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The extent of Ssa1/Ssa2 Hsp70 chaperone 
involvement in nuclear protein quality control 
degradation varies with the substrate

ABSTRACT Protein misfolding is a recurring phenomenon that cells must manage; otherwise 
misfolded proteins can aggregate and become toxic should they persist. To counter this bur-
den, cells have evolved protein quality control (PQC) mechanisms that manage misfolded 
proteins. Two classes of systems that function in PQC are chaperones that aid in protein fold-
ing and ubiquitin–protein ligases that ubiquitinate misfolded proteins for proteasomal deg-
radation. How folding and degradative PQC systems interact and coordinate their respective 
functions is not yet fully understood. Previous studies of PQC degradation pathways in the 
endoplasmic reticulum and cytosol have led to the prevailing idea that these pathways re-
quire the activity of Hsp70 chaperones. Here, we find that involvement of the budding yeast 
Hsp70 chaperones Ssa1 and Ssa2 in nuclear PQC degradation varies with the substrate. In 
particular, nuclear PQC degradation mediated by the yeast ubiquitin–protein ligase San1 
often involves Ssa1/Ssa2, but San1 substrate recognition and ubiquitination can proceed 
without these Hsp70 chaperone functions in vivo and in vitro. Our studies provide new in-
sights into the variability of Hsp70 chaperone involvement with a nuclear PQC degradation 
pathway.

INTRODUCTION
Most proteins fold into defined structures to accomplish their di-
verse cellular roles. However, protein folding is dynamic and pro-
teins can misfold into states that alter their function and/or result in 
aggregation. Protein misfolding is a stochastic process caused by a 
variety of means including mutations, production errors, improper 

nascent peptide folding, and stress-induced damage. The cell man-
ages misfolded proteins by employing protein quality control (PQC) 
systems that can be broadly categorized into two classes. The pro-
tein folding class mitigates the effects of misfolded proteins through 
the folding, refolding, segregation, and disaggregation activities of 
protein chaperones (Chen et al., 2011; Verghese et al., 2012). The 
protein degradation class eliminates misfolded proteins through tar-
geted proteolysis, which in eukaryotes typically involves the ubiqui-
tin–proteasome system (Fredrickson and Gardner, 2012). The com-
bined activities of folding and degradation PQC systems provide 
the cell with a broad range of capabilities essential to manage the 
wide variety of misfolded proteins that are generated in the cell.

An open question in the PQC degradation field is how chaper-
ones and ubiquitin–protein ligases cooperate with each other to 
maintain optimal organellar proteostasis. In many cases, specific 
chaperones are required for the elimination of misfolded proteins 
by PQC degradation systems. For example, the mammalian 

Monitoring Editor
Orna Cohen-Fix
National Institutes of Health

Received: Feb 12, 2018
Revised: Nov 25, 2019
Accepted: Dec 6, 2019

This article was published online ahead of print in MBoC in Press (http://www 
.molbiolcell.org/cgi/doi/10.1091/mbc.E18-02-0121) on December 11, 2019.
The authors declare no competing financial interests.
*Address correspondence to: Richard Gardner (gardnerr@uw.edu).

© 2020 Jones et al. This article is distributed by The American Society for Cell Bi-
ology under license from the author(s). Two months after publication it is available 
to the public under an Attribution–Noncommercial–Share Alike 3.0 Unported 
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of 
the Cell®” are registered trademarks of The American Society for Cell Biology.

Abbreviations used: GAD, Gal4 activation domain; GFP, green fluorescent pro-
tein; NLS, nuclear localization signal; PQC, protein quality control; SSA, stress-
seventy subfamily A.

Ramon D. Jonesa, Charisma Enama, Rebeca Ibarrab, Heather R. Borrora, Kaitlyn E. Mostollera, 
Eric K. Fredricksona, JiaBei Linc, Edward Chuangc, Zachary Marchc, James Shorterc, 
Tommer Ravidd, Gary Kleigerb, and Richard G. Gardnera,*
aDepartment of Pharmacology, University of Washington, Seattle, WA 98195; bDepartment of Chemistry and 
Biochemistry, University of Nevada, Las Vegas, NV 89154; cDepartment of Biochemistry and Biophysics, Perelman 
School of Medicine, University of Pennsylvania, Philadelphia, PA 19104; dDepartment of Biological Chemistry, 
The Alexander Silberman Institute of Life Sciences, The Hebrew University of Jerusalem, Givat-Ram, 
 Jerusalem 91904, Israel



222 | R. D. Jones et al. Molecular Biology of the Cell

ubiquitin–protein ligase CHIP interacts with Hsp70 chaperones to 
mediate the ubiquitination and degradation of Hsp70-bound cli-
ent proteins (Ballinger et al., 1999; Jiang et al., 2001; Murata et al., 
2001). In yeast, the endoplasmic reticulum (ER)-membrane ubiqui-
tin–protein ligase Hrd1 requires the Hsp70 chaperone Kar2/BiP to 
target misfolded proteins in the ER lumen for ubiquitination and 
degradation (Brodsky et al., 1999; Nishikawa et al., 2001; Taxis 
et al., 2003; Huyer et al., 2004; Denic et al., 2006). Similarly, the 
yeast ER-membrane associated ubiquitin–protein ligase Doa10 re-
quires Hsp40 and Hsp70 chaperones for ubiquitination and degra-
dation of misfolded proteins on the cytosolic face of the ER mem-
brane (Huyer et al., 2004; Metzger et al., 2008; Nakatsukasa et al., 
2008). Hsp40 and Hsp70 chaperones are also required for ubiqui-
tination and degradation of misfolded proteins targeted by the 
ubiquitin–protein ligase Ubr1 (Park et al., 2007; Eisele and Wolf, 
2008; Heck et al., 2010; Nillegoda et al., 2010; Prasad et al., 2010). 
From these studies, it is clear that chaperones can play an impor-
tant role in the degradation process. In most cases, however, the 
molecular functions of chaperones in PQC degradation have yet to 
be fully elucidated. One potential role is that chaperones act as 
substrate-recognition factors and serve as intermediaries between 
the PQC degradation system and its target substrates. Another 
potential role for chaperone function in PQC degradation is that 
they maintain substrate solubility and accessibility. These possibili-
ties are not mutually exclusive and chaperones could serve either 
or both roles on subsets of misfolded proteins.

Our studies have focused on understanding how misfolded pro-
teins are targeted for PQC degradation in the nucleus. We previ-
ously found that the yeast nuclear-localized, ubiquitin–protein ligase 
San1 functions in the destruction of misfolded nuclear proteins by 
mediating their ubiquitination for proteasomal degradation (Gard-
ner et al., 2005). We also found that in vitro and in bacteria San1 can 
ubiquitinate misfolded proteins without the aid of chaperones 
(Rosenbaum et al., 2011; Ibarra et al., 2016), indicating that chaper-
ones are not essential for the recognition of misfolded proteins by 
San1. However, other studies have shown that the Hsp70 chaper-
ones Ssa1 and Ssa2 are required in vivo for San1-mediated ubiquiti-
nation and degradation of misfolded proteins that were presumed 
to be cytosolic but ultimately enter the nucleus (Heck et al., 2010; 
Prasad et al., 2010, 2012; Brower et al., 2013; Guerriero et al., 2013; 
Prasad et al., 2018). On the basis of the discrepancies between our 
studies and those of others, we explored whether there is a universal 
requirement for the Hsp70 chaperones Ssa1 and Ssa2 in San1- 
mediated nuclear PQC degradation by using a diverse collection of 
San1 substrates.

RESULTS
Involvement of Ssa1/Ssa2 in San1-mediated degradation is 
maintained after active nuclear localization of “cytosolic” 
substrates
Ssa1/Ssa2 were shown to be required for the degradation of San1 
substrates that were initially thought to be in the cytosol (Heck 
et al., 2010; Prasad et al., 2010, 2012). However, analysis of the 
substrates’ localization revealed that they were enriched in the 
nucleus (Heck et al., 2010; Prasad et al., 2010, 2012) despite the 
fact that they are not normally nuclear proteins and lack canonical 
nuclear localization sequences (NLSs). It is currently unknown how 
these misfolded proteins enter the nucleus. The sizes of substrates 
in those studies are below the ∼110 kDa passive diffusion limit of 
the nuclear pore (Wang and Brattain, 2007), suggesting that entry 
into the nucleus may be through passive diffusion. It is therefore 
possible that substrates lacking an NLS require Ssa1/Ssa2 for 

San1-mediated degradation because these chaperones assist in 
passive nuclear import. To test this, we examined whether Ssa1/
Ssa2 were still required for the degradation of these substrates 
after active nuclear transport.

To import substrates into the nucleus, we added GFP containing 
an NLS to three of the previously described “cytosolic” substrates: 
∆2GFP (Prasad et al., 2010, 2012), ∆ssPrA (Prasad et al., 2010, 2012), 
and the Von Hippel–Lindau syndrome protein VHL (Samant et al., 
2018). After examining the degradation of these NLSplus misfolded 
proteins in parent, ssa1∆ssa2∆, and san1∆ cells, we found that Ssa1/
Ssa2 were required for their optimal degradation (Figure 1, A and 
C). It therefore appears that the Ssa1/Ssa2 dependency in San1-
mediated degradation is independent of the nuclear entry mode. In 
fact, fluorescence microscopy of GFPNLS-VHL revealed that it is pre-
dominantly localized to the nucleus in ssa1∆ssa2∆ cells, similar to 
that observed in both parent and san1∆ cells (Figure 2A and Supple-
mental Figure 1A). These results support the idea that the stabiliza-
tion of San1 substrates in ssa1∆ssa2∆ cells is not related to their 
nuclear transport mechanism.

The extent of Ssa1/Ssa2 involvement in San1-mediated 
degradation in vivo varies with the substrate
On the basis of our findings that GFPNLS-∆2GFP, GFPNLS-∆ssPrA, 
and GFPNLS-VHL require Ssa1/Ssa2 for optimal degradation, we 
wanted to determine whether this is a universal feature of San1-
mediated degradation. To assess more broadly the Ssa1/Ssa2 in-
volvement in San1-substrate degradation, we examined multiple 
representative examples from the 40+ San1 substrates that we 
previously characterized (Gardner et al., 2005; Fredrickson et al., 
2011; Rosenbaum et al., 2011). The original class of San1 sub-
strates we identified are those with single missense mutations that 
cause temperature-dependent misfolding (Gardner et al., 2005; 
Fredrickson et al., 2011). The second class of San1 substrates we 
identified is proteins carrying truncations that eliminate portions 
of the protein most likely required for proper folding (Rosenbaum 
et al., 2011). The final class of San1 substrates we identified is 
small hydrophobic peptides that we propose mimic the type of 
exposed hydrophobicity San1 recognizes in misfolded proteins 
(Fredrickson et al., 2011, 2013b). We chose five representative 
substrates from these classes:

1. Two missense mutant substrates that included GAD-Cdc68-1, 
which is the isolated N-terminal domain of Cdc68 (residues 
2–468) containing a G132D mutation (Evans et al., 1998), and 
GAD-Cdc13-1, which is the isolated N-terminal domain of Cdc13 
(residues 1–600) carrying a P371S mutation (Nugent et al., 1996). 
The same constructs without the missense mutations are not rec-
ognized by San1 (Rosenbaum et al., 2011).

2. Two truncated substrates that included GFPNLS-Tef2*, which con-
tains residues 190–458 of the translation elongation factor Tef2 
fused to GFPNLS, and GFPNLS-Bgl2*, which contains residues 20–
313 of the endo-β-1,3-glucanase Bgl2 fused to GFPNLS (Fredrick-
son et al., 2011; Gallagher et al., 2014). The full-length constructs 
are not recognized by San1 (Rosenbaum et al., 2011).

3. One hydrophobic peptide substrate, which was GFPNLS-peptide 
6 (RDILVYTYILVYVYI fused to GFPNLS; Fredrickson et al., 2011).

Using these substrates, we observed a differential involvement 
of Ssa1/Ssa2 in San1-mediated degradation (Figure 1, B and C). 
There was some stabilization for GFPNLS-Tef2*, GFPNLS-Bgl2*, and 
GFPNLS-peptide 6 in ssa1∆ssa2∆ cells (Figure 1, B and C). By contrast, 
GAD-Cdc13-1 and GAD-Cdc68-1 showed little to no stabilization in 
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ssa1∆ssa2∆ cells (Figure 1, B and C). The degradation of all 
substrates tested was dependent on San1 (Figure 1, B and C). By 
fluorescence microscopy, GFPNLS-Tef2* and GFPNLS-Bgl2*, both of 
which were partially stabilized in ssa1∆ssa2∆ cells, did not show ob-
servable alterations in their nuclear localization (Figure 2, B and C, 
and Supplemental Figure 1, B and C), indicating that the stabiliza-
tion by loss of Ssa1/Ssa2 function is not due to their mislocalization 
to the cytosol.

The extent of Ssa1/Ssa2 involvement in San1-mediated 
ubiquitination in vivo also varies with the substrate
From the diversity of Ssa1/Ssa2 involvement in San1-substrate 
degradation (Figure 1), we examined Ssa1/Ssa2 involvement in 
San1-substrate ubiquitination. We performed in vivo ubiquitina-

tion assays using GFPNLS-VHL (a strongly Ssa1/Ssa2-dependent 
San1 substrate), GFPNLS-Tef2* (a weakly Ssa1/Ssa2-dependent 
San1 substrate), and GAD-Cdc68-1 (a Ssa1/Ssa2-independent 
San1 substrate) in parent, ssa1∆ssa2∆, and san1∆ cells (Figure 3). 
GFPNLS-VHL ubiquitination was reduced in ssa1∆ssa2∆ cells and 
the decrease was similar to that observed in san1∆ cells (Figure 
3A). GFPNLS-Tef2* ubiquitination was reduced in ssa1∆ssa2∆ 
cells, but the decreased levels were intermediate between that 
observed with parent and san1∆ cells (Figure 3B). GAD-Cdc68-1 
ubiquitination in ssa1∆ssa2∆ cells was indistinguishable to that 
observed in parent cells, but strongly reduced in san1∆ cells 
(Figure 3C). Thus, there is a good correlation in the Ssa1/Ssa2 
dependency between the ubiquitination and degradation of 
San1 substrates.

FIGURE 1: The Hsp70 chaperones Ssa1/Ssa2 are not universally required for San1-mediated degradation. 
(A) Cycloheximide-chase degradation assays were performed on parent, ssa1∆/ssa2∆, and san1∆ cells to assess the 
stability of GFPNLS-∆2GFP, GFPNLS-∆ssPrA, or GFPNLS-VHL. Time after cycloheximide addition is indicated above each 
lane. Anti-GFP antibodies were used to detect each substrate. Anti-Pgk1 antibodies were used to assess loading. 
(B) Cycloheximide-chase degradation assays were performed on parent, ssa1∆/ssa2∆, and san1∆ cells to assess the 
stability of GFPNLS-Tef2*, GFPNLS-Bgl2*, GFPNLS-peptide 6, GAD-Cdc13-1 or GAD-Cdc68-1 as in A. Anti-GFP and 
anti-GAD antibodies were used to detect each respective substrate. Anti-Pgk1 antibodies were used to assess loading. 
(C) Decay curves for the degradation assays in A and B. Band intensities were measured using ImageJ with the levels in 
the 0 time points for each replicate arbitrarily set to 100%. Standard deviation in each graph was determined from four 
independent assays conducted for each substrate in each strain.
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Chaperones are dispensable for San1-substrate 
ubiquitination in vitro
To test chaperone involvement further, we reconstituted San1 sub-
strate ubiquitination in vitro with and without chaperones. Because 
San1 substrates are constitutively misfolded proteins, we have been 
repeatedly unable to purify San1’s yeast substrates from Escherichia 
coli as they readily aggregate during expression and purification. 
Indeed, the inability to purify recombinantly produced misfolded 
proteins is one of the major challenges in reconstituting PQC sub-
strate ubiquitination in vitro, and was the key issue that spurred us 
to develop a reconstituted San1-ubiquitination assay in bacteria 
(Rosenbaum et al., 2011). We overcame this hurdle by developing in 
vitro assays wherein San1 ubiquitinates a conditionally denatured 
luciferase (Rosenbaum et al., 2011), or a short soluble hydrophobic 
peptide (Ibarra et al., 2016). Using these in vitro substrates, we hy-
pothesized that chaperone addition would enhance San1-mediated 
ubiquitination if chaperones were essential for San1-mediated 
ubiquitination.

The previously described luciferase denaturation and ubiquiti-
nation assay (Rosenbaum et al., 2011) was further optimized for 
these studies. We first determined the optimal temperature for lu-
ciferase denaturation that led to robust San1-mediated ubiquitina-
tion. We confirmed that 42°C led to the best temporal visualization 
ubiquitination of luciferase (Figure 4A). Next, we found that San1 
readily ubiquitinated denatured luciferase with only the aid of the 
San1 ubiquitination cascade components (Figure 4C, lanes 5 and 
6), but not native luciferase (Figure 4C, lanes 3 and 4). Approxi-
mately 30% of denatured luciferase was ubiquitinated by an equi-
molar amount of San1 within 5 min and 40–45% ubiquitinated by 
15 min (Figure 4D).

We then determined the optimal concentration of Ssa1 to use in 
the in vitro assay by evaluating the amount of Ssa1-Ydj1 that rena-
tures luciferase in the absence/presence of Hsp104 (Glover and 
Lindquist, 1998; Jackrel et al., 2014). In our assays, 1 µM Ssa1-Ydj1 
demonstrated the most robust refolding activity, as measured by the 
percentage of reactivated luciferase compared with an equivalent 

FIGURE 2: Nuclear localization of San1 substrates is unaffected by deletion of SSA1 and SSA2. Cellular localization of 
GFPNLS-VHL (A), GFPNLS-Tef2* (B), GFPNLS-Bgl2* (C), and GFPNLS as a stable control (D) in parent, ssa1∆/ssa2∆, and san1∆ 
cells also expressing Nup60-mCherry as a nuclear membrane marker was examined by fluorescence microscopy. 
Representative cells are shown. Bar equals 2 µm. Microscopy was performed three independent times. Fields containing 
more cells are shown in Supplemental Figure 1.
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amount of undenatured, native luciferase (Figure 4B). After adding 
Ssa1 to the in vitro ubiquitination reaction, we observed no en-
hancement of San1-mediated ubiquitination (Figure 4C, lanes 7 and 
8). It has been found that additional chaperones (Hsp104, Ydj1, and 
Sse1) are required to facilitate refolding of denatured luciferase in 
vitro (Figure 4B; Glover and Lindquist, 1998; Jackrel et al., 2014). 
Therefore, we added these chaperones sequentially to the in vitro 
assay. In no case did the addition of additional chaperones enhance 
San1-mediated ubiquitination of denatured luciferase (Figure 4C, 
lanes 9–14).

To explore further whether chaperones assist San1-mediated 
ubiquitination, we next used the peptide-based in vitro ubiquitina-
tion assay (Ibarra et al., 2016). A key advantage of the peptide-
based assay is that, while denatured luciferase likely adopts multiple 
conformations resulting in a heterogeneous population, the peptide 
is too short for protein folding and is likely more homogeneous than 
misfolded luciferase. Similar to San1-mediated ubiquitination of lu-
ciferase, we found that San1 readily ubiquitinated the peptide sub-
strate with only the aid of the San1 ubiquitination cascade compo-
nents (Figure 4E, lanes 3 and 4). Intriguingly, the addition of Ssa1 to 
this assay inhibited the ability of San1 to ubiquitinate the peptide 
substrate (Figure 4, E and F, lanes 5 and 6). This finding was surpris-
ing as the degradation of the peptide when fused to GFPNLS was 
partially dependent upon Ssa1/Ssa2 in vivo (Supplemental Figure 
2). The addition of Ydj1, Hsp104, and Sse1 did not relieve this in-
hibitory effect (Figure 4, E and F, lanes 7–12).

One hypothesis for this result is that San1 and Ssa1 bind the 
same exposed hydrophobic sequence and thus compete with each 
other. To identify potential Ssa1-binding sites, the peptide sequence 
was analyzed using BiPPred, which is an algorithm that identifies 
Hsp70-binding sequences (Schneider et al., 2016). Although three 
sequence stretches were predicted to have affinity for Hsp70, the 
strongest Hsp70-binding region in the peptide is the same FFLVLIV 
sequence recognized by San1 (Figure 4G; Fredrickson et al., 2013a). 
We find it interesting that the same inhibitory effect was not ob-
served in the denatured luciferase assay (Figure 4, C and D). Lucifer-
ase has ∼20 predicted Hsp70-binding sites (Figure 4H), and it is 
possible that competition between San1 and Ssa1 for denatured 
luciferase is considerably reduced due to the many more binding 
sites that are available in denatured luciferase than the peptide sub-

strate. We consider this and other possibilities in the Discussion for 
the different effects of chaperone addition in each in vitro ubiquiti-
nation assay.

Substrate insolubility correlates with the Ssa1/Ssa2 
dependency for San1-substrate degradation
The variable participation for Ssa1/Ssa2 In San1-mediated degrada-
tion led us to explore the potential underlying reason(s) for the dif-
ference in chaperone involvement. One hypothesis is that the Ssa1/
Ssa2 Hsp70 chaperones are involved in nuclear import. We think this 
is unlikely based on the Figure 1 results where we appended an NLS 
to drive active nuclear import and observed similar Ssa1/Ssa2 de-
pendency for San1-mediated degradation as previously described 
(McClellan et al., 2005; Prasad et al., 2010, 2012). In addition, Ssa1/
Ssa2-dependent San1 substrates showed no observable changes in 
nuclear localization in ssa1∆ssa2∆ cells (Figure 2 and Supplemental 
Figure 1). A second hypothesis is that chaperones are involved as 
substrate-recognition factors that deliver substrates to San1 for 
ubiquitination. We think this possibility is also unlikely because we 
would have observed that all substrates in Figure 1 shared the same 
dependency on Ssa1/Ssa2, and we would not have observed chap-
erone-independent San1-mediated ubiquitination in vitro (Figure 4, 
C–F; Rosenbaum et al., 2011; Ibarra et al., 2016). A third hypothesis 
is that chaperones maintain the in vivo solubility of certain substrates 
to enable San1 recognition if the misfolded proteins are exception-
ally aggregation prone. This hypothesis is based on the kinetic-par-
titioning model wherein a key function for chaperones is to aid in 
partitioning misfolded proteins between oligomeric aggregates and 
monomeric states (Kim et al., 2013).

To examine substrate solubility, we performed sedimentation as-
says on all substrates described in Figure 1 in parent and ssa1∆ssa2∆ 
cells (Figure 5, A and B). Sedimentation assays allowed us to deter-
mine the relative levels of substrate in the soluble fraction versus the 
insoluble pellet during differential centrifugation. For substrates that 
showed some dependency on Ssa1/Ssa2 for their degradation 
(Figure 1), the level of the substrate increased in the insoluble frac-
tion in ssa1∆ssa2∆ cells (Figure 5A). By contrast, substrates that 
were degraded in a Ssa1/Ssa2-independent manner, showed little 
to no transition of substrate into the insoluble pellet in ssa1∆ssa2∆ 
cells (Figure 5B), which is similar to the distribution of the soluble 

FIGURE 3: Loss of Ssa1/Ssa2 function for San1-mediated substrate degradation similarly affects San1-mediated 
substrate ubiquitination. In vivo ubiquitination assays were performed to assess the ubiquitination levels of GFPNLS-VHL 
(A), GFPNLS-Tef2* (B), and GAD-Cdc6-1 (C) in parent, ssa1∆ssa2∆, and san1∆ cells. Cells were grown to midexponential 
phase, expression of each substrate was induced by addition of galactose, and cells were lysed. Ubiquitinated proteins 
were affinity purified using ubiquitin-affinity TUBE agarose beads. Anti-GFP or anti-GAD antibodies were used to detect 
each respective substrate. Bottom panels represent the amount of each substrate in total lysates. Top panels represent 
the amount of substrate in the purified ubiquitinated protein pool. (D) Intensities of ubiquitination levels in A–C were 
measured using ImageJ. Ubiquitination levels in the top panels were normalized against input in the bottom panels. 
Ubiquitination levels in the parent strains were set to the arbitrary value of 1. Standard deviation in each histogram was 
determined from three independent assays conducted for each substrate in each strain.
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FIGURE 4: Chaperones are dispensable for San1-mediated ubiquitination in vitro. (A) In vitro ubiquitination of luciferase 
denatured at either 37°C or 42°C. The San1 enzymatic cascade consisted of purified ubiquitin, human ubiquitin-
activating enzyme Uba1, yeast Ubc1, and purified San1. Anti-luciferase antibodies were used to detect unmodified and 
ubiquitinated luciferase. (B) Luciferase renaturation assays were conducted to demonstrate that the chaperones used in 
the in vitro ubiquitination assays were functional. Luciferase activity was measured by total luminescence and compared 
with an equivalent amount of native luciferase. The amount of Ssa1-Ydj1 used in the reaction was either 0.167 or 1 µM 
as indicated. (C) In vitro assays were performed to assess the ubiquitination of denatured luciferase with and without 
the addition of chaperones. The yeast chaperones Ssa1, Ydj1, Hsp104, and Sse1 were sequentially added to 
the basic San1 enzymatic cascade as indicated. Reactions were allowed to proceed for 5 or 15 min as indicated above 
each lane. Luciferase was either present in a native form (lanes 3 and 4) or heat denatured at 42°C (all other lanes). 
San1 and chaperones were added as indicated above each lane. Anti-luciferase antibodies were used to detect 
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proteins Pgk1 and GFPNLS (Figure 5C). Thus, there is a correlation 
between substrate dependency on Ssa1/Ssa2 for degradation and 
its solubility.

The lack of Ssa1/Ssa2 involvement in San1-mediated 
degradation is not due to the involvement of other SSA 
family members
The data gathered thus far indicated that Ssa1/Ssa2 are differentially 
involved in San1-substrate ubiquitination and degradation (Figures 
1 and 3). However, there remains the possibility that other Hsp70 
chaperones function in the ubiquitination and degradation of Ssa1/
Ssa2-independent San1 substrates. The essential SSA class of 
Hsp70 chaperones in yeast comprises four SSA paralogues: SSA1, 
SSA2, SSA3, and SSA4 (Werner-Washburne et al., 1987). The indi-
vidual members of the SSA Hsp70 chaperones are partially but not 
completely redundant in terms of substrate activity and expression 
(Werner-Washburne et al., 1987, 1989; Boorstein and Craig, 
1990a,b; Nelson et al., 1992; Sharma et al., 2009). Ssa1 and Ssa2 are 
expressed constitutively, whereas Ssa3 and Ssa4 are stress-induced 
variants (Werner-Washburne et al., 1989). It is possible that Ssa3 and 

FIGURE 5: Solubility/insolubility assays for substrates that are Ssa1/Ssa2-dependent and 
independent. Sedimentation assays were performed to determine San1 substrate partitioning 
between the insoluble pellet fraction (I) and the soluble supernatant (S) in parent and ssa1∆/
ssa2∆ cells. Total lysate (T) indicates the total amount of substrate in cell lysates. Anti-GFP, 
anti-GAD, or anti-Pgk1 antibodies were used to detect each respective substrate. (A) GFPNLS-
∆2GFP, GFPNLS-∆ssPrA, GFPNLS-VHL, GFPNLS-Tef2*, GFPNLS-Bgl2*, and GFPNLS-peptide 6 
solubility partitioning. (B) GAD-Cdc68-1 and GAD-Cdc13-1 solubility partitioning. (C) Pgk1 and 
GFPNLS solubility partitioning. Numbers below each lane represent the insolubility/solubility 
levels measured with ImageJ from three independently conducted assays.

Ssa4 are sufficiently expressed in ssa1∆ssa2∆ 
cells in a way that they substitute for Ssa1/
Ssa2 in the San1-mediated degradation of 
Ssa1/Ssa2-independent San1 substrates. To 
query SSA chaperone redundancy in San1-
mediated degradation, we pursued both 
genetic and pharmacological experiments.

Because the SSA family members are es-
sential for viability, a long-established ge-
netic means to eliminate the function of the 
SSA class of Hsp70 chaperones is to use the 
ssa1-45 strain, in which the SSA2, SSA3, and 
SSA4 genes have been disrupted by gene 
insertional mutagenesis and the SSA1 gene 
has been replaced with a temperature-sen-
sitive allele ssa1-45 (Becker et al., 1996). 
Several studies have used this strain to ex-
amine the role of the SSA class of Hsp70 
chaperones in PQC degradation (Brodsky 
et al., 1999; Huyer et al., 2004; McClellan 
et al., 2005; Park et al., 2007; Metzger et al., 
2008; Heck et al., 2010; Shiber et al., 2013). 
When we examined the degradation of 
GAD-Cdc68-1 and GAD-Cdc13-1 in ssa1-45 
cells, we observed that both San1 substrates 
were fully stabilized after a 1-h shift to the 
restrictive temperature of 37°C before the 
addition of cycloheximide (Figure 6A). Al-
though surprising, the solubility of both sub-
strates was considerably compromised in 
ssa1-45 cells at the restrictive temperature 
(Figure 6B), supporting the idea that the 

SSA class of Hsp70 chaperones is required for maintaining substrate 
solubility for San1-mediated degradation.

The difference between the stabilities of GAD-Cdc68-1 and 
GAD-Cdc13-1 in ssa1-45 cells versus ssa1∆ssa2∆ cells was perplex-
ing. It is possible that the difference was due to the assays being 
conducted at the restrictive temperature of 37°C for the tempera-
ture-sensitive ssa1-45 cells rather than at 30°C for ssa1∆ssa2∆ cells. 
Therefore, we reexamined GAD-Cdc68-1 and GAD-Cdc13-1 degra-
dation in ssa1∆ssa2∆ cells at 37°C, but we did not observe any sta-
bilization at this temperature (Figure 6C). Thus, the differences ob-
served between ssa1-45 and ssa1∆ssa2∆ cells cannot be attributed 
to the temperature alteration in the assay.

An important limitation of the ssa1-45 strain is that it is chroni-
cally deficient in wild-type SSA Hsp70 chaperone function. This im-
pairment could make it appear that SSA Hsp70 chaperones are es-
sential for San1-mediated degradation when the effect might be 
indirect due to a persistent diminishment in global cellular proteos-
tasis. To avoid the chronic issues of the genetic approach, we ex-
plored the role of Hsp70 chaperones in San1-mediated degradation 
by acute pharmacological inhibition of Hsp70 chaperones with 

luciferase. (D) Quantitation of the amount of ubiquitinated luciferase. Data were generated from three independent 
experiments. (E) In vitro ubiquitination assays were performed to assess the ubiquitination of a San1 peptide substrate 
with and without the addition of chaperones. Radiolabeled San1 peptide was added to reactions in which San1 and 
chaperones were included as indicated above each lane. Radiolabeled San1 peptide was detected using 
phosphorimaging. (F) Quantitation of the amount of ubiquitinated peptide. Data was generated from three 
independent experiments. (G) BiPPred analysis of the peptide sequence for Hsp70-binding sites. Scores greater than 
0.5 on the BiPPred scale indicate predicted binding sites for Hsp70. The best predicted site is highlighted with gray. (H) 
BiPPred analysis of the luciferase sequence for Hsp70-binding sites. Scores over 0.5 on the BiPPred scale indicate 
predicted binding sites for Hsp70. The best predicted sites are highlighted with gray.
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pifithrin-µ (2-phenylethynesulfonamide), which is a general inhibitor 
of Hsp70 chaperones (Leu et al., 2009) that is active in yeast (Roy 
et al., 2015).

We examined how degradation was affected by Hsp70 inhibition 
using the Ssa1/Ssa2-dependent substrate GFPNLS-VHL and the 
Ssa1/Ssa2-independent substrate GAD-Cdc68-1. Treatment of par-
ent cells with pifithrin-µ resulted in stabilization of GFPNLS-VHL but 
not GAD-Cdc68-1 (Figure 6, D and E), consistent with the results 
observed in ssa1∆ssa2∆ cells (Figure 1). A key possibility is that there 
remained sufficient SSA Hsp70 activity in parent cells after the addi-
tion of pifithrin-µ that allowed GAD-Cdc68-1 degradation. There-

fore, we examined the degradation of GFPNLS-VHL and GAD-
Cdc68-1 in ssa1∆ssa2∆ cells treated with pifithrin-µ. Because 
GFPNLS-VHL is already stabilized in ssa1∆ssa2∆ cells (Figure 1), we 
anticipated that not much further stabilization would occur by an 
addition of pifithrin-µ. As expected, we observed modest stabilizing 
effects on GFPNLS-VHL degradation at the 3-h time point, indicating 
that there is still some residual Hsp70 activity for GFPNLS-VHL degra-
dation in ssa1∆ssa2∆ cells (Figure 6, F and G). We did not observe 
any stabilizing effects of pifithrin-µ on GAD-Cdc68-1 degradation in 
ssa1∆ssa2∆ cells (Figure 6, F and G), consistent with GAD-Cdc68-1 
degradation being independent of Hsp70 function. Altogether, 

FIGURE 6: SSA class Hsp70 redundancy does not explain the varying involvement of Ssa1/Ssa2 in San1-mediated 
degradation. (A) Cycloheximide-chase degradation assays were performed on parent, ssa1-45, and san1∆ cells to assess 
the stability of Ssa1/Ssa2-independent GAD-Cdc68-1 or GAD-Cdc13-1. Cells were grown at the permissive temperature 
of 30°C, and then shifted to the restrictive temperature of 37°C for 1 h before cycloheximide addition. Time after 
cycloheximide addition is indicated above each lane. Anti-GAD antibodies were used to detect each substrate. 
(B) Sedimentation assays were performed to determine GAD-Cdc68-1 and GAD-Cdc13-1 partitioning between the 
insoluble pellet fraction (I) and the soluble supernatant (S) in parent and ssa1-45 cells. Total lysate (T) indicates the total 
amount of substrate in cell lysates. Anti-GAD antibodies were used to detect each substrate. (C) Cycloheximide-chase 
degradation assays were performed to assess the stability of GAD-Cdc68-1 and GAD-Cdc13-1 at 37°C in parent, 
ssa1∆ssa2∆, and san1∆ cells. Time after cycloheximide addition is indicated above each lane. Anti-GAD antibodies were 
used to detect each substrate. (D) Addition of pifithrin-µ stabilized the Ssa1/Ssa2-dependent substrate GFPNLS-VHL but 
not the Ssa1/Ssa2-independent substrate GAD-Cdc68-1 in parent cells. The experiment was performed as in Figure 1A, 
except pifithrin-µ was added 1 h before cycloheximide addition. Anti-GFP and anti-GAD antibodies were used to detect 
each respective substrate. Anti-Pgk1 antibodies were used to assess loading. (E) Decay curves for the degradation 
assays in D. Band intensities were measured using ImageJ with the levels in the 0 time points for each replicate 
arbitrarily set to 100%. Standard deviation in each graph was determined from three independent assays. (F) Addition 
of pifithrin-µ stabilized the Ssa1/Ssa2-dependent substrate GFPNLS-VHL but not the Ssa1/Ssa2-independent substrate 
GAD-Cdc68-1 in ssa1∆ssa2∆ cells. The experiment was performed as in Figure 1A, except pifithrin-µ was added 1 h 
before cycloheximide addition. Anti-GFP and anti-GAD antibodies were used to detect each respective substrate. 
Anti-Pgk1 antibodies were used to assess loading. (G) Decay curves for the degradation assays in F. Band intensities 
were measured using ImageJ with the levels in the 0 time points for each replicate arbitrarily set to 100%. Standard 
deviation in each graph was determined from three independent assays.
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acute pharmacological inhibition of Hsp70 chaperones mirrors our 
fundamental observations in ssa1∆ssa2∆ cells. In some cases, Hsp70 
chaperones are required for San1-mediated ubiquitination and deg-
radation. In other cases, Hsp70 chaperones are dispensable for 
San1-mediated ubiquitination and degradation.

DISCUSSION
Chaperones are central players in PQC. Although chaperones have 
been shown to be involved in nuclear PQC degradation, their broad 
necessity and functional roles have not been fully elucidated. We 
chose to explore this important aspect of chaperone function be-
cause, while our previous studies support that chaperones are not 
essential for San1-mediated degradation in the nucleus (Rosenbaum 
et al., 2011), other reports indicated that chaperones are necessary 
(Heck et al., 2010; Prasad et al., 2010, 2012; Guerriero et al., 2013). 
Here, we find that the Hsp70 chaperones Ssa1/Ssa2 are important in 
vivo for San1-mediated ubiquitination and degradation in a manner 
that depends on substrate characteristics. In vitro, chaperones have 
little effect on and, in some cases, are inhibitory for San1-mediated 
ubiquitination. On the basis of the data presented here and on our 
previous data where we established in vivo interactions between 
San1 and its substrates but not with Hsp70 chaperones (Rosenbaum 
et al., 2011), we propose a model in which chaperones act before 
San1 ubiquitination to maintain misfolded protein solubility in order 
to enable exposed hydrophobicity recognition by San1 (Figure 7). 
This varying involvement of Hsp70 chaperones is reminiscent of 
what we observed with the segregase Cdc48/p97, which appears to 
maintain solubility for ubiquitinated substrates en route from San1 
to the proteasome (Gallagher et al., 2014).

Prior PQC degradation studies have utilized the ssa1-45 yeast 
strain (Brodsky et al., 1999; Huyer et al., 2004; McClellan et al., 
2005; Park et al., 2007; Metzger et al., 2008; Heck et al., 2010; Shi-
ber et al., 2013), which has been genetically ablated for the function 
of the essential SSA class of Hsp70 chaperones (Werner-Washburne 
et al., 1987). We think there are important limitations to the ssa1-45 
strain that should be considered before interpretation of Hsp70 

PQC degradation effects observed solely in the ssa1-45 strain. For 
example, inactivation of SSA2 in the ssa1-45 strain occurred by in-
sertional mutagenesis wherein the first 306 residues of Ssa2 can still 
be expressed (Craig and Jacobsen, 1984). Inactivation of SSA3 and 
SSA4 was also achieved by insertional mutagenesis with the poten-
tial for N-terminal fragments of each protein also to be expressed 
(Werner-Washburne et al., 1987). At the restrictive temperature of 
37°C, expression of these fragments will be increased due to up-
regulated expression of the SSA genes at elevated temperatures 
(Werner-Washburne et al., 1989; Gasch et al., 2000). Production of 
SSA chaperone fragments is salient as San1 appears to be rate-lim-
iting in the cell, reflected by the observation that increased mis-
folded protein expression can slow the degradation of individual 
San1 substrates (Heck et al., 2010). In many cases, results using the 
ssa1-45 strain may accurately reflect a key role for the SSA Hsp70 
chaperones in PQC degradation. In other cases, the results might 
be misleading due to potential indirect effects. Therefore, we sug-
gest that care should be taken when interpreting results about SSA 
Hsp70 chaperone requirement in PQC degradation if the ssa1-45 
strain is the sole means used to determine involvement of these 
chaperones. Regardless, we do establish here that Ssa1/Ssa2 play a 
role in the nuclear PQC degradation of some misfolded proteins.

The in vitro assay was illuminating in terms of chaperone function 
for San1-mediated ubiquitination. We saw no effect for chaperones 
enhancing San1 activity. We did observe the surprising result that the 
addition of chaperones inhibited the San1-mediated ubiquitination 
for the peptide substrate. Why is there a difference between lucifer-
ase and the peptide substrate in terms of chaperone effects in vitro? 
First, it is possible that the peptide substrate contains a sequence 
motif that chaperones bind with higher affinity than San1, whereas 
denatured luciferase may interact less strongly with chaperones than 
with San1. This scenario incorporates the possibility for chaperones 
to bind the peptide substrate and outcompete San1 for binding, but 
allow denatured luciferase to be sufficiently free for San1 to bind. 
Second, it is possible that competition between San1 and Ssa1 for 
denatured luciferase may be considerably reduced due to the 

FIGURE 7: Model proposing action of Hsp70 chaperones in the San1 pathway. We propose from the work presented 
here that the yeast Hsp70 chaperones Ssa1/Ssa2 function to maintain solubility or reverse aggregation of highly 
aggregation-prone proteins for San1 recognition. This is similar to previous work demonstrating that Cdc48/p97 has a 
similar role downstream from San1 to facilitate the proteasomal recognition of highly aggregation-prone substrates 
ubiquitinated by San1 (Gallagher et al., 2014).
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likelihood of additional binding sites that are available in denatured 
luciferase than the peptide substrate (Figure 4, G and H). Third, it is 
possible that Ssa1 binds San1 and inhibits San1’s ability to recognize 
the peptide. We think this latter scenario is unlikely in that binding of 
Ssa1 to San1 in an inhibitory manner should have also reduced ubiq-
uitination of denatured luciferase in vitro, which we did not observe.

Although the in vitro assays demonstrate that chaperones are 
dispensable for San1-substrate ubiquitination, we consider a more 
nuanced stance that Hsp70 chaperones become necessary in vivo 
when misfolded proteins aggregate and exceed the capacity of 
San1 to bind and ubiquitinate the monomeric forms of its sub-
strates. Misfolded proteins can exist on a spectrum of monomeric, 
oligomeric, largely aggregated, and observable cellular inclusions in 
vivo (Hartl et al., 2011; Hartl, 2017). The in vivo rates of partitioning 
to monomeric states that are recognizable by San1 will likely dictate 
not only the speed of substrate ubiquitination and degradation, but 
also the necessity of chaperones to facilitate partitioning the mis-
folded substrate to accessible forms. In this regard, the aggregation 
propensity of the substrate would be a key determinant for chaper-
one involvement in San1-mediated nuclear PQC degradation. A 
faster rate of aggregation for a misfolded protein could result in a 
greater dependency on Hsp70 chaperones for San1-mediated deg-
radation. Real-time in vivo assays to monitor partitioning of a mis-
folded protein between each of its states will need to be developed 
to further define the parameters of chaperone involvement in a mis-
folded protein’s nuclear PQC degradation.

We have presented data for the SSA class of Hsp70 chaperones 
and how they are involved in nuclear PQC degradation. It is also 
worth considering how other chaperones might operate in the clear-
ance of nuclear misfolded proteins. There is evidence in the litera-
ture that other Hsp40 and Hsp110 chaperones could be involved 
(Heck et al., 2010; Prasad et al., 2010, 2012, 2018; Brower et al., 
2013; Guerriero et al., 2013). How these chaperones function to fa-
cilitate nuclear PQC degradation remains an area of active study, 

though facilitating nuclear import is one observed role (Miller et al., 
2015; Prasad et al., 2018). We hope our work here inspires future 
studies to reveal the mechanism of other chaperones in nuclear 
PQC degradation.

MATERIALS AND METHODS
Yeast strains and plasmids
Yeast strains and plasmids used in this study are listed in Table 1. 
Plasmid sequences and cloning details will be provided upon 
request.

Degradation assays
Cycloheximide-chase degradation assays were performed similarly 
to previously described (Fredrickson et al., 2011). Cells were grown 
in liquid synthetic media with 3% raffinose or glucose to ∼1 × 107 
cells/ml. Galactose was added to 3% and the cells were incubated 
for 3 h. In the case of drug addition, cells were treated with 40 µM 
pifithrin-µ (2-phenylethynesulfonamide; Sigma) for 1 h before cyclo-
heximide addition. We note that pifithrin-µ is labile in dimethyl sulf-
oxide over time, and care should be taken to use freshly prepared 
stocks. Furthermore, some strains (JB67 and JN5177) appear to be 
refractory to pifithrin-µ. In the case of the temperature-sensitive 
ssa1-45 strain, cells were shifted to 37°C for 1 h before cyclohexi-
mide addition. To initiate the degradation studies, cycloheximide 
was added to 50 µg/ml and the cells further incubated for 0–3 h. 
Cells were lysed at the appropriate time point in 200 µl SUMEB buf-
fer (1% SDS, 8 M urea, 10 mM MOPS [3-(N-morpholino)propanesul-
fonic acid], pH 6.8, 10 mM EDTA, 0.01% bromophenol blue, 1 mM 
phenylmethylsulfonyl fluoride [PMSF]) by vortexing with 100 µl of 
0.5 mm acid-washed glass beads (Biospec Products). Proteins were 
resolved on 8% or 16% SDS–PAGE gels, transferred to nitrocellu-
lose, and immunoblotted with anti-GFP antibodies (Sigma) or anti-
Gal4AD (GAD) antibodies (Millipore) for substrate detection, and 
anti-Pgk1 antibodies (Sigma) to assess loading. All experiments 

Yeast strain Genotype Reference

JB67 his3-11,15, leu2-3112, ura3-52, trp1∆1, lys2, ssa1-45, ssa2-1, ssa3-1, ssa4-2 Becker et al., 1996

JN516 his3-11,15, leu2-3112, ura3-52, trp1∆1, lys2, SSA1, ssa2-1, ssa3-1, ssa4-2 Becker et al., 1996

RGY5113 W303a san1∆ This study

RGY5739 RGY5113 NUP60::mCherry::HIS3 This study

RGY5983 W303a NUP60::mCherry::HIS3 This study

RGY5984 RPY283 NUP60::mCherry::HIS3 This study

RPY283 W303a ssa1∆ ssa2∆ Prasad et al., 2010

W303a ade2-1 his3-11 ura3-1 trp1-1 leu2-3 can1-100 Prasad et al., 2010

Plasmid Description Reference

pRG1289 GFPNLS-Tef2*, LEU2, 2 µm Rosenbaum et al., 2011

pRG1290 GFPNLS-Bgl2*, LEU2, 2 µm Rosenbaum et al., 2011

pRG1291 GFPNLS-peptide 6, LEU2, 2 µm Fredrickson et al., 2011

pRG2054 GAD-Cdc68-1, LEU2, 2 µm Rosenbaum et al., 2011

pRG2056 GAD-Cdc13-1, LEU2, 2 µm Rosenbaum et al., 2011

pRG3027 GFPNLS-VHL, URA3, 2 µm This study

pRG4141 GFPNLS-∆2GFP, HIS3, YCp This study

pRG4142 GFPNLS-∆ssPrA, HIS3, YCp This study

pRG4263 GFPNLS-San1 peptide, LEU2, YIp This study

TABLE 1: Yeast strains and plasmids used in this study.
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were performed a minimum of three times with at least two biologi-
cal replicates.

Solubility assays
Solubility assays were performed similarly to previously described 
(Fredrickson et al., 2013b). Briefly, cells were grown in culture to ∼1 
× 107 cells/ml. Cells (4 ml) were collected and lysed in lysis buffer 
(100 mM Tris-HCl, pH 7.5, 200 mM NaCl, 1 mM EDTA, 1 mM dithio-
threitol [DTT], 5% glycerol, and 0.1% Nonidet P40) + PMSF (phenyl-
methylsulfonyl fluoride) by vortexing 5 min at 4°C with 100 µl of 0.5 
mm acid-washed glass beads. Unlysed cells were removed from ly-
sates by centrifugation at 700 × g for 1 min at 4°C. Lysate (50 µl), 
which represents the “total lysate,” was removed and added to 50 
µl SUMEB. The remaining lysate was centrifuged at 12,800 × g for 
15 min at 4°C. Supernatant (100 µl), which represents the “soluble 
fraction,” was added to 100 µl SUMEB. The pellet, which represents 
the “insoluble fraction,” was resuspended in 100 µl lysis buffer and 
100 µl SUMEB. Samples were incubated at 65°C for 5 min and clari-
fied for 5 min by centrifugation at 12,800 × g. Proteins were resolved 
on 8% or 16% SDS–PAGE gels, 4–12% or 4–20% Tris-glycine gradi-
ent gels (Lonza), transferred to nitrocellulose, and immunoblotted 
with anti-GFP antibodies, anti-Gal4AD (GAD) antibodies, or anti-
Pgk1 antibodies. All experiments were performed a minimum of 
three times with at least two biological replicates.

Microscopy
Cells were grown in 3% raffinose media to ∼0.8 × 107 cells/ml. Galac-
tose was added to 3% and the cells incubated 6 h. Cells were har-
vested, fixed in 4% paraformaldehyde in 0.1 M sucrose for 15 min, 
washed in wash buffer (1.2 M sorbitol, 0.4 M KPO4), stained with 
DAPI (4′,6-diamidino-2-phenylindole) for 10 min in wash buffer plus 
2% Triton X-100, and washed two times in wash buffer. Cells were 
imaged at room temperature on a Nikon Eclipse 90i with a 100× 
objective, filters for GFP (HC HiSN Zero Shift filter set with excitation 
wavelength, 450–490 nm; dichroic mirror, 495 nm; and emission fil-
ter, 500–550 nm) or DAPI (HC HiSN Zero Shift filter set with excita-
tion wavelength, 325–375 nm; dichroic mirror, 400 nm; and emission 
filter, 435–485 nm), and a Photometrics Cool Snap HQ2 cooled CCD 
camera with NIS-Elements acquisition software. All Images were 
subsequently processed using Adobe Photoshop CC 2017. All ex-
periments were performed a minimum of three times with at least 
two biological replicates.

In vivo ubiquitination assays
Cells were grown in 3% raffinose medium to ∼1 × 107 cells/ml. 
Galactose was added to 3% and the cells were incubated for 3 h. 
Harvested cells were lysed in 1 ml lysis buffer (50 mM Tris, pH 7.5, 
150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% NP-40, 100 mM 
PMSF, and 10 mM NEM [N-ethylmaleimide]). Lysates were clarified 
by centrifugation, and 20 µl anti-ubiquitin TUBE agarose beads 
(LifeSensors) was added to lysates and incubated overnight at 4°C. 
The beads were washed four times with 1 ml lysis buffer (without 
NEM). Affinity purified proteins were eluted from the beads using 
25 µl SUMEB buffer. All samples were incubated at 65°C for 10 min. 
Proteins were resolved on 8% or 16% SDS–PAGE gels, transferred to 
nitrocellulose, and immunoblotted with anti-GFP antibodies or anti-
GAD antibodies. All experiments were performed a minimum of 
three times.

Chaperone purification
Saccharomyces cerevisiae Hsp104 was expressed from the pNOTAG-
Hsp104 vector (Hattendorf and Lindquist, 2002) and purified as previ-

ously described (Desantis et al., 2014; Torrente et al., 2016). Briefly, 
pNOTAG-Hsp104 was used to transform BL21(DE3) RIL E. coli. Trans-
formed cells were grown in 2xYT broth supplemented with 25 µg/ml 
chloramphenicol and 100 µg/ml ampicillin at 37°C until an OD600 of 
0.4–0.6 was reached, at which point cells were cooled to 15°C. Ex-
pression was induced by the addition of 1 mM isopropyl 1-thio-β-d-
galactopyranoside for 15–18 h at 15°C. Cells were harvested by 
centrifugation (4000 × g, 4°C, 25 min), resuspended in lysis buffer 
(50 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 2.5% glycerol, 2 mM 
β-mercaptoethanol, 5 µM pepstatin, cOmplete EDTA-free protease 
inhibitors [Roche]). Cells were treated on ice with 20 mg lysozyme 
per 1 l culture and lysed by sonication. Cell debris was removed by 
centrifugation at 30,000 × g at 4°C for 20 min, and the supernatant 
was applied to Affi-Gel Blue resin (Bio-Rad). Resin was incubated with 
the lysates for 4 h at 4°C with slow rotation. Resin was then washed 
four times with wash buffer (50 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 
100 mM KCl, 2.5% glycerol, 2 mM β-mercaptoethanol). Hsp104 was 
eluted with wash buffer supplemented with 1 M KCl. The protein was 
exchanged into running buffer Q (20 mM Tris-HCl, pH 8.0, 0.5 mM 
EDTA, 5 mM MgCl2, 50 mM NaCl), further purified by ResourceQ 
anion exchange chromatography, and eluted with a linear salt gradi-
ent (50 mM–1 M NaCl). Eluted protein was then exchanged into stor-
age buffer (40 mM HEPES-KOH, pH 7.4, 500 mM KCl, 20 mM MgCl2, 
50% glycerol, 1 mM DTT), snap-frozen, and stored at −80°C until use.

Saccharomyces cerevisiae Ssa1, Ydj1, and Sse1 (in pE-SUMOpro; 
Life Sensors) were purified as described (Michalska et al., 2019). 
Briefly, Ssa1, Ydj1, and Sse1 were expressed as N-terminally His6-
SUMO-tagged proteins in BL21(DE3) RIL cells. Transformed cells 
were grown at 37°C in Luria broth supplemented with 25 µg/ml 
chloramphenicol and 100 µg/ml ampicillin to an OD600 ∼0.5. Cul-
tures were cooled to 15°C, and expression was induced with 1 mM 
IPTG (isopropyl β-d-1-thiogalactopyranoside) for 16 h at 15°C. Cells 
were harvested, resuspended in lysis buffer (50 mM HEPES, pH 7.5, 
750 mM KCl, 5 mM MgCl2, 10% glycerol, 20 mM imidazole, 2 mM 
β-mercaptoethanol, 5 µM pepstatin A, and cOmplete protease in-
hibitor [Roche]), and lysed by treatment with lysozyme and sonica-
tion. Lysates were clarified by centrifugation (16,000 × g, 20 min, 
4°C), and incubated with Ni-NTA resin for 90 min at 4°C. Resin was 
washed with 10 column volumes of wash buffer (50 mM HEPES, pH 
7.5, 750 mM KCl, 10 mM MgCl2, 10% glycerol, 20 mM imidazole, 1 
mM ATP, 2 mM β-mercaptoethanol) and eluted with two column 
volumes of elution buffer (wash buffer with 300 mM imidazole). To 
cleave the His6-SUMO tag, Ulp1 was added at a 1:100 M ratio, and 
imidazole was removed by dialysis against wash buffer. After dialy-
sis, protein was loaded onto a 5 ml HisTrap column (GE Healthcare) 
and eluted with a linear imidazole gradient (20–350 mM) over 40 
column volumes. Fractions containing cleaved protein were pooled, 
concentrated, and purified further by Resource Q ion exchange 
chromatography.

In vitro ubiquitination assays
In vitro luciferase ubiquitination reactions were performed in a reac-
tion buffer containing 30 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 5 mM 
ATP, 2 mM DTT, and 100 mM NaCl with an ATP-regenerating system 
containing 1 mM creatine phosphate (VWR) and 0.25 µM creatine 
kinase (Sigma Aldrich). Ubiquitin (Boston Biochem; 60 µM), human 
ubiquitin-activating enzyme (1 µM), yeast ubiquitin-conjugating en-
zyme Ubc1 (10 µM), purified San1 (with all Lys residues changed to 
Arg; 0.5 µM), and the indicated combinations of chaperones Ssa1, 
Ydj1, and Hsp104 (1 µM) were first incubated for 2 min. Firefly lucif-
erase (Sigma Aldrich; 0.5 µM) was then added as the reactions were 
heated to 42°C. Time points were quenched in SDS–PAGE loading 
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buffer and ubiquitinated products were separated on 4–20% SDS–
PAGE gels (Lonza). Substrate and products were transferred to nitro-
cellulose and immunoblotted with anti-luciferase antibodies (Sigma).

In vitro San1 peptide ubiquitination reactions were performed 
using a peptide (50 µM) that was radiolabeled in the presence of γ-
32P labeled ATP (Perkin Elmer) and cAMP-dependent protein ki-
nase (New England Biolabs) for 1 h at 30°C in a buffer provided by 
the manufacturer that had been supplemented with 0.1% Tween-20 
(Ibarra et al., 2016). All reactions were carried out in the same reac-
tion buffer used for luciferase reactions (also supplemented with 
0.1% Tween-20) and an ATP-regenerating system as described 
above for luciferase ubiquitination. Human ubiquitin-activating en-
zyme (1 µM), yeast ubiquitin-conjugating enzyme Ubc1 (10 µM), pu-
rified San1 (with all Lys residues changed to Arg, 0.5 µM), and the 
indicated combinations of chaperones Ssa1, Ydj1, and Hsp104 
(1 µM) were sequentially added to 1.5 ml Eppendorf tubes. Radiola-
beled San1 peptide (5 µM) was then added to initiate the reactions. 
Time points were quenched in SDS–PAGE loading buffer, and 
both substrate and ubiquitinated products were separated on 
4–20% SDS–PAGE gels (Lonza). Gels were dried and exposed to a 
phosphor screen before imaging on a Typhoon 9410. Quantitation 
of substrate and products was performed using ImageQuant (GE 
Healthcare).

Luciferase reactivation assays
The luciferase reactivation assay was performed similarly as previ-
ously described (Sweeny et al., 2015). A solution containing 0.1 µM 
luciferase was heated at 45°C for 15 min and then diluted 20-fold 
into the reaction mix. The reaction mix contained an ATP-regenerat-
ing system (5 mM ATP, 10 mM phosphocreatine, and 0.1 mM 
creatine kinase), denatured luciferase, 1 µM monomeric Hsp104, 
0.167 or 1 µM of Ssa1-Ydj1 each as indicated in the figures. The 
assays were incubated for 90 min at 25°C. At the end of the reac-
tion, luciferase activity was assessed with a luciferase assay system 
(Promega). Recovered luminescence was monitored using a Tecan 
Infinite M1000 plate reader and compared with an equivalent 
amount of undenatured, native luciferase.

Image processing
Western blots were scanned using an Epson Perfection V350 Photo 
scanner at 300 dpi. Images were processed with an iMac or Pro 
computer (Apple) using Photoshop (Adobe). Degradation, ubiquiti-
nation, and solubility data were quantified using ImageJ (https://
imagej.nih.gov/ij/).
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