion or inhibition of the proteasome by Velcade 

(+vel) treatment. Higher levels of Cdc13 (cyclin B) upon Velcade treatment suggest efficacy 

of proteasome inhibition.

(C) Immunoblot of extracts from WT and cdc48-353 strains with or without deletion of the 

vacuolar protease genes isp6+ and psp3+.
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(D) Phenotypic analysis by DNA staining of fixed cells. Abnormal division includes “cut” 

phenotype, unequally divided nucleus, or chromosome bridges. The cdc48-353 data are the 

same as in Figure 6B.

(E) Nmt81 promoter-driven expression of separase-GFP at an exogenous locus in WT 

and cdc48-353 mutant cells. Extracts were prepared after thiamine addition to shut off 

transcription. Approximately four times more cdc48-353 than WT extract was loaded 

for better comparability. Top: immunoblot with 1:1 dilution series for the 0-min time 

point. Bottom: quantification of two independent experiments. Fit of one phase decay and 

comparison of degradation rates by extra-sum-of-squares F test.

(F) Pulse labeling with radioactive 35S-methionine/cysteine added to culture medium for 15 

and 30 min. Immunoblot and radiograph of separase-GFP and Mad1 immunoprecipitation 

(IP). Wedge indicates a 1:4 dilution of the separase IP from WT cells to match the protein 

level in the IP from cdc48-353 cells. Radioactivity was quantified relative to the band from 

WT at 30 min. Shown is one out of two experiments yielding the same result.

(G) New model proposing that low separase levels in the cdc48-353 mutant are a result 

of poor separase translation and that the cdc48-353 mutation impairs mitosis in additional 

ways.

See also Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-Cdc48 Abcam Cat#ab206320; RRID: AB_2747420

Mouse anti-myc Sigma Cat#M4439; RRID: AB_439694

Mouse anti-Cdc13 Novus Cat#NB200-576; RRID: AB_10003103

Rabbit anti-Cdc2 Santa-Cruz Cat#sc-53; RRID: AB_2074908

Mouse anti-tubulin Sigma Cat#T5168; RRID: AB_477579

Mouse anti-GFP Roche Cat#11814460001; RRID: AB_390913

Rabbit anti-Cut2 Kamenz and Hauf, 2014, PMID: 
24583014

N/A

Rabbit anti-Mad1 Heinrich et al., 2013, PMID: 
24161933

N/A

Goat anti-mouse HRP Jackson ImmunoResearch Labs Cat#115-035-003; RRID: AB_10015289

Goat anti-rabbit HRP Jackson ImmunoResearch Labs Cat#111-035-003; RRID: AB_2313567

Rabbit anti-goat HRP Abcam Cat#ab6741; RRID: AB_955424

Chemicals, peptides, and recombinant proteins

Bortezomib LC Laboratories Cat#B-1408

Rapamycin LC Laboratories Cat#R-5000

Lectin Sigma Cat#L1395

Dynabeads™ Protein G Thermo Fisher Scientific Cat#10003D

Halt™ Protease Inhibitor Cocktail, EDTA-Free 
(100X)

Thermo Fisher Scientific Cat#87785

Pierce™Protease Inhibitor Tablets, EDTA-free Thermo Fisher Scientific Cat#A32965

cOmplete™, EDTA-free Protease Inhibitor 
Cocktail

Roche Cat#04693132001

Halt™ Phosphatase Inhibitor Cocktail Thermo Fisher Scientific Cat#78420

PhosSTOP™ Roche Cat#04906837001

EasyTag™ EXPRESS 35S Protein Labeling Mix, 
[35S]

Perkin Elmer Cat#NEG772007MC

EMM (Edinburgh’s Minimal Medium) MP Biomedicals Cat# 114110022

Critical commercial assays

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific Cat#23225

SuperSignal™ West Pico PLUS Chemiluminescent 
Substrate

Thermo Fisher Scientific Cat#34580

Experimental models: Organisms/strains

See Table S1 for S. pombe strains This study N/A

Recombinant DNA

See Table S2 for vectors This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Fiji/ImageJ Schindelin et al., 2012, PMID: 
22743772

https://imagej.net/Using_Fiji; RRID: SCR_002285

SoftWoRx Applied Precision, GE 
Healthcare

http://incelldownload.gehealthcare.com/bin/
download_data/SoftWoRx/6.5.2/SoftWoRx.html; 
RRID: SCR_019157

ImageLab Bio-Rad Laboratories Version 6.0.1 build 34

Matlab Mathworks https://www.mathworks.com; RRID: SCR_001622

Prism 9 GraphPad Software, Inc https://www.graphpad.com; RRID: SCR_002798

R Cran.R https://cran.r-project.org; RRID: SCR_001905

R studio N/A https://www.rstudio.com; RRID: SCR_000432

tidyverse package Cran.R https://tidyverse.tidyverse.org; RRID:SCR_019186

ggplot2 package Cran.R https://ggplot2.tidyverse.org/; SCR_014601

Other

Mixer mill MM400 Retsch Cat#20.745.0001

Grinding jar 10 mL Retsch Cat#01.462.0236

Grinding jar 25 mL Retsch Cat#01.462.0213

Adapter for reaction vials Retsch Cat#22.008.0008

Glass beads, acid-washed Sigma Cat#G8772

μ-Slide 8-well, glass bottom Ibidi Cat#80827

Invitrogen™ NuPAGE™ 4 to 12%, Bis-Tris, 20-
well

Invitrogen Cat#WG1402BOX

Invitrogen™ NuPAGE™ 4 to 12%, Bis-Tris, 12-
well

Invitrogen Cat#NP0322BOX

Invitrogen™ NuPAGE™ 3 to 8%, Tris-Acetate, 12-
well

Invitrogen Cat#EA03752BOX

Immobilon-P PVDF membrane Millipore Sigma Cat#IPVH00010
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