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Abstract  

Selective proteasome-dependent degradation of proteins is important to maintain cellular 
homeostasis and viability under both stress and non-stress conditions. Despite extensive 
research, the molecular mechanism by which ubiquitin-dependent proteasomal degradation is 
adapted to different intracellular environments is poorly understood. Here we set out to identify 
differential interactor dynamics of the 19S proteasome to investigate the adaptive recruitment of 
specific interactors under both stress and non-stress conditions in the ubiquitin-dependent 
protein degradation pathway. Proteasomes were immunopurified using antibodies directed 
against both Rpn8 and Rpn10 from Drosophila melanogaster S2 cell lysates. Using a label free 
quantification mass spectrometry approach, we identified specific interacting proteins of the 
19S/26S proteasome under various stress conditions, i.e. proteasome inhibition 
(MG132/Lactacystin), endoplasmatic reticulum stress (Tunicamycin) and oxidative stress 
(hydrogen peroxide). We observed an increased association of 20S core particles and 19S caps 
upon MG132/Lact treatment, and additionally an enhanced recruitment of several interactors 
including hsp23 and hsp68, REG (PA28) and ref(2)p, and a putative novel UBL-domain 
containing ubiquitin shuttle protein, CG7546 (Human Bat3). On the other hand, ubiquitin 
shuttle protein Rad23 was only found in association with the 19S cap in non-stress conditions. 
One other interesting finding of our study is that deubiquitinating enzyme UCHL5 was more 
abundant at proteasomes under all applied stress conditions, while it was clearly less recruited 
under non-stress conditions. Together, these data give more insight in the dynamic adaptation 
of ubiquitin-dependent proteasomal protein degradation under different intracellular 
environments. This information is relevant to understand proteasome regulation in disease states 
and may lead to novel therapeutic targets for the treatment of diseases in which cellular stress 
and homeostasis misbalance play a role.    

 

Introduction 

The 26S proteasome complex 
The 26S proteasome is a 2.5-MDa enzyme complex which is responsible for the regulated 
degradation of a large complement of proteins in the cell (Voges, Zwickl and Baumeister, 1999; 
Pickart and Cohen, 2004; Finley, 2009). The 26S proteasome comprises a barrel-shaped 20S core 
particle (CP) and a 19S regulatory particle (RP, also known as PA700) on one or both sides 
(Murata et al. 2009; Ho Min Kim, Yadong Yu 2008). The 20S core subunit contains two inner 
heteroheptameric rings composed of Prosbeta1-7 subunits. Prosbeta1, 2 and 5 are responsible 
for the catalytic cleavage of proteasome substrate and exhibit respectively caspase-like, trypsin-
like and chymotrypsin-like activity (Marques et al. 2009; Loidl et al. 1999). The barrel furthermore 
contains two outer heteroheptameric alpha rings which consist of Prosalpha1-7 subunits. These 
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rings function as a gate to regulate substrate entry towards the proteolytic chamber. These rings 
also function as docking stations for substrates, proteasome interacting proteins as well as 
proteasome activators, such as the 19S RP (Pickart & Cohen 2004; Groll et al. 1997).  

The 19S RP regulates the proteasome-dependent degradation of polyubiquitinated substrates. 
This involves binding, deubiquitination and unfolding of substrate followed by opening of the 
20S CP and translocation of the unfolded substrate into the catalytic core (Pickart & Cohen 
2004; Verma et al. 2004; Elsasser & Finley 2005; Verma et al. 2002). The 19S RP is composed 
of two subcomplexes: the base and the lid (Glickman et al. 1998; Schmidt et al. 2005). The 19S 
RP binds with its base to the 20S CP alpha ring. The 19S base consists of a heterohexameric ring 
of AAA-ATPase subunits Rpt1-6 which use ATP to unfold proteasome substrate and possibly 
induce conformational changes of the proteasome complex upon substrate engagement. Other 
subunits of the base include Rpn1 and Rpn2 which function as protein interaction platforms, 
and ubiquitin receptors RPN10 and Rpn13. The 19S lid complex comprises eight non-ATPase 
subunits (RPN3, Rpn5-9, RPN11 and RPN12). Rpn11 is a deubiquitinating enzyme and the 
other components are probably (also) functionally supportive for the structure. The activities of 
the 19S RP and its assembly with the 20CP are strictly ATP-dependent. 

Despite its physiological importance, many aspects of the proteasome’s structural organization 
and regulatory mechanisms are not yet well defined. In addition to the constitutive proteasome 
subunits, there is increasing evidence that proteasomal function is affected by a wide variety of 
proteasome interacting proteins (PIPs). A broad class of PIPs has been identified, including 
ubiquitin ligases, ubiquitin receptors, deubiquitinases, proteasome activators and inhibitors, 
chaperones, and other types of modulators (Hanna et al. 2007; Finley 2009; Schmidt et al. 2005;  
Wang & Huang 2008; Kaake et al. 2011; Verma et al. 2000; Leggett et al. 2002; Wang et al. 2007; 
Guerrero 2005; Scanlon et al. 2009). These proteins interact with the proteasome in a dynamic 
manner in response to environmental changes and affect the function and structure of the 
proteasome complex. 

Here, we present a systematic interactome profiling methodology to study the effects of different 
environmental conditions on the 19S proteasome interactome. We analyzed the adaptive 
recruitment of 19S interactors upon proteasome inhibition (MG132/Lact), ER stress 
(Tunicamycin), oxidative stress (30 min H2O2) and recovery after oxidative stress (24h H2O2) by 
immuno precipitations and label free quantification (LFQ)-based proteomics. Below, an 
overview of the stress conditions is given including the current knowledge of proteasome 
involvement herein.     
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Oxidative stress 
Oxidative stress is caused by either the excessive production of reactive oxygen species (ROS) 
or their insufficient elimination by antioxidants (Schieber and Chandel, 2014; Tong et al. 2015) 
and has been implicated in aging and several diseases, such as cancer and neurodegenerative 
disorders. ROS are mainly produced in mitochondria (~80%), but also in peroxisomes and the 
endoplasmatic reticulum (ER) (Holmström & Finkel 2014; Brand 2010; Fransen et al. 2012). 
ROS can oxidize proteins which in turn may alter their function. Furthermore, chronic oxidative 
stress can result in protein misfolding. This buildup of oxidized proteins can be cytotoxic, hence 
the rescue of oxidized proteins by protein repair pathways or their destruction via cellular 
degradation pathways is of utmost importance for cell viability and the maintenance of 
homeostasis. The immunoproteasome could degrade oxidized proteins (Pickering & Davies 
2012), but the major degradation machinery is the 20S proteasome core complex which 
recognizes exposed hydrophobic patches on oxidatively damaged proteins (extensively reviewed: 
(Goldberg 2003; Breusing & Grune 2008; Jung & Grune 2008; Raynes et al. 2016)). In contrast, 
the 26S proteasome is considered more vulnerable for oxidative stress (Reinheckel et al. 1998; 
Reinheckel et al. 2000) as the 19S and 20S particles dissociate shortly after intensive or prolonged 
H2O2-induced oxidative stress (Wang et al. 2011; Reinheckel et al. 1998). In the recovery phase 
the UPS was shown to be activated again (Grune et al. 2011). We set out to identify the adaptive 
interactome of the 19S proteasome during mild H2O2-induced stress and during the recovery 
phase.   

ER stress 
The ER is the site of biosynthesis of transmembrane and secreted proteins. When proteins enter 
the ER co-translationally, they are subsequently folded and undergo glycosylation or lipidation. 
The correct folding and transport of these proteins is dependent on chaperones inside the ER 
and on an oxidizing environment to generate disulfide bond formation between protein chains. 
Protein folding, modification, and transport inside the ER are strictly regulated by the protein 
quality control system (Wang & Kaufman 2012). ER stress emerges upon accumulation of 
misfolded or unfolded proteins within the ER lumen. This may be the result of various 
intracellular and extracellular stimuli, such as nutrient deprivation, depletion of ER calcium 
stores, changes in the cellular redox state, the impairment of glycosylation, impairment of 
vesicular transport, increased ER protein synthesis, impairment of ER-associated degradation 
(ERAD), or the expression of mutated ER proteins. In ER stress, unfolded proteins accumulate 
within the ER and this buildup affects cellular activities. Cells can respond to ER stress in two 
different ways, i.e. through survival or apoptosis. Cells can then activate the unfolded protein 
response (UPR) in order to survive. This response involves three different stages: 1) increasing 
the ER volume and decreasing protein synthesis rates (Harding et al. 1999), 2) induction of 
transcription of genes encoding for proteins with a role in ER protein folding and degradation 
(MJ Gething & Sambrook 1992), 3) induction of ERAD in order to retrotranslocate misfolded 
proteins from the ER to the cytoplasm for proteasome-dependent degradation (Mori 2000). By 
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these mechanisms, the folding capacity of the ER can be restored. We characterized the adaptive 
interactome of the 19S proteasome upon Tunicamycin-induced ER stress.  

Proteasome inhibition mediated stress 
Misregulation of the ubiquitin-proteasome system (UPS) has been associated with a number of 
diseases, including cancer and neurodegenerative disorders. Inhibition of the proteasome by 
drugs has been shown to be effective in the treatment of several types of cancers, such as the 
inhibitor Bortezomib for the treatment of multiple myeloma (MM). Treatment of MM cells with 
proteasome inhibitors (PIs) result in the accumulation of misfolded immunoglobin in the ER 
(Obeng et al. 2006) and hence induces the UPR (Obeng et al. 2006; Lee et al. 2003). Usually, the 
UPR allows the cell to survive temporary stress conditions. However, during prolonged stress 
conditions caused by PIs, UPR induction may lead to a cell cycle arrest (Brewer et al. 1999) and 
eventually the activation of apoptosis (Ri, 2016). Induction of the UPR and apoptosis by PIs is 
especially observed in cells with high Ig production (Meister et al. 2007). Thus, partial inhibition 
of proteasomes in vivo, which is not toxic to normal cells, may be sufficient to eliminate MM 
plasma cells (Meister et al. 2007). We identified the dynamic 19S interactome upon prolonged 
MG132/Lactacystin-induced proteasome inhibition. 

Identification of proteasome interacting factors under specific stress conditions could reveal how 
the 26S proteasome is regulated in response to perturbations of the intracellular environment. 
In this study we used a label free quantitative mass spectrometry-based approach to identify the 
interactome of the 19S regulatory particle under different stress conditions, i.e. proteasome 
inhibition, ER-stress and oxidative stress. It is important to note that we directly target 19S 
subunits (Rpn8 and Rpn10) and not 20S subunits. We therefore only focus on 19S interactors 
as well as 26S proteasome interactors which are involved in ubiquitin-dependent protein 
degradation, and we do not analyze changes in alternative proteasomes. First of all we identified 
all constitutive 26S proteasome subunits as specific interactors in all immunoprecipitations (IP’s), 
which validates our approach. Furthermore, we found that ubiquitin shuttle protein Rad23 was 
only associated with the proteasome in non-stress conditions. Additionally, we found an 
enhanced recruitment of deubiquitinating enzyme UCHL5 under stress conditions, to levels 
almost similar as general 19S subunits. A relatively unknown UBL-domain containing protein, 
CG7546, was identified as interaction partner of the proteasome only with proteasome 
inhibition. Lastly, we used relatively mild conditions for oxidative stress and we did not observe 
enhanced dissociation of 26S proteasomes directly after H2O2 treatment but on the other hand 
we did observe enhanced stability of the 26S proteasome upon chemical proteasome inhibition, 
two phenomena often described in literature (Wang et al. 2011; Reinheckel et al. 1998; Kleijnen 
et al. 2007). Taken together, our data gives more insight in the responses of the ubiquitin-
proteasome system on stress conditions.    
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Results 

H2O2 and TM induce different stress responsive genes in Drosophila  S2 cells  
We are interested in the effect of cellular stress on the composition and stability of the 26S 
proteasome interactome. In order to induce different types of intracellular stress, the proteasome 
inhibitors MG132/Lact, ER stress inducer Tunicamycin (TM) and oxidative stress inducer H2O2 
were used for cellular perturbations. It has been shown that the 26S proteasome complex is 
relatively sensitive for H2O2 treatment (Reinheckel et al. 1998; Reinheckel et al. 2000), and that 
the 26S proteasome plays an important role in the recovery after oxidative stress (Grune et al. 
2011). Thus, in order to maintain proper 26S proteasome homeostasis during our study we 
applied relatively mild oxidative stress conditions (1mM H2O2). First, we set out to verify the 
effect of H2O2 in Drosophila S2 cells by monitoring RNA expression levels of known responsive 
genes by Real-Time Quantitative Reverse Transcription PCR at different time points after the 
induction of oxidative stress (Chow et al. 2013). Cells were treated with 1 mM H2O2, which was 
quenched by the addition with catalase after 30 min. Total RNA was isolated from either 
untreated cells (0 min) or treated cells after 30 min, 1h, 4h, 8h, 16h or 24h following H2O2 
treatment. H2O2 responsive genes GstD5, Hsp70 and Hsp68 were strongly upregulated already 
30 min after induction and expression levels started to decline 8h after the treatment and then 
became relatively stable (Figure 1A). One early (30 min) and one late (24h) time point after H2O2 
treatment were chosen for further analysis, i.e. the investigation of the effect of stress inducers 
on proteasome stability and the identification of proteasome interaction partners. Furthermore, 
cells were treated with 1 μM tunicamycin and total RNA was isolated at the same time points as 
were used for H2O2 treatment (Figure 1B). Tunicamycin responsive genes were selected based 
on results of a published quantitative mass spectrometry-based global proteome study on 
tunicamycin-treated human neuroblastoma cells (Bull & Thiede 2012). Induction of TM 
responsive genes was observed 4h after the treatment and this upregulation remained relatively 
stable upon prolonged exposure (Figure 1B). We used 24h treatments of 1 μM Tunicamycin in 
further analyses. Lastly, cells were treated with a combination of proteasome inhibitors MG132 
and Lactacystin for 16h. In Chapter 3 of this thesis we have shown that 16h MG132/Lactacystin 
treatment causes a remarkable accumulation of ubiquitinated proteins, without severely affecting 
cell viability (Sap et al. 2017). 

Investigation of 20S proteasome stability upon H2O2, TM or MG132/Lact treatment 
The integrity of the proteasome complex upon MG132/Lact, TM and H2O2 treatment was 
assessed by glycerol gradient analysis (Figure 2). The largest effects were observed upon 
treatment with MG132/Lact. Immunoblotting glycerol gradient fractions against Prosalpha 
subunits revealed that MG132/Lact resulted in both an increase in lower molecular weight 
(sub)complexes (fractions #1-4) and higher molecular weight complexes (fractions #9-11).  
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Figure 1. Upregulation of H2O2 and TM responsive genes. Total RNA was isolated followed by 
cDNA synthesis and real time RT-qPCR. Values obtained from amplification of alpha-mannosidase-lb 
(CG11874) were used to normalize the data as described previously (Sap et al. 2015). Fold change compared 
to untreated cells (0 min) is shown on the y-axis. A) Fold change upregulation of a selection of H2O2 
responsive genes. Based on these data, treatment of 30 min and 24h were chosen as short incubation resp. 
long incubation time for further investigation. B) Fold change upregulation of a selection of TM responsive 
genes. Based on these data, treatment of 24h was chosen for further investigation. 
 

Lower molecular weight complexes may either indicate that the proteasome became unstable or 
that proteasome assembly was affected, whereas the higher molecular weight complexes may 
suggest either the recruitment of additional proteins or protein complexes, or the formation of 
protein aggregates. No apparent distortion of the proteasome core complex integrity was 
observed upon treatment with HRR2RRORR2 RR(30 min) or TM, although upon longer exposure to H2O2 
(24 h) the appearance of higher molecular weight complexes was observed (Figure 2). 

Label Free Quantification of co-immunopurified proteins of the 19S/26S proteasome   
We set out to identify proteins that were recruited by the 19S/26S proteasome upon exposure 
to a variety of cellular stress factors. Cellular stress was induced by treatment with the following 
compounds: MG132 (50 µM, 16 h) and Lactacystin (5µM, 16h) (‘MG132/Lact’), TM (1µM, 24 
h) or H2O2 (1mM, 30 min or 24 h) in Drosophila S2 cells. Antibodies directed against the 
proteasome subunits Rpn8 or Rpn10 were used for immune purification (IP) of the proteasome 
in lysates of cells treated with the above-mentioned stress inducers and compared against 
untreated cells. Additional controls involve IPs with nonspecific antibodies, i.e. antibodies 
derived from rabbit preimmune serum (here referred to as ‘PPI’) performed in untreated cell 
lysates. Purified proteins were resolved by SDS-PAGE (Figure 3A, 3B, 3C) and analyzed by mass 
spectrometry, while quantitative analysis was performed using label free quantification (LFQ) to 
discriminate putative interactors from co-purifying contaminants. All IPs were performed in 
triplicate for solid back-end statistical analysis. Control coimmunopurifications with α-Rpn8 or 
α-Rpn10 antibodies showed that the proteasome subunits could efficiently be enriched for by 
both antibodies (Figure 3D).  
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Figure 2. TM and H2O2 have no major effect on proteasome stability under the tested conditions. 
Cells were treated either for 16h with 50 µM MG132 and 5µM Lactacystin, for 24h with 1 µM TM, or for 
30 min or 24h with 1mM H2O2. Mock cells were treated with DMSO only (also described as ‘untreated’). 
Whole cell lysates were prepared under non-denaturing conditions and proteins were separated on a 5 - 
30% glycerol gradient by ultracentrifugation. Proteins in the 13 different fractions were resolved by SDS-
PAGE and proteasome Prosalpha subunits were visualized by immunoblotting. GMPS and ISWI were 
used as controls for the glycerol gradient. 
 
To identify putative 26S proteasome interacting proteins (PIPs), proteins that were identified in 
the negative control (PPI) were subtracted from the data set of identified proteins in the α-Rpn8 
or α-Rpn10 IPs. We used relatively stringent criteria for the selection of putative interactors, i.e. 
interactors of Rpn8 or Rpn10 should be identified in at least two replicates and statistical t-
testing was used for the identification of significantly enriched proteins (Welch two-sided student 
T-tests, permutation-based FDR of 0.05. Number of randomizations was 250). Interactors of 
the 19S/26S proteasome must have been identified as specific interactors of both Rpn8 and 
Rpn10. In the second part of this work, where we analyze the dynamic interactome, we only take 
into account the proteasome interactors already identified in the first interactome study (PPI IP 
vs proteasome IP under both non-stress and stress conditions). With these criteria we filtered 
out a lot of background binders. 

Figure 4 shows an overview of the proteasome interactome analysis. Proteins which were 
significantly enriched in either of the IPs are shown in black and known proteasome subunits 
are shown in red. The numbers of significantly enriched proteins in each of the IPs are listed in 
Table 1. We identified between 87 and 96 putative interactors of Rpn8 and between 82 and 151 
putative interactors of Rpn10. The Venn diagram in Figure 5 shows the overlap of these 
interactors as a response to the different perturbations. Between 50 and 67 proteins were 
enriched in both α-Rpn8 and α-Rpn10 purifications, suggesting that these proteins are bona fide 
interactors of the 19S/26S proteasome complex.  
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Figure 3. Immunopurification of Rpn8 and Rpn10. For each condition Immunopurification assays (IPs) 
were performed in triplicate from lysates of either untreated S2 cells (mock) or stress-treated cells 
(MG132/Lact, TM or H2O2). Purified proteins were resolved by SDS-PAGE and stained with Coomassie. 
A) IP with antibodies derived from pre-immune serum (PPI) that are not specific for proteasome subunits 
serve as a control for the identification of proteasome subunits and proteasome interactors. B) IPs with 
antibodies directed against Rpn8 under the indicated conditions. C) IPs with antibodies directed against 
Rpn10 under the indicated conditions. D) Welch’s t-test shows that the α-Rpn8 and α-Rpn10 IPs in 
untreated lysates were comparable in terms of proteasome subunit (red) enrichment. 
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Figure 4. Identification of specific proteasome interacting proteins. Volcano plots based on Welch’s 
t-tests performed on log2-transformed LFQ intensity values of mock treated and PPI purified samples 
versus A) mock-treated and Rpn8 purified samples,  B) mock-treated and Rpn10 purified samples,  C) TM- 
treated and Rpn8 purified samples,  D) TM-treated and Rpn10 purified samples,  E) 30min H2O2-treated 
and Rpn8 purified samples,  F) 30min H2O2-treated and Rpn10 purified samples, G) 24h H2O2-treated 
and Rpn8 purified samples,  H) 24h H2O2-treated and Rpn10 purified samples,  I) MG132/Lact-treated 
and Rpn8 purified samples, J) MG132/Lact-treated and Rpn10 purified samples. Proteins enriched in the 
Rpn8 or Rpn10 IPs are found at the right side in each volcano plot. Proteins which were significantly 
enriched are shown in black; proteasome subunits are shown in red. The multi-angle comparison of Rpn8 
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versus mock and PPI-mock provides an extra layer of stringency, resulting in higher confidence interactor 
analysis. 
Table 1. Numbers of significantly enriched proteins compared to PPI IP. 
 

Immuno 

purification 
Mock 

MG132 

Lact 
TM 

30min 

HRR2RRORR2 

24h 

HRR2RRORR2 

Rpn8 IP 87 96 87 91 89 

Rpn10 IP 136 151 105 92 82 

Rpn8 & Rpn10 IP 55 67 52 54 50 

 

In general, the interactors identified with both antibodies were very similar per condition, 
however there were also some interesting differences. Rpn4 (CG9588/PSMD9), a chaperone 
involved in proteasome assembly, was enriched in all datasets, except for the α-Rpn10 IP in 
MG132/Lact treated cells. In addition, two E2 ubiquitin conjugating enzymes were specifically 
enriched in α-Rpn10 IPs in MG132/Lact treated cells: Ben/UBE2N and Effete/UBE2D2. 
When proteins were only enriched with the use of the Rpn10 antibody, the interaction might 
take place with free Rpn10 outside the proteasome. For a complete list of identified proteins for 
each of the purifications see Supplementary Table 1 one at the end of this chapter or online. To 
be sure to analyze interactors of the proteasome complex and not those for free Rpn10 we only 
took into account proteins that were enriched in both α-Rpn8 and α-Rpn10 IPs in all further 
analyses (Suppl. Table 1). 

  

 
Figure 5. Overlap of significantly enriched proteins in the different IPs. 
Overlap of significantly enriched proteins in A) Rpn8 purifications and B) Rpn10 purifications C) in both 
Rpn8 and Rpn10 purifications.   
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The 26S proteasome interactome independent of stress conditions 
We identified 45 interaction partners of Rpn8 and Rpn10 that were present in all conditions 
studied here (Figure 5C). These proteins thus interacted with our bait independent of stress. 
Obviously, the majority of these proteins are constitutive proteasome subunits, such as the seven 
alpha and beta subunits of the 20S core particle. Additionally, all described 19S RP base complex 
constitutive subunits were identified, i.e. Rpt1-6 and the three non-ATPases Rpn1, Rpn2 and 
Rpn13, as well as all constitutive subunits of the 19S RP lid complex, Rpn3, Rpn5-9, Rpn11 and 
Rpn12. In conclusion, all constitutive 26S proteasome subunits were copurified through the 
enrichment of Rpn8 and Rpn10 in S2 cell lysates (Figure 4; Suppl. Table 1), suggesting that intact 
26S proteasomes were present in all lysates.  This result also validates our approach for the robust 
and reproducible isolation of 26S proteasomes from cell lysates.    

In addition to all constitutive proteasome subunits, this data set comprises twelve additional 
common interactors of the 26S proteasome, some of which are known interactors that have 
been described in the literature. For instance, the deubiquitinating enzymes UCHL5 and USP14 
were significantly enriched in all Rpn8 and Rpn10 IPs (Figure 4; Suppl. Table 1). We also 
identified Sem1/Rpn15, a known proteasome subunit in mammalian cells. It has been shown 
that Sem1 enforces incorporation of Rpn3 and Rpn7 into the assembling 26S proteasome lid 
complexes (Tomko & Hochstrasser 2014). However, it also functions as a stoichiometric 
component of the 19S RP of mature proteasomes (Bohn et al. 2013; Funakoshi 2004; Sone et 
al. 2004), where it has been proposed to be the third identified ubiquitin receptor of the 
proteasome which, unlike Rpn10 and Rpn13, interacts with ubiquitin via an unstructured 
ubiquitin binding site (Paraskevopoulos et al. 2014). CG12096, the Drosophila homolog of human 
S5b/PSMD5 and of yeast Hsm3, was also identified as an interaction partner in all Rpn8 and 
Rpn10 IPs.  Hsm3 is a chaperone and supports 19S base assembly (Le Tallec et al. 2009; Barrault 
et al. 2012) through association with Rpt1, Rpt2 and Rpn1 (Kaneko et al. 2009). Another 
proteasome chaperone, CG11885, the Drosophila homolog of proteasome assembly chaperone 3 
(PAC3), was enriched as associating factor of the proteasome in all IPs. Additionally, we 
identified the proteasome inhibitor Ecm29 homolog as proteasome interactor in all α-Rpn8 and 
α-Rpn10 IPs. Binding of Ecm29 to the proteasome induces a closed conformation of the 20S 
substrate entry channel and Ecm29 inhibits proteasomal ATPase activity (De La Mota-Peynado 
et al. 2013). Ecm29 has been proposed to couple the 26S proteasome to secretory compartments 
engaged in quality control and to other sites of enhanced proteolysis (endosomes, ER, ERGIC) 
(Gorbea et al. 2004; Gorbea et al. 2010). Ecm29 also plays a role in 26S proteasome dissociation 
following oxidative stress (Wang et al. 2011; Haratake et al. 2016). Furthermore, Rpt3R and 
Rpt6R, AAA-ATPases related to respectively Rpt3 and Rpt6, were identified as proteasome 
interactors in all IPs. A protein of unknown function, CG13319, was enriched in all IPs. This 
protein was previously found to colocalize with the proteasome in Drosophila melanogaster 
(Guruharsha et al. 2011). In addition, we identified Thioredoxin-like (Txl), the Drosophila 
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homolog of human TXNL1/TRP32, as putative interactor of Rpn8 and Rpn10. Txnl1 associates 
with the 19S RP directly via Rpn11 and exhibits thioredoxin activity (Andersen et al. 2009). 
Thioredoxins are disulfide-containing proteins that regulate the redox status of the cell and play 
a role in diverse oxidative cellular processes. Txl targets eEF1A1 in vivo (Andersen et al. 2009), 
which transfers misfolded nascent proteins from the ribosome to the 26S proteasome for 
degradation (Chuang et al. 2005). This suggests that Txl plays a role in proteasome-mediated 
degradation of misfolded proteins. Furthermore, ttm50 (human TIMM50/ yeast Tim50) was 
found to be a proteasome interactor under all conditions. Ttm50 is a member of the inner 
membrane translocase TIM23 complex and was picked up in a yeast two hybrid screen as an 
interaction partner of Prosalpha 6 (Giot et al. 2003), but a functional link between the 
proteasome and ttm50 has not been established yet. Finally, we identified tousled-like kinase 
(TLK) as a putative interaction partner of Rpn8 and Rpn10. Tlk plays a role in cell cycle 
progression through the regulation of chromatin dynamics (Carrera et al. 2003; Pilyugin et al. 
2009). To our knowledge, the interaction of tlk with the proteasome has not been described 
before.  

Concluding, we identified all known constitutive proteasome subunits in all purification 
conditions, which indicates that intact 26S proteasomes were indeed purified. Additional 
interactors were also identified in all purifications, some of which are well known proteasome 
interactors, such as UCHL5, USP14, Sem1, Ecm29 homolog and Thioredoxin-like, while several 
others had not been described before. These might be interesting targets for further studies.    

Identification of Proteasome Interacting Proteins (PIPs) in untreated S2 cells  
On top of the 45 common proteasome constituents and interaction partners identified in all IPs, 
10 additional proteins were purified with both Rpn8 and Rpn10 under non-stress conditions 
(Suppl. Table 1). Six of these were copurified exclusively under non-stress conditions. This group 
comprises the phosphatase PP2A 55 kDa regulatory subunit twins (tws) Twins/tws, 
CG30185/Gr59f (unknown function), CG40042 (human TIMM23/yeast Tim23) 
(mitochondrial inner membrane translocase), Rad23, Dpck and CG13887/BCAP31.  

Rad23 was copurified with Rpn10 in all conditions, although it only precipitated with both Rpn8 
and Rpn10 under non-stress conditions. This suggests that Rad23 interacts with the proteasome 
complex only under non-stress conditions. Rad23 is known to interact with the proteasome and 
facilitates substrate degradation by substrate shuttling (Chen and Madura, 2002). Rad23 contains 
a Ubiquitin-like (UBL) domain, by which it interacts with Rpn10 (Hiyama et al. 1999; Walters et 
al. 2002), Rpn13 (Husnjak et al. 2008) and Rpn1 (Elsasser et al. 2002). Furthermore, it contains 
ubiquitin-associated (UBA) motifs that could bind specifically to K48 polyubiquitin chains and 
hence stimulates the interaction of K48-polyubiquitin linked substrates with the proteasome 
(Nathan et al. 2013). Interestingly, Rad23 is an essential component of the ERAD pathway 
(Medicherla et al. 2004) and functions downstream of Cdc48, which translocates misfolded or 
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otherwise aberrant proteins from the ER to the cytoplasm for proteasome-mediated protein 
degradation (Jarosch et al. 2002; Richly et al. 2005). CG13887 (human/mouse BCAP31 or 
BAP31), one of the most abundant ER proteins, was also identified as proteasome interactor 
under non-stress conditions. BCAP31 functions as a chaperone protein and targets misfolded 
proteins for ER-associated degradation (ERAD) (Wakana et al. 2008).  

In conclusion, we identified several proteasome interactors specifically under normal, non-stress 
conditions, such as the proteasome substrate shuttle Rad23. Several other interacting proteins 
with Rpn8 or Rpn10 of diverse functions were identified.  

Identification of PIPs upon proteasome inhibition by MG132/Lact 
Besides the 45 common interactors described above, 22 additional proteins were copurified with 
Rpn8 and Rpn10 upon proteasome inhibition by MG132/Lact treatment. 16 of these interacted 
exclusively with the proteasome upon inhibition, including hsp23 and hsp68, REG (PA28), 
ref(2)p, cactus, zetaCOP, Syb, CG9306, RpS15Ab, Cisd2, DAD1, CG7375, CG12321/PAC2, 
CG2046 and finally CG7546 (Suppl. Table 1). Several of these proteins are known to play 
important roles in the UPS. For instance, CG12321 (human PSMG2/PAC2), a chaperone with 
a role in 20S proteasome core assembly, binds together with PSMG1 to proteasome subunits 
PSMA5 (Drosophila Prosalpha5) and PSMA7 (Drosophila Prosalpha4) and promotes the assembly 
of the proteasome alpha subunits into the heteroheptameric alpha ring and prevents alpha ring 
dimerization. The proteasome activator REG (REGγ/ PA28γ, human PSME3) is another 
interactor and is a member of the 11S/REG/PA28 family of proteins which can activate the 
catalytic function of the 20S proteasome (Rechsteiner & Hill 2005). The 11S proteasome 
activator (REG or PA28) is a heptameric structure consisting of REGα and REGβ subunits in 
the cytoplasm and REGγ subunits in the nucleus. These entities markedly activate the peptidase 
activities of the 20S proteasome but do not promote degradation of intact proteins in general ( 
Chu-Ping, Clive A. Slaughter, et al. 1992), although it has been shown to be able to degrade 
several intact proteins like the steroid receptor coactivator SRC-3 (Li et al. 2006), the HCV core 
protein (Moriishi et al. 2007) and the cell cycle regulators p21 (Chen et al. 2007) and p53 (Zhang 
& Zhang 2008). Furthermore, Refractory to Sigma P (Ref(2)p), the Drosophila melanogaster 
homolog of mammalian p62, was found to associate with the proteasome exclusively upon 
inhibition. P62 functions as a shuttle for ubiquitinated proteins (Pankiv et al. 2007) with a 
preference for Lys63 ubiquitination and consequently primarily targets proteins for autophagy. 
However, it also interacts with Lys48 polyubiquitin chains and can thus also shuttle proteins for 
proteasomal degradation (Seibenhener & Babu 2004). UBL-domain containing protein CG7546 
is another factor that associated exclusively with the proteasome upon MG132/Lact treatment. 
Homologous UBL-domains are found in the Xenopus leavis and human Scythe/Bat3 proteins, 
and Scythe was shown to interact with a specific splice variant of Rpn10 in Xenopus proteasomes 
(Kikukawa et al. 2005).  
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Interestingly, the heat shock proteins, Hsp23 and Hsp68 also associate with the proteasome 
upon proteasome inhibition. The heat shock protein family is a highly conserved protein family 
which accounts for 1–2% of the total protein pool. Although not all functions of HSPs are clear, 
most of them function as molecular chaperones to assist in folding of newly synthesized, 
misfolded and damaged proteins and as such are part of a major quality control system. In 
Chapter 3 of this thesis, we have described a major upregulation of many Hsp’s upon proteasome 
inhibition. These results suggest that at least some of these physically interact with the 
proteasome either directly or via the substrate.  

Other proteins that exclusively interacted with the proteasome upon MG132/Lact treatment in 
our screen include mitochondrial membrane protein CG1458 (human CISD2) and the 40S 
ribosomal protein S15Ab, which is a structural constituent of the ribosome. Also, Cactus (human 
NFKB1A), a protein that acts as a negative regulator of the NF-kappa-B signaling pathway was 
co-precipitated in Rpn8 and Rpn10 IPs upon proteasome inhibition. Additionally, CG7375 
(human Ube2M/NEDD8-conjugating enzyme Ubc12), a NEDD8 conjugating enzyme which 
is, together with E3 ubiquitin ligase RBX1, involved in cell proliferation via neddylation of 
cullins, were enriched with Rpn8 and Rpn10 upon MG132/Lact treatment. Further research is 
required in order to address the role of many of these interactions with the proteasome. 

Proteasome activator PI31 interacts specifically with the 19S/26 proteasome upon stress 
induction.  
The proteasome activator PI31 associated with the proteasome in all applied stress conditions 
and in non-stress conditions it co-precipitated only with Rpn10. PI31 is the Drosophila homolog 
of human PSMF1 and was originally identified and characterized as an in vitro inhibitor of the 
20S proteasome activity (Chu-Ping, Clive A Slaughter, et al. 1992; Bader et al. 2011; Mccutchen-
Maloney et al. 2000). Additionally, via interaction with the 20S core particle, PI31 can inhibit the 
assembly of both 26S proteasomes and PA28 proteasomes by blocking interaction with 19S 
subunits and, respectively, 11S subunits in vitro (Zaiss et al. 1999; Mccutchen-Maloney et al. 
2000). Interestingly, in contrast to the inhibitory effect on the 20S proteasome, PI31 has also 
been found to enhance the activity of 26S proteasomes both in vitro and in vivo (Bader et al. 2011). 
PI31 can act as a selective modulator of the proteasome-dependent steps in MHC class I antigen 
processing and can interfere with the maturation of immunoproteasome precursor complexes 
(Zaiss et al. 2002). More research is required in order to determine the role of PI31 at the 26S 
proteasome in more detail, especially in relation with cellular stress conditions.  

Identification of PIPs upon ER-stress or oxidative stress 
Only a subset of proteasome interacting proteins copurified specifically upon ER stress or 
oxidative stress, e.g.  Tspo, a translocator protein located in the outer mitochondrial membrane. 
Superoxide dismutase (Sod2), an antioxidant protein which can protect the cell against excessive 
reactive oxygen species, was only identified under TM-induced ER stress conditions. On the 
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other hand, four proteins interacted specifically with Rpn8 and Rpn10 upon short oxidative 
stress exposure, i.e. AP-1sigma, ATPsynG, CG9662 and CG30159. AP-1sigma is involved in 
vesicle mediated transport. ATPsynG is involved in ATP synthesis coupled proton transport. 
CG9662 plays a role in translocating proteins across the rough ER membrane, while CG30159 
is a protein with yet unknown function. Further research is required in order to address the role 
of these interactions with the proteasome.  

Identification of dynamic proteasome interacting proteins by label free quantification 
Next, we applied label free quantitative (LFQ) mass spectrometry to investigate the dynamics of 
the proteasome interactome by characterizing differential recruitment of interactors between 
mock-treated samples and stress-treated samples. Figure 6 shows an overview of the results; the 
numbers of proteins that were specifically enriched for are listed in Table 2, while a more detailed 
table can be found online (Suppl. Table 2). Here, we focused solely on proteins which were 
differentially recruited as a result of the perturbation, while the proteasome IP´s under non-
stress conditions were treated as controls. Only proteins that were already identified as specific 
proteasome interactors in the previously described analysis were accepted (grey rows in Table 
2). 

The abundance of several proteasome subunits was clearly affected upon stress (Figure 6, Table 
3). Upon MG132/Lact treatment larger amounts of 20S core proteasome subunits were 
copurified, which might be the result of the inhibition of 26S proteasome dissociation by the 
binding of the chemical proteasome inhibitors (Kleijnen et al. 2007). Several studies report 
dissociation of 19S and 20S subunits following oxidative stress (Wang et al. 2011; Reinheckel et 
al. 1998; Haratake et al. 2016). We therefore used relatively mild conditions (1mM H2O2) which 
did not lead to dissociation and is in agreement with other studies (Wang et al. 2011; Reinheckel 
et al. 1998). We like to mention again that Figure 1 shows that we obtained a proper stress 
response upon H2O2 treatment. 

UCHL5 was identified as a specific interactor in all purifications, but by assessing the dynamic 
interactome we clearly see an enhanced recruitment of this enzyme under all applied stress 
conditions as compared to non-stress conditions. In contrast, another deubiquitinase, USP14, 
was associated with the proteasome to a lesser extent as a result of H2O2 and TM treatment. 
Furthermore, the 19S subunits Rpn8, Rpn9, Rpn11, Rpn12 and Rpn13 were enriched in one or 
two of the applied stress conditions. However, it should be noted that the variation between the 
different samples is relatively small. Upon MG132/Lact treatment, several more interacting 
proteins were increasingly enriched compared to non-stress conditions, such as proteasome 
assembly chaperone CG12321/PAC2, proteasome inhibitor ECM29 homolog, proteasome 
activator REG, Hsp70, Hsp23 and Hsp68, ref(2)P, zetaCOP (involved in endosomal trafficking) 
and the ER-membrane protein DAD1. Finally, several proteins became less enriched upon the 
imposed cellular stress, such as Apoptosis Inducing Factor (AIF), Cisd2 and tws. 
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Figure 6. Identification of differential and specific interactors for each stress condition. Volcano 
plots based on Welch’s t-tests performed on log2-transformed LFQ intensity values of proteins identified 
and quantified in mock-treated cells versus stress-treated cells. Rpn8 was used as the bait in panels A-D; 
the treatments were A) TM, B) 30 min H2O2, C) 24 h H2O2 and D) MG132/Lact. Rpn10 was used as the 
bait in panels E-H the treatments were E) TM, F) 30 min H2O2, G) 24 h H2O2 and H) Mg132/Lact.  
Proteins which were significantly more enriched are shown in black. Proteasome subunits are shown in 
red.  
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Table 2. Numbers of recruited interactors in stress conditions. Numbers of significantly enriched 
proteins in stress-treated lysates are shown in the table. Numbers of proteins which were significantly 
enriched in both Rpn8 and Rpn10 IPs and additionally were identified as specific proteasome interactors 
in the previously described analysis (Suppl. Table 1) are shown in the grey colored rows. These proteins 
were selected for further investigation. 
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UCHL5 was identified as a specific interactor in all purifications, but by assessing the dynamic 
interactome we clearly see an enhanced recruitment of this enzyme under all applied stress 
conditions as compared to non-stress conditions. In contrast, another deubiquitinase, USP14, 
was associated with the proteasome to a lesser extent as a result of H2O2 and TM treatment. 
Furthermore, the 19S subunits Rpn8, Rpn9, Rpn11, Rpn12 and Rpn13 were enriched in one or 
two of the applied stress conditions. However, it should be noted that the variation between the 
different samples is relatively small. Upon MG132/Lact treatment, several more interacting 
proteins were increasingly enriched compared to non-stress conditions, such as proteasome 
assembly chaperone CG12321/PAC2, proteasome inhibitor ECM29 homolog, proteasome 
activator REG, Hsp70, Hsp23 and Hsp68, ref(2)P, zetaCOP (involved in endosomal trafficking) 
and the ER-membrane protein DAD1. Finally, several proteins became less enriched upon the 
imposed cellular stress, such as Apoptosis Inducing Factor (AIF), Cisd2 and tws.  
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Table 3. Log2 transformed LFQ intensities and significantly enriched proteins (‘+’) in α-Rpn8 and α-
Rpn10 IPs under cellular stress conditions 
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In conclusion, using LFQ proteomics we observed the dynamic interaction of proteasome 
subunits and proteasome-interacting proteins that was dependent on cellular stress. We purified 
more 26S proteasomes upon proteasome inhibition. Interestingly, co-purification of UCHL5 
was enhanced upon stress induction, while USP14 was less efficiently enriched, suggesting 
distinct roles for these DUBs. Other proteins that became increasingly enriched upon 
MG132/Lact treatment include the proteasome inhibitor ECM29, heat shock proteins, the 
proteasome activator REG and Ref(2)p. Recruitment of these factors to the proteasome under 
stress conditions may indicate that the UPS interfaces with diverse cellular processes.     

 

Discussion 

19S/26S interactome (in)dependent of stress conditions 
Using both α-Rpn8 and α-Rpn10 antibodies we have immunopurified 19S particles and intact 
26S proteasomes from cell lysates to study both the interactome as well as the dynamic 
interactome of the 19S particle under both stress and non-stress conditions. All constitutive 
proteasome subunits were identified independent of the used conditions. Besides these 
constitutive subunits, a variety of additional interactors were identified in all purifications, 
including several chaperones with a role in proteasome (dis)assembly, activators and inhibitors 
and UCHL5, USP14, Sem1, ECM29 homolog and Thioredoxin-like. Identification of these 26S 
proteasome constitutive subunits and well-known interactors in all purifications validates our 
approach to specifically enrich 19S as well as 26S proteasomes from S2 cell lysates.  

Our data give novel insights into proteasome composition dynamics upon non-stress and stress 
conditions. For instance, Ub shuttle protein Rad23 was identified as a proteasome interactor 
under non-stress conditions. But under stress conditions only the interaction with Rpn10 was 
maintained, while interaction with Rpn8 was lost, suggesting that Rad23 interacts with free 
Rpn10 outside the proteasome complex under stress conditions. This observation raises several 
questions. For instance, it is unclear why Rad23 is only enriched for the 26S proteasome under 
non-stress conditions and what the function of a Rpn10-Rad23 complex outside the 26S 
proteasome would be. It was shown before that free Rpn10 inhibits the interaction of Ub shuttle 
protein Dsk2 and the proteasome in budding yeast (Matiuhin et al. 2008). In this way free Rpn10 
could be used to regulate the delivery of ubiquitinated substrates to the proteasome via shuttle 
protein Dsk2 (Matiuhin et al. 2008). Our data might point in a similar direction: free Rpn10 may 
also inhibit the interaction of Rad23 with the proteasome, but then only under stress conditions. 
Obviously, additional experiments are required to elucidate the mechanism behind the interplay 
of ubiquitin receptor Rpn10 and the shuttle factor Rad23 in both stress and non-stress 
conditions.  
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Refractory to Sigma P (Ref(2)p)/human p62 was identified as an interactor of the proteasome 
upon MG132/Lact mediated inhibition. We have shown before that the pharmacological 
inhibition of the proteasome increased Ref(2)p expression levels (Sap et al. 2017) and it is also 
known that Ref(2)p interacts with Rpt1 (Seibenhener & Babu 2004; Geetha et al. 2008) and that 
it serves as a substrate shuttling factor for proteasomal degradation (Geetha et al. 2008). Our 
data suggest that the interaction of Ref(2)p with the 26S proteasome is dependent on the 
inhibition status of the proteasome. However it should be excluded whether we identified more 
Ref(2)p as a result of MG132/Lact-induced increased 26S proteasome stability.  

In addition, we observed specific physical interactions of stress responsive proteins (Hsp’s) upon 
proteasome inhibition and oxidative stress. Hsp’s function as chaperones that mediate proper 
folding of substrate proteins with non-native conformations, thereby protecting substrates from 
aggregation. Chaperones are also involved in proteasome-dependent degradation of misfolded 
proteins. Hsp70s are among the most prominent chaperone families that assist in chaperone-
mediated proteasomal degradation of misfolded proteins (Kettern et al. 2010; Arndt et al. 2007). 
They can improve recognition of the substrate by ubiquitin ligases and shuttle them to the 
proteasome once they are ubiquitinated. Additionally, HSP70 is also involved in dissociation of 
26S proteasome complexes into free 20S particles and bound 19S regulators and in reconstitution 
of 26S proteasomes shortly after mild oxidative stress (Grune et al. 2011). We immunopurified 
19S particles and our data clearly shows that we enriched for 26S proteasomes but also 19S alone. 
It might be possible that Hsp70 which we identified in our screen is the interacting chaperone 
of free 19S particles. Finally, chaperones are also able to affect proteasome activity. It has been 
shown that HspP27 interacts directly with the 26S proteasome and with polyubiquitin, and that 
overexpression of Hsp27 increases the activity of the proteasome upon stress induction by 
inflammatory cytokines and cytotoxic drugs (Parcellier et al. 2003). Our data suggest that 
chaperones also play a role in proteasome-dependent degradation upon treatment with chemical 
proteasome inhibitors, however here as well it should be excluded whether we precipitated more 
heat shock proteins as a result of increased proteasome levels due to proteasome inhibition.   

CG7546, a protein of yet unknown function, was found to interact with the proteasome 
exclusively upon cytotoxic stress induction. Its homolog in Xenopus, Scythe, interacts with a 
splice variant of Rpn10 (Kikukawa et al. 2005). CG7546 bears furthermore structural similarity 
to Bag6, who’s N-terminal UBL domain suggests involvement in protein degradation (Minami 
et al. 2010). Bag6 is known to interact with pro-apoptotic proteins and targets them to Rpn10 
for subsequent proteasome-dependent degradation (Kikukawa et al. 2005). Thus, CG7546 might 
be a novel shuttle factor involved in targeting substrates to the proteasome.  

Proteasome activator PI31 was specifically interacting with the proteasome in all tested stress 
conditions, in non-stress conditions it only interacted with Rpn10. The molecular mechanism by 
which PI31 affects proteasome activity remains unknown. A previous study showed that PI31 



Chapter 5 

140 
 

can increase the activity of the 26S proteasome in vivo under conditions where maximal 
proteolytic activity is required, for instance for the removal of cellular proteins during the 
terminal differentiation of sperm (Bader et al. 2011). Similarly, PI31 activity might also be 
beneficial for boosting the degradation of rapidly and highly elevated proteasome substrate loads 
during cellular stresses in our experiments.   

Dynamic 19S/26S interactome during stress and non-stress conditions 
The abundance of several purified proteasome subunits was clearly affected upon stress (Figure 
6, Table 3). More intact 26S proteasomes were enriched upon proteasome inhibition, which 
might be the result of decreased proteasome disassembly through the use of proteasome 
inhibitors (Kleijnen et al. 2007). We furthermore used relatively mild oxidative stress conditions 
since the 26S proteasome is relatively sensitive for this type of stress (Reinheckel et al. 1998; 
Reinheckel et al. 2000). Therefore, we did not observe enhanced dissociation of 19S and 20S 
particles following H2O2 treatment, which is in agreement with other studies (Reinheckel et al. 
1998; Wang et al. 2011).  

Interestingly, we observed an enhanced interaction of deubiquitinating enzyme UCHL5 with the 
proteasome under stress conditions. In general, the role of UCHL5 at the proteasome has not 
been clearly defined yet and could be multifaceted and for now we could only speculate about 
the role of UCHL5 at the proteasome during stress. It has for instance been proposed that 
UCHL5 performs an editing function by removing distal ubiquitin moieties from polyubiquitin 
chains and that this might be a method by which inadequately targeted proteins can be released 
from the proteasome and spared from degradation (Lam et al. 1997). Since UCHL5 is recruited 
and activated by Rpn13, the editing function of UCHL5 might be specific for Rpn13 targeted 
substrates, which might be important during stress conditions. Alternatively, UCHL5 could play 
a role in the deubiquitination of proteasome subunits. At least four proteasome subunits are 
targets for regulatory ubiquitination: Rpn10, Rpn13, UCHL5 and Rpt5 (Jacobson et al. 2014). 
Ubiquitination of these proteasome subunits impairs substrate binding, deubiquitination and 
degradation. The ubiquitination of these proteasome subunits is also influenced by certain 
cellular stress (Jacobson et al. 2014). For instance, the ubiquitination of all four proteasome 
subunits was found to be decreased upon H2O2 and MG132 treatment (Jacobson et al. 2014). 
Our results may indicate that decreased proteasome ubiquitination under stress conditions could 
be the result of increased UCHL5 recruitment and, thus, an increased deubiquitinating activity.  
Another possibility is that UCHL5 breaks down unanchored polyubiquitin chains that bind to 
proteasome-associated ubiquitin receptors and thereby block substrate access (Zhang et al. 
2011). This process could be useful under stress conditions, when the proteasome substrate load 
is increased. It should be noted that UCHL5 is also present outside the proteasome, albeit in a 
non-active form as part of the chromatin remodeling INO80 complex (Yao et al. 2008), but we 
did not pick up any of the INO80 complex subunits as interactors in our screen.   
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Upon MG132/Lact treatment, several interacting proteins were increasingly enriched compared 
to non-stress conditions, such as proteasome assembly chaperone CG12321/PAC2, proteasome 
inhibitor ECM29 homolog, proteasome activator REG, Hsp70, Hsp23 and Hsp68, ref(2)P, 
zetaCOP (involved in endosomal trafficking) and the ER-membrane protein DAD1. We 
however also found an enrichment of intact 26S proteasomes upon MG132/Lact treatment. 
Therefore, it should be determined whether enhanced enrichment of interacting partners was 
due to enhanced recruitment or due to enhanced 26S proteasome levels.  

Concluding remarks 
Although we did several interesting findings as described above, in general we did not observe 
many specific effects for each individual stress that we applied. This might be explained in several 
ways. First, there is a lot of cross talk between the induced regulatory pathways and cellular 
responses inflicted by the different stress conditions. For instance, proteasome inhibition 
(Obeng et al. 2006; Lee et al. 2003), ER stress (Oslowski & Urano 2013) and oxidative stress 
(Kupsco & Schlenk 2015) may all induce the unfolded protein response (UPR). Furthermore, 
proteasome inhibition may lead to ER stress due a diminished removal of damaged and 
misfolded proteins (Bush et al. 1997). Additionally, proteasome inhibition may induce oxidative 
stress (Fribley et al. 2004), but an opposite effect is also observed in some cell types (Yamamoto 
et al. 2007). Cross-talk between the different stress conditions makes it difficult to distinguish 
specific responses for each individual condition. Second, in this study we used LFQ-based 
quantitative proteomics in combination with immune purifications (IPs) to study the differential 
recruitment of proteasome interactors. IPs are primarily suitable to identify stable interactors. 
Techniques which might be applied in order to pick up more transient interactors are BioID 
(Varnaite & MacNeill 2016) and APEX (Kim & Roux 2016), this might however give more 
background/false positive hits. Thirdly, in this study we focused on enrichment of 19S caps, 
however, changes might also be found in other proteasome caps, such as PA28αβ, PA28γ, 
PA200, PI31, or in solely the standard 20S proteasome or the immunoproteasome. These 
different proteasome complexes could be separated from each other by fractionation on glycerol 
gradients followed by LC-MS/MS and protein correlation profiling (Fabre et al. 2015). Fourth, 
proteasome activity may also be regulated at the level of post translational modifications (PTMs). 
For instance, it has been demonstrated that ubiquitination of Rpn10, Rpn13, UCHL5 and Rpt5 
impairs substrate binding, deubiquitination and degradation (Jacobson et al. 2014). In fact, more 
than 345 sites at the proteasome can be modified and 11 different modifications were identified, 
reviewed in (Hirano et al. 2015). Thus, differential modification of proteasome subunits with 
and without stress might also contribute to altered proteasome regulation. 

Finally, our data show that the combination of classical immune purifications with LFQ-based 
quantitative proteomics is a powerful approach to specifically detect (sub)stoichiometric 
interaction partners, as well as dynamic interactors, of a large and important cellular machinery. 
We identified several proteasome interactors, which responded differently upon stress 
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conditions, such as UCHL5, Rad23, CG7546 and Ref(2)p. Further research is required to 
elucidate their function in proteasome-dependent degradation in conditions with and without 
stress. Differential proteasome interactors upon specific stressors may act as therapeutic targets 
for the treatment of diseases in which cellular stress and homeostasis misbalance play a role.    

   

Material and Methods 

Cell culture. Drosophila melanogaster Schneider’s line 2 cells (S2 cells) (R690-07, Invitrogen) were 
cultured in Schneider’s medium (Invitrogen) supplemented with 10% fetal calf serum (Thermo) 
and 1% Penicillin-Streptomycin. Cells were treated for 16h with 50 µM MG132 and 5µM 
Lactacystin (MG132/Lact), or for 24h with 1µM TM (Sigma), or for 30 min or 24h with 1mM 
H2O2 (Invitrogen). For H2O2 treatments, cells were incubated in serum free medium and directly 
exposed to H2O2. After 30 min H2O2 was quenched with catalase and two volumes of complete 
medium was added. Cells were harvested directly (30 min) or after 24h.   

Antibodies. Polyclonal antibodies were generated by immunizing rabbits with GST fusion proteins 
expressed in Escherichia coli and were affinity purified as described previously (Chalkley & 
Verrijzer 2004). The full length Rpn8 and full length Rpn10 were used as antigens. Pre-immune 
serum (PPI) of Rpn10 immunized rabbit was used. SDS-PAGE and Immunoblotting 
experiments were performed as described previously (Chalkley et al. 2008). 

RNA isolation and real time RT-qPCR. For gene expression assays, cell pellets were immediately 
frozen in liquid nitrogen and -80°C until further processing. Total RNA was extracted from 
5x10^6 cells using Trizol (15596-026, Invitrogen) and 4 μg RNA was used for random hexamer 
primed cDNA synthesis using the Superscript II Reverse Transcriptase (Invitrogen). 
Quantitative real-time RT-PCR was performed on a CFX96 realtime PCR detection system (Bio-
Rad). Reactions were performed in a total volume of 25 μl containing 1x reaction buffer, SYBR 
Green I (Sigma), 200 μM dNTPs, 1.5 mM MgCl2, platinum Taq polymerase (Invitrogen), 500 
nM of corresponding primers and 1 μl of cDNA. The primer sequences used were GstD5: 5’-
TATGCCAACGCCAAGAAGGT-3’, 5’-CGGCACCTTTCCAGTTCTCT-3’; Hsp70: 5’-
AAGAACCTCAAGGGTGAGCG-3’, 5’-CGTCGATGGTCAGGATGGAG-3’; Hsp68: 5’-
AGCAACAGAAATAGCCAAGATGC-3’, 5’-GTGTGGTACGGTTACCCTGG-3’; DLP: 5’-
CTAGCAGCTCGGGATCACTG-3’, 5’-TCGCTCTCGGCTTTTGTGAA-3’; CaBP1: 5’-
TGTTGCTGGCATTTGTCGTG-3’, 5’-ATCGCTGGGCGAATAGAAGG-3’. Data analysis 
was performed by applying the 2-ΔΔCT method (Livak & Schmittgen 2001). Values obtained 
from amplification of α-Mannosidase class I b (CG11874) were used to normalize the data as 
described previously (Moshkin et al. 2007).   
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Glycerol gradient. Preparation of glycerol gradients is previously described (Mohrmann et al. 2004). 
Briefly, gradients with 5% - 30% glycerol were made in Beckman polyallomer tubes (331374 
Beckman). Whole cell lysates were made under non-denaturating conditions (50 mM HEPES-
KOH pH 7.6, 100 mM KCl, 0.1% NP40, protease inhibitors), loaded on top of the gradient and 
ultracentrifuged (SW40 rotor, Beckman L-80) with 32 krpm for 17h by 4°C. Approximately 26 
x 500 µl fractions were taken starting from the top of the gradient with a P1000 pipet. Fractions 
were stored in aliquots in -80°C. Two consecutive fractions were combined starting from 
fraction 3, which resulted in a total of 13 fractions. Of each fraction, 25 µl was resolved by SDS-
PAGE and visualized by immunoblotting. 

Immuno purifications. Immunopurification (IP) procedures were performed essentially as described 
(Chalkley & Verrijzer 2004). Briefly, α-Rpn8 or α-Rpn10 antibody was crosslinked to ProtA 
beads (GE Healthcare) by using dimethylpimelimidate. As a control, antibodies from pre-
immune serum were coupled to ProtA beads. After 2 h incubation of the antibody coupled beads 
with whole cell lysate (125x10^6 cells), the beads were washed extensively with HEMG-based 
washing buffer (25mM HEPES-KOH, pH 7.6, 0.1mM EDTA, 12.5mM MgCl2, 10% glycerol, 
200mM KCl, 0.1% NP-40, containing a cocktail of protease inhibitors). Proteins retained on the 
beads were eluted with 100mM sodium citrate buffer (pH 2.5), TCA precipitated, resolved by 
SDS-PAGE and visualized by Coomassie staining. Lanes were cut in 1 mm slices and combined 
to in total 13 fractions per lane and analyzed by LC-MS/MS.    

Mass spectrometry. In-gel protein reduction, alkylation and tryptic digestion was done as described 
previously (van den Berg et al. 2010). Peptides were extracted with 30% acetonitrile 0.5% formic 
acid and analyzed on an 1100 series capillary LC system (Agilent Technologies) coupled to an 
LTQ-Orbitrap hybrid mass spectrometer (Thermo). Peptide mixtures were trapped on a 
ReproSil C18 reversed phase column (Dr Maisch GmbH; column dimensions 2 cm × 100 µm, 
packed in-house) at a flow rate of 8 µl/min. Peptide separation was performed on a ReproSil 
C18 reversed phase column (Dr Maisch GmbH; column dimensions 15 cm × 75 µm, packed in-
house) using a linear gradient from 0 to 50% B (A = 0.1% formic acid; B = 80% (v/v) 
acetonitrile, 0.1% formic acid) in 120 min at a constant flow rate of 300 nl/min (using a splitter 
for the 1100 system). The column eluent was directly electrosprayed into the mass spectrometer. 
Mass spectra were acquired in continuum mode; fragmentation of the peptides was performed 
in data dependent acquisition mode by CID using top 8 selection.   

LFQ data analysis. RAW files were analyzed using MaxQuant software (v1.5.1.2 | 
http://www.maxquant.org), which includes the Andromeda search algorithm (Jurgen Cox et al. 
2011) for searching against the Uniprot database (version November 2014, taxonomy: Drosophila 
melanogaster | http://www.uniprot.org/). Follow-up data analysis was performed using the 
Perseus analysis framework (http://www.perseus-framework.org/). 
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Perseus (version 1.4.1.3) was used to analyze protein abundance dynamics in the different 
samples. ProteinGroups file was uploaded to Perseus. Rows containing proteins designated 
‘Only identified by site’, ‘Reverse’ and ‘Contaminant’ were removed from the matrix. LFQ 
intensities were log-transformed (log2). LFQ Intensity columns of triplicates of Rpn8 and Rpn10 
IPs were grouped. Rows which did not contain at least two valid values in at least one group 
were removed from the matrix. Next, columns were grouped similarly as just mentioned 
however now also the PPI triplicate was grouped.  

To identify proteasome interacting proteins, Welch two-sided t-tests were performed for each 
α-Rpn8 or α-Rpn10 IP versus the α-PPI IPs. First groups (right) were the LFQ intensities of 
Rpn8 or Rpn10 IPs, second groups (left) were the LFQ intensities of PPI IPs. Permutation-
based FDR of 0.05 was used for truncation. Number of randomizations was 250. –Log10 scale. 
Annotations were added to the tables. Tables containing the significant proteins for each two-
sample t-tests were exported to excel. R was used to merge the tables for the α-Rpn8 or α-Rpn10 
comparisons with α-PPI IPs based on the common ‘id’ columns. Rows containing significant 
proteins in α-Rpn8 and α-Rpn10 comparisons were merged using R and table was used to 
describe proteasome interacting proteins.  

To identify dynamic proteasome interacting proteins, Welch two-sided t-tests were performed 
for each α-Rpn8 + stress or α-Rpn10+stress IP versus the Mock α-Rpn8 or α-Rpn10 IPs (thus 
excluding the PPI samples). First groups (right) were the LFQ intensities of either α-Rpn8+stress 
or α-Rpn10+stress IPs, second groups (left) were either the LFQ intensities of α-Rpn8 Mock 
IPs or α-Rpn10 mock IPs. Permutation-based FDR of 0.05 was used for truncation. Number of 
randomizations was 250. –Log10 scale. Annotations were added to the tables. Tables containing 
the significant proteins for each two-sample t-test were exported to excel. R was used to merge 
the tables for the α-Rpn8+stress or αRpn10+stress comparisons with mock IPs based on the 
common ‘id’ columns. Rows containing significant proteins in α-Rpn8 and α-Rpn10 
comparisons were merged using R and table was used to describe dynamic proteasome 
interacting proteins.   
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