Dissecting the molecular effects of cigarette smoke on proteasome function
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Abstract
Proteasome dysfunction is emerging as a novel pathomechanism for the development of chronic obstructive pulmonary disease (COPD), a major leading cause of death in the world. Cigarette smoke, one of the main risk factors for COPD, impairs proteasome function in vitro and in vivo. In the present study, we dissected the molecular changes induced by cigarette smoke on the proteasome in lung epithelial cells and mouse lungs. 26S proteasome pull‑down, MS interactome, and stoichiometry analyses indicated that 26S proteasome complexes become instable in cigarette smoke-treated lung epithelial cells as well as in lungs of mice after three day smoke exposure. The interactome of the 26S was clearly altered in mouse lungs upon smoke exposure but not in cells after 24 hours of smoke exposure. Using native MS analysis of purified 20S proteasomes, we observed some destabilization of 20S complexes purified from cigarette smoke-exposed cells in the absence of any dominant and inhibitory modification of proteasomal proteins. Taken together, our results suggest that cigarette smoke induces minor but detectable changes in the stability of 20S and 26S proteasome complexes which might contribute to imbalanced proteostasis in a chronic setting as observed in chronic lung diseases associated with cigarette smoking. 
1 Introduction
The proteasome is the main protein degradation system within the cell and is involved in degradation of damaged proteins, transcription, immune responses, cell signaling, and apoptosis [1,2]. Proteins are processed by the proteasome into peptides of 3-22 amino acids for recycling of amino acids [1] with a minor fraction being loaded onto major histocompatibility complex (MHC) class I molecules to communicate the intracellular protein composition to the immune system [3,4]. Controlled protein breakdown by the proteasome involves tagging of protein substrates with ubiquitin chains via a cascade of E1, E2, and E3 enzymes. The term “proteasome” defines a family of complexes composed of a barrel‑shaped 20S catalytic core particle that associates with one or two proteasome regulators to form distinct proteasome complexes [5]. Several proteasome regulators have been described: 19S (consisting of base subunits PSMC1-6 as well as lid subunits PSMD1-14), PA28α/β (PSME1 and PSME2), PA28γ (PSME3), PA200 (PSME4), and PI31 (PSMF1) [6,7]. The 19S regulator is the best studied and the most abundant regulator: it consists of at least 18 different subunits, including ubiquitin receptors, and is accountable for ubiquitin- and ATP-dependent degradation of substrates [8,9]. Together with the 20S, it forms the 26S/30S proteasome by binding to one or both sides of the 20S core particle, respectively. In addition, the 26S proteasome interacts with other proteins (proteasome interacting proteins, PIPs) including ubiquitin deacetylases, ubiquitin ligases, and assembly chaperones [10]. The core 20S particle of the proteasome is composed of four heptameric rings: two identical outer rings (PSMA1-7) and two identical inner rings (PSMB1-7) [11]. Each β-ring contains three active sites, i.e. the PSMB5, PSMB6, and PSMB7 subunits which can be exchanged with immunosubunits PSMB8, PSMB9, and PSMB10, respectively, to form the immunoproteasome. Immunosubunits are induced upon inflammation and infection and have distinct catalytic properties [12]. 
Altered protein homeostasis including proteasome dysfunction is emerging as a key pathomechanism during the development of chronic lung diseases, the third leading cause of death in the world [13–15,5]. Tobacco smoking is the most relevant risk factor for development of COPD (http://www.erswhitebook.org/). Cigarette smoke contains more than 4,500 chemicals, many of which are free radicals that easily modify DNA, lipids, and proteins of the lung [16]. In particular, cigarette smoke affects protein structure, abundance, and function [16]. Cigarette smoke and environmental challenges such as diesel exhaust have been shown to impair proteasome function in vitro and in vivo [17–19]. Acute exposure of lung epithelial cells and mice to cigarette smoke directly impaired proteasome activity correlating with accumulation of oxidatively modified proteins and impaired protein homeostasis [18,19]. 
We here dissected the molecular changes induced by cigarette smoke on proteasome function using distinct MS approaches to analyze the integrity and composition of isolated 26S and 20S proteasome complexes as well as the interactome of 26S proteasomes from pulmonary cells and mouse lungs exposed to cigarette smoke.
2 Materials and methods
2.1 Experimental Design: Cigarette smoke-induced changes in the interactome of 26S proteasome complexes were studied using smoke-exposed lung epithelial cells and lung tissue of mice that had been acutely exposed to cigarette smoke. 20S proteasome complexes were isolated from HEK293 cells by immunoprecipitation from a pool of twenty 15 cm dishes for each condition and characterized by native MS analysis. 
In addition, 26S proteasomes were affinity purified and the composition, interactome and stoichiometry of the complexes were analyzed by LC-MS/MS analysis. 26S pull-down experiments with GST-UBL in cell lysates were performed using GST as a negative control with the same lysate in parallel. Normal distribution was assumed, and significant enrichment of more than threefold over GST (Student’s t-test, p < 0.05) was considered as a specific interaction. Interacting protein abundance (at least two unique peptides detected) in MS analysis of each pull‑down was normalized to the bait PSMD4 to compare cigarette smoke-treated samples with controls (Student’s t‑test). For 26S pull-down from mouse lungs, lung tissue of four individual mice was pooled and three pools were analyzed for each condition using GST as a negative control with the same lysate in parallel. Proteasome activity of isolated 26S was measured in three pooled samples, and proteasome activity was also measured in lung tissue of 15 individual mice using Student’s t-test.

2.2 Cell culture and maintenance: The A549 human lung epithelial cell line was obtained from ATCC (American Type Culture Collection, Manassas, USA). HEK293 cells expressing the FLAG-tagged PSMB2 were a kind gift from Prof. Haim Cahana, Weizmann Institute of Science. Cells were cultured under standard cell culture conditions with medium containing 10 % fetal bovine serum (Biochrom, Berlin, Germany).
2.3 Generation and exposure to cigarette smoke extract (CSE): Stocks of CSE were prepared by bubbling smoke from six 3R4F research-grade cigarettes (Tobacco and Health Research Institute, University of Kentucky, Lexington, KY, USA) through 100 mL of cell culture medium as described [19]. For 26S isolation, A549 cells were exposed to 25 % CSE for 24 h. For 20S isolation, HEK293 cells were exposed to 25 % or 50 % CSE for 30 min.
2.4 Animals and maintenance: Female C57BL/6 mice were obtained from Charles River and kept according to national governmental and international guidelines (approval number of the local government Upper Bavaria 55.2-1-54-2532-69-10). Mice were exposed to filtered air or mainstream cigarette smoke as described [19]. 
2.5 Isolation and MS analysis of 20S proteasome complexes: 20S proteasomes from CSE-exposed HEK293 cells stably expressing a FLAG-tagged PSMB2 subunit were isolated by immunoprecipitation. Native MS experiments were performed using a Q Exactive™ Plus mass spectrometer (Thermo Fisher Scientific), modified for the analysis of large protein complexes [20]. Instrument parameters were adjusted to preserve non-covalent interactions. LC/MS analysis of 20S proteasome complexes was performed by reverse phase LC, using an in-house prepared monolithic column, as described in [21]. Detailed experimental parameters can be found in the online supplement.
2.6 Isolation and MS analysis of 26S proteasome complexes: 26S proteasome complexes were isolated from A549 cells and from mouse lung homogenates as described [22]. Effects of cigarette smoke treatment were quantified by label-free LC-MSMS analysis according to MIAPE guidelines. Details on these procedures can be found in the online supplement. The MS data of the proteasome pull-downs have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD007148.
2.7 Native polyacrylamide gel electrophoresis with substrate overlay and Western blot: For overlay activity assay with Suc-LLVY-AMC, isolated 26S proteasome complexes (10 µg) were subjected to electrophoresis (150 V, 4 h, 4 °C) under non-denaturing conditions, using 3-8 % Tris-acetate gels (Invitrogen). The running buffer was Tris-borate-EDTA (5 mM MgCl2, 2 mM ATP, 1 mM DTT). Proteasome activity was detected by incubating the gels for 30–60 min at 37 °C in reaction buffer (50 mM Tris, pH 7.5, 10 mM MgCl2, 1 mM ATP, and 1 mM DTT, 50 µM Suc-LVVY-AMC). Gels were analyzed using the ChemiDoc XRS+ (Bio‑Rad) with an excitation wavelength of 380 nm and emission wavelength of 460 nm. Afterwards, gels were incubated in solubilization buffer (66 mM Na2CO3, 2 % (w/v) SDS, 1.5 % (v/v) β-ME) for 15 min at room temperature (RT) and blotted afterwards onto PVDF membranes (250 mA, 90 min). The following antibodies were used: the polyclonal TBP1 (PSMC3) (A303‑538A, Biomol, 1:2,000) was used to detect 19S and the monoclonal 20S α1+2+3+5+6+7 antibody (MCP231, Abcam, 1:1,000) was used to detect 20S α-subunits. 

Equal amounts of CSE-treated A549 protein lysates or 26S purified from mouse lungs were loaded onto 15 % SDS-gels under denaturing conditions and blotted onto PVDF membranes. The following antibodies were used: PSMD4 (BML-PW1045, Enzo, 1:1,000), TBP1 (see above), PSMB8 (ab3329, Abcam, 1:1,500) and β-Actin (A3854, Sigma-Aldrich, 1:40.000). Secondary antibodies coupled to HRP were from Cell Signaling.
2.8 Bioinfomatic MS data analysis: MS output tables were analyzed using the Perseus software suite (version 1.5.8.7) [23]. Normalized MS-intensity values were log2 transformed. Zero values were imputed with a normal distribution of artificial values generated at 1.8 standard deviations, subtracted from the mean of the total intensity distribution and a width of 0.3 standard deviations. This places the imputed values at the lower limit of the intensity scale, which represents detection limit of the used instrumentation.

Gene annotation enrichment analysis (FDR = 10 %) was performed with the 1D annotation enrichment algorithm on the Two-sample t-test statistic value as previously described [24]. For gene annotations, we used the Gene Ontology terms Biological process (GO:BP), Molecular function (GO:MF) and Cellular Component (GO:CC) [25]. In addition, we defined proteasome-specific annotations: “20S proteasome” (PSMA1-PSMA7, PSMB1‑PSMB10), “19S base” (PSMC1-PSMC6), “19S lid” (PSMD1-PSMD14), “alternative regulators” (PSME1-PSME4) and “proteasome subunits” (all 41 aforementioned). We then tested for every annotation term whether the corresponding numerical values have a preference to be systematically larger or smaller than the global distribution of the values for all proteins, which is reported as normalized enrichment score.
2.9 Statistics: The statistical tests used are described in the respective figure legends.

3 Results
3.1 Cigarette smoke increases the amount of only 20S proteasome subunits

To comprehensively determine the overall effect of cigarette smoke extract (CSE) on expression of proteasomal subunits and regulators, we re-evaluated our published shotgun proteomics [26] of alveolar epithelial-like A549 cells with regard to proteasome expression and here focus on this novel data analysis (Figure 1). Gene ontology (GO) analysis revealed that the 20S proteasome (PSMA1-PSMA7, PSMB1-PSMB10), but also the proteasome complex in general was enriched suggesting regulation of the proteasome by cigarette smoke (Figure 1B and Supplemental Table S1). Protein levels of some but not all subunits of the 26S proteasome were slightly elevated after 24 hours of exposure to non‑toxic doses of CSE (Figure 1C) [26]. While 19S base subunits were not altered, some 19S lid subunits were rather increased in expression, however, there was no global effect of 19S subunit enrichment.
3.2 Cigarette smoke impairs stability of 26S proteasome complexes
In order to study the effect of cigarette smoke on 26S proteasome integrity, composition and interactome, we isolated 26S proteasome complexes from A549 cells after 24 hours of exposure with CSE and compared them to control cells. For 26S proteasome purification, we used the 19S pull‑down approach described by Besche et al., which utilizes the affinity of the 19S subunit PSMD4, a ubiquitin receptor, to the ubiquitin-like domain of hHR23B coupled to GST as bait [22]. Pull-down with GST alone served as a control to detect non-specific binders. As PSMD4 expression was not altered in response to cigarette smoke extract (Figure 1D), this method allows comparative analysis of the composition of intact 26S proteasome complexes between CSE-treated and control cells. Purified proteasome complexes showed high activity at two bands representing singly- and doubly-capped 20S proteasomes (Supplemental Figure S1A). The chymotrypsin-like (CT-L) activity of 26S proteasomes isolated from CSE-exposed cells was slightly but significantly reduced using a luminogenic substrate for this activity (Figure 2A), as well as in native gels when analyzed with fluorogenic substrate overlay. The amount of 26S complexes loaded was similar (Figure 2B). Immunoblotting for a 19S lid subunit identified free 19S complexes indicating partial disassembly of 26S proteasomes upon CSE exposure. The overall composition of 26S proteasome complexes was not grossly altered by CSE compared to control preparations as evidenced by silver gel analysis (Supplemental Figure S2) [22]. Using MS analysis of isolated 26S proteasomes, we obtained 201 proteins that were enriched significantly more than threefold compared to GST in control or CSE-treated samples (Supplemental Figure S1B). Among these, 35 proteasome subunits were highly enriched (10 to 360‑fold) compared to the GST-control (Supplemental Figure S1C). When we standardized MS signals of these 201 proteins to the bait PSMD4, we did not observe prominent changes in the interactome of 26S proteasome complexes induced by CSE (Figure 2C). Of note, only one 26S interacting protein, Anterior Gradient 2 (AGR2), was significantly enriched in CSE-treated cells. The composition of 26S proteasome complexes was, however, changed by CSE exposure with slightly reduced interaction of most of the 20S subunits, PSME1, and PSME2 (also known as PA28α and PA28β) in our 26S pull-downs. GO analysis revealed a reduction of alternative proteasome regulators (PSME1, PSME2, PSME4) in 26S pull-downs (Supplemental Figure S3). In a stoichiometry plot, we compared PSMD4-interacting proteasome subunits from CSE-treated versus control cells [27] using abundance stoichiometries of proteasome subunits from our shotgun proteomics experiments and PSMD4 interaction stoichiometry as determined by 26S pull-down (Supplemental Figure S4) [27]: While 20S subunits were uniformly increased in abundance, their interaction with the 19S-regulatory protein PSMD4 was weakened upon smoke exposure. In contrast, the 19S subunits did not show uniform alteration in stoichiometry and abundance. These data further support the notion that cigarette smoke reduces the stability of 26S proteasome complexes in cells. 
3.3 Cigarette smoke exposure alters 26S proteasome composition and interactome in the lung
To test the effects of cigarette smoke in vivo, we investigated the composition and interactome of 26S proteasome complexes isolated from lungs of mice that had been acutely exposed to cigarette smoke for three days. Whole-lung native lysates exhibited a significant decrease in all three activities of the proteasome (Supplemental Figure S5A), confirming our previous data [19]. Isolation of 26S proteasome complexes from lung tissues was very efficient (Supplemental Figures S5B, D and E). Activity of the isolated 26S complexes from smoke-exposed mice was slightly decreased compared to room air-exposed controls (Supplemental Figure S5C). Interactome analysis was performed as above and resulted in the detection of 837 proteins in total, of which 357 were significantly enriched in 26S proteasomes from smoke-exposed mice and air-controls. GO analysis of 26S pull-downs revealed an overall reduction of proteasome subunits in smoke-exposed lungs: especially 20S subunits and alternative proteasome regulators (PSME1-PSME4) were found to be less stably bound (Figure 3A). The composition of the 26S proteasome was slightly altered (Figure 3B): 20S subunits were less enriched while most of the 19S subunits were slightly increased. The immunoproteasome subunit Psmb8 and the 19S regulatory subunit Psmd1 were significantly reduced in 26S proteasome complexes from smoke-exposed mice. In contrast to cell samples, the interactome of 26S pull-down complexes of lung tissue was altered after smoke-exposure: five proteins were significantly up- and 18 significantly downregulated (Supplemental Figure S6A and Supplemental Table S2). Among the downregulated proteins were the two proteasome subunits Psmd1 and Psmb8 and polyubiquitin-chain-receptor Rad23a. We confirmed the finding of reduced Psmb8 with Western blot analysis (Supplemental Figure S6B).
3.4 20S proteasomes are not stably modified by cigarette smoke compounds

The interaction of the 19S regulator to the 20S core can be regulated by post‑translational modifications (PTM) of the 20S α -ring interface [5,28–30], but also by oxidative stress [31]. It is thus well feasible that cigarette smoke induces stable chemical and/or oxidative modifications on the 20S proteasome which might then affect stability and assembly of proteasome complexes. To identify stability of 20S proteasomes and possible cigarette smoke-induced PTMs of proteasome subunits in an unbiased approach, we performed native MS analysis of intact 20S proteasome complexes [32]. HEK293 cells expressing a FLAG‑tagged PSMB2 subunit of the 20S proteasome were acutely exposed to 25 % or 50 % of CSE for 30 minutes, intact 20S proteasomes were purified (Supplemental Figure S7) and subsequently analyzed using a modified Q-Exactive Orbitrap instrument [20]. We examined the stability of the different 20S complexes over a gradient of collision cell activation energies ranging from 0 to 200 V (Figure 4 and Supplemental Table S3). At low collision energies, control 20S proteasomes were mostly intact and appeared as a charge state series around 12,000 m/z. At collision energy of 75 V, intact 20S complexes started to dissociate into metastable half proteasomes and α-rings. Upon increasing energies, these fell further apart into individual α- and β-subunits as well as proteasome complexes lacking one subunit. At 200 V, only the composing α‑ and β-subunits were detected in the spectra. Proteasomes purified from CSE-treated cells showed a similar pattern of dissociation, although in the 50 % CSE‑treated samples dissociation into half proteasomes and α-rings started already at 25 V. Similarly, a lower activation voltage was required to dissociate the complex into its composing α‑ and β‑subunits suggesting some decreased stability of 20S complexes upon cigarette smoke exposure.
Next, 20S proteasomes were analyzed at maximal higher-energy collisional dissociation (HCD) energy, in which full dissociation into the composing subunits occurs. When comparing the expected calculated and measured masses of the different α‑ and β‑subunits (Supplemental Figure S8 and Table 1) we detected most of the 20S subunits with modifications as previously described [29,33,34]. We were unable, however, to detect additional charge state series corresponding to defined modifications induced by cigarette smoke. To detect the missing β-subunits, we performed complementary experiments using denaturing LC/MS [21]. 20S proteasomes from the different treatments were separated on a monolithic column over a gradient of acetonitrile and the masses of the eluted subunits were measured (Table 1). Overall, mass analysis revealed a composition of proteasome subunits, similar to that measured by native MS. In the denaturing conditions, we were not able to identify the PSMB6 subunit, however in all samples we identified the PSMB2 and PSMB7 subunits, corresponding in mass to the mature forms, after cleavage of the pro-peptides. 
Our data thus indicate that the stability of the 20S proteasome is moderately impaired after exposure to CSE but the chosen cigarette smoke exposure does not result in a dominant modification of proteasomal proteins.
4 Discussion
The ubiquitin-proteasome system is highly abundant in the cell and can be regulated on several levels; however, abundance of intact, catalytically active 20S complexes and their association with proteasome regulators that enable substrate entry are the main determinants for proteasome activity and function. The interaction of 20S with the 19S regulator to form 26S proteasomes is fine-tuned by PTMs at the interphase of the 20S α-ring and 19S base [5,29,35–38], as well as metabolic regulators such as ATP, and NADH [39]. Furthermore, the 26S proteasome is a redox-sensitive system and vulnerable to oxidative stress [17,19,31,40]. The present study combines two innovative MS-based technologies, namely 26S interactome and stoichiometry analysis with native MS of 20S proteasome complexes to dissect the molecular effects of cigarette smoke on proteasome function in vitro and in vivo. 
4.1 Interactome of 26S is changed in response to cigarette smoke 

In lung epithelial cells, we found only one protein to be significantly more abundant in 26S pull-downs in response to cigarette smoke, i.e. AGR2, a disulphide isomerase upregulated in several cancers [41]. Overexpression of AGR2 was associated with reduction of several 20S and one 19S subunit, the mechanism remains, however, unknown [42]. On the other hand, the interactome of 26S isolated from smoke-exposed mice was clearly altered by cigarette smoke most probably reflecting an altered cellular composition in smoke-exposed lungs. We cannot exclude, however, that the detected interacting proteins only get in contact with the 26S proteasome during lysis of the samples. These interactions should be validated in future experiments. While Ataxin-3, a deubiquinating enzyme with a role in the degradation of misfolded proteins, was enriched [43], Rad23a, a polyubiquitin-chain receptor protein, which shuttles substrates to Psmd4 [44], was found to be less associated with 26S complexes from smoke-exposed lungs. The 19S subunit Psmd1 and the immunoproteasome subunit Psmb8 was less enriched in 26S pulldowns from smoke-exposed lungs which accords with our previous observation that cigarette smoke-exposure reduces the expression of immunoproteasomes in lung immune cells [45]. 

4.2 26S Proteasome complexes disassemble in response to cigarette smoke
For the interactome analysis of the 26S proteasome, we chose the method described by Besche et al. using a GST-coupled ubiquitin-like domain which interacts with the 19S lid subunit PSMD4 [22]. PSMD4 is a suitable target for our approach as total PSMD4 protein levels were not changed by cigarette smoke (Figures 1C and D). This method has been successfully applied to study proteasome complex composition and interaction partners in different cell types [46–48]. In A549 cells and in mouse lungs, we identified all 20S subunits and most of the 19S components as well as alternative regulators to be significantly enriched over GST-pull-down controls. We observed that 26S proteasome complexes become slightly instable in response to non-toxic doses of cigarette smoke exposure using stoichiometry plot analysis, a novel approach that combines the overall abundance in expression with the interaction strength [27] as well as native gel analysis of purified 26S proteasome complexes. The imperfect stoichiometry of the proteasome subunits in the 26S pull-down might be due to the inherent limitations of MS analysis, i.e. that the detection of proteins by MS varies heavily with protein composition, number of possible unique peptides and their ionization behavior. Our observed changes are subtle and not as drastic as the disassembly of the 26S proteasome in response to severe oxidative stress [31] but may well contribute to the observed decline in overall proteasome activity in response to low and non-toxic doses of cigarette smoke [18,19]. Given the high abundance of the ubiquitin-proteasome system [49], even small changes in the assembly of 26S proteasome complexes induced by cigarette smoke might have a relevant impact on proteostasis. In a stressed cell, 20S proteasomes released from 19S proteasomes might assemble with other regulators such as PA28α/β to degrade oxidatively modified and misfolded proteins in order to prevent toxic protein aggregation as suggested previously [50–52]. Indeed, PSME2 (PA28β) was significantly upregulated in our shotgun MS in response to cigarette smoke. Assembly of alternative proteasome complexes from pre-existing building blocks can be regarded as a fast response to cope with stress and quickly adapt to cellular needs [5,53,54] without further energy consumption by the 26S proteasome.
4.3 Native MS reveals lower stability of isolated 20S complexes in response to cigarette smoke
As the 20S proteasome complex itself can be a target of chemical modifications by cigarette smoke, either direct or indirect via induction of enzymes modifying other proteins, we set out to identify possible modification hotspots on immunoprecipitated 20S proteasome complexes using native MS, which explores the structural properties and post-translational modifications of non-covalently bound protein complexes, while preserving their native state from solution [20,32]. 
To study the direct effect of CS on the 20S proteasome, we used short exposure times of CSE of only 30 min to prevent the cell from regulatory feedback mechanisms. Chronic exposure of cells to cigarette smoke could result in compensatory defense mechanisms such as de novo synthesis of proteasomes upon smoke-induced proteasome inhibition [55,56] or in the upregulation of antioxidant defense mechanisms [57]. Using this approach, we were able to identify all α‑subunits and five out of seven β-subunits, as shown before [34,58]. Our experiments did not result in the identification of defined chemical modifications of proteasome subunits by cigarette smoke. This might either be due to their instability during the isolation process or their low abundance. However, upon increasing the activation energy in our MS setup, we observed reduced stability of 20S proteasomes in samples treated with high concentrations of cigarette smoke extract compared to untreated controls: Already at 25 V more α-rings and half‑proteasomes were released from the 20S complex. It is tempting to speculate that this reduced stability is due to transient chemical modifications that influence protein structures irrevocably. Reduced stability of 20S proteasomes in response to smoke might also contribute to disassembly of the 26S proteasome or preferred assembly with different proteasomal regulators and thereby affect proteostasis. 
4.4 Impact of destabilized proteasome complexes
Proper turnover of misfolded or damaged proteins in response to environmental stressors is indispensable to prevent protein aggregation and proteotoxic stress [15]. However, the proteasome itself can be affected by the same noxious agents such as cigarette smoke and inhibited in its activity, as shown previously by us and others [17–19]. The link between chronic exposure, reduced proteolytic capacity and the development of COPD has been strengthened over the last years: Accumulation of ubiquitinated proteins was found with increasing COPD severity [59]. Genetic impairment of proteasome activity accelerated cigarette smoke-induced pulmonary emphysema in transgenic mice [60]. Lung tissues of end-stage COPD patients displayed impaired activity of proteasomes due to reduced 26S complex formation [45]. These findings indicate that proteasome dysfunction causally contributes to COPD‑related lung dysfunction. Intriguingly, inhibition of proteasome activity by cigarette smoke in cells or mouse lungs and in patients’ lung tissue was independent of expressional regulation of proteasomal subunits, suggesting direct impairment of proteasome function by cigarette smoke compounds. In the current study, we found a small, but significant increase of the proteasome system in response to cigarette smoke extract in vitro by applying sensitive MS analysis. This might represent a means of the cell to cope with an increased burden of damaged proteins and to restore proteolytic capacity.
5 Conclusion

In summary, we here describe reduced stability of 26S proteasome complexes in response to acute cigarette smoke exposure in vitro and in vivo. These changes are minor and were not assignable to defined chemical modifications induced by cigarette smoke. Chronic exposure to environmental stressors such as cigarette smoke, however, might be able to tip the balance in proteostasis in the lung over time, leading to the accumulation of damaged and misfolded proteins and contributing to cell death and inflammation, and emphysema formation, as postulated for COPD pathogenesis [15].
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7 Figure legends
Figure 1: MS analysis of proteasome system in A549 cells treated with cigarette smoke extract. (A) Volcano plot of 2716 identified proteins in A549 cells treated with 50 % cigarette smoke extract (CSE) for 24 h compared to controls from triplicate measurements from a dataset used in our previous publication [26]. Proteins belonging to the 20S proteasome or the 19S and alternative regulators are depicted in red. (B) Gene ontology analysis reveals significant enrichment of proteasome components. Self-defined annotations (see Methods section) are depicted in red. An overview of the whole analysis can be found in Supplemental Table S1. (C) Zooming in on proteasome subunits from (A): 20S α- and β‑subunits (PSMA1-7, PSMB1-10, blue), 19S base (PSMC1-6, yellow) and 19S lid (PSMD1‑14, orange) subunits and alternative regulator subunits PA28α, PA28β and PA28γ (PSME1-PSME3, green). PSMD4 is depicted in red. (D) PSMD4 expression in control and 50 % CSE-treated A549 cells as examined by Western blot (n=3), β-Actin served as loading control. Results are representative for two independent experiments. Statistical analysis (A and C): Student’s t-test, p-values < 0.05 were considered statistically significant.
Figure 2: PSMD4 pull-down in A549 cells treated with cigarette smoke extract. (A) Measurement of chymotrypsin-like (CT-L) activity of isolated 26S proteasome complexes in A549 cells treated with 25 % cigarette smoke extract (CSE) for 24 h normalized to control (ctrl) using a luminogenic substrate in a plate assay. (B) Native gel analysis of CT-L activity of proteasome complexes using a fluorogenic substrate, immunoblotting was performed using antibodies for 20S α-subunits or PSMC3 (19S base subunit). Data are representative for three individual pull-downs. (C) Volcano plot of 389 significantly enriched proteins of PSMD4 pull-downs. Measurements were performed in triplicates and all values were normalized to PSMD4. Proteasome subunits are highlighted in color. AGR2 was significantly enriched in PSMD4 pull-down from CSE-treated cells (Student’s t-test, p = 0.047). 
Figure 3: Interactome analysis of Psmd4 pull-down of lungs from cigarette smoke-exposed mice. Mice were exposed to cigarette smoke for three days with two exposure cycles of 50 min/day. Proteasome complexes were isolated in triplicate from native lung lysates pooled from four individual mice each. (A) Gene ontology analysis of differentially associated proteins of 26S pull-downs from smoke-exposed mice compared to controls. Self‑defined annotations (see Methods section) are depicted in red. (B) Volcano plot of proteasome subunits of samples from smoke-exposed mice compared to controls and relative to Psmd4. 
Figure 4: CSE decreases stability of isolated 20S proteasomes. Native MS analysis of FLAG‑tag affinity-purified 20S proteasomes from HEK293 exposed to 25 % or 50 % CSE for 30 min or control cells. Measurements were taken at a gradient of activation energies, ranging from 0 to 200 V in 25 V increments. Charge series corresponding to intact 20S proteasomes (~ 12,000 m/z), half proteasomes (~ 9,000 m/z), α-rings (~ 6,500 m/z), individual α- and β‑subunits (~ 500-4000 m/z) and stripped proteasomes (lacking one subunit, ~ 15,000 m/z) could be detected. The highest charge for each proteasome assembly identified is indicated at HCD energy of 75 V and 175 V. Mass measurement values for the highest charge series of all the identified assemblies are described in Supplemental Table S3. Detailed description of the dissociated subunits measured under HCD energy of 200 V is shown in Supplemental Figure S8.
8 Tables

Table 1: Theoretical and measured masses of human 20S proteasome subunits. Expected masses accord to masses of translated proteins with modifications (removal of the N-terminal methionine and (N-terminal) acetylation, cleavage of propeptide) as reported previously [34,58]. Measured masses are taken from measurements of 20S proteasomes isolated from control cells or from cells treated with 25 % or 50% cigarette smoke extract (CSE). 
	UniProt Entry
	Name
	Sequence
	Modification
	Expected mass (Da)
	Measured mass (Da)

	
	
	
	
	
	Native MS
	
	LC/MS

	
	
	
	
	
	Control
	25 % CSE 
30 min
	50 % CSE 
30 min
	
	Control 
	25 % CSE 

30 min 
	50 % CSE 

30 min 

	P25786
	PSMA1
	1-263
	acetylated
	29,598
	29,595 ± 3
	29,596 ± 5
	29,598 ± 1
	
	29,602 ± 3
	29,600 ± 3
	29,600 ± 5

	P25787
	PSMA2
	2-234
	acetylated
	25,809
	25,809 ± 2
	25,809 ± 4
	25,809 ± 1
	
	25,812 ± 1
	25,811 ± 2
	25,811 ± 2

	P25788
	PSMA3
	2-255
	acetylated, phosphorylated
	28,424
	28,423 ± 1
	28,424 ± 1
	28,424 ± 1
	
	28,425 ± 3
	28,425 ± 2
	28,426 ± 2

	P25789
	PSMA4
	2-261
	acetylated
	29,395
	29,393 ± 1
	29,394 ± 1
	29,394 ± 1
	
	29,396 ± 2
	29,395 ± 3
	29,397 ± 4

	P28066
	PSMA5
	1-241
	acetylated
	26,453
	26,453 ± 1
	26,456 ± 7
	26,453 ± 1
	
	26,456 ± 1
	26,455 ± 1
	26,455 ± 1

	P60900
	PSMA6
	2-246
	acetylated
	27,310
	27,309 ± 1
	27,310 ± 1
	27,310 ± 1
	
	27,312 ± 2
	27,311 ± 2
	27,310 ± 3

	O14818
	PSMA7
	2-248
	acetylated
	27,798
	27,797 ± 1
	27,797 ± 1
	27,797 ± 1
	
	27,800 ± 2
	27,800 ± 2
	27,799 ± 3

	P20618
	PSMB1
	29-241
	-
	23,549
	23,548 ± 1
	23,547 ± 1
	23,547 ± 1
	
	-
	-
	-

	P49721
	PSMB2
	1-201
	acetylated
	22,878
	-
	-
	-
	
	22,882 ± 4
	22,880 ± 3
	22,880 ± 4

	P49720
	PSMB3
	2-205
	acetylated
	22,860
	22,860 ± 1
	22,860 ± 1
	22,859 ± 1
	
	22,861 ± 1
	22,861 ± 1
	22,860 ± 2

	P28070
	PSMB4
	46-264 
	-
	24,392
	-
	-
	-
	
	24,393 ± 1
	24,393 ± 2
	24,393 ± 3

	P28074
	PSMB5
	60-263
	-
	22,458
	22,459 ± 3
	22,457 ± 1
	22,457 ± 1
	
	22,461 ± 2
	22,461 ± 4
	22,460 ± 2

	P28072
	PSMB6
	35-239
	-
	21,904
	21,900 ± 1
	21,904 ± 3
	21,903 ± 1
	
	21,906 ± 2
	21,905 ± 2
	21,904 ± 1

	Q99436
	PSMB7
	44-277
	-
	25,295
	25,294 ± 1
	25,295 ± 1
	25,294 ± 1
	
	25,297 ± 2
	2,5296 ± 3
	25,297 ± 1
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