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Abstract
Studies on alcoholic liver injury mechanisms show a significant inhibition of the proteasome
activity. To investigate this phenomenon, we isolated proteasome complexes from the liver of rats
fed ethanol chronically, and from the liver of their pair-fed controls, using a non-denaturing
multiple centrifugations procedure to preserve Proteasome Interacting Proteins (PIPs). Isotope-
Coded Affinity Tagging (ICAT) and MS/MS spectral counting, further confirmed by Western
blot, showed that the levels of several PIPs were significantly decreased in the isolated ethanol
proteasome fractions. This was the case of PA28α/β proteasome activator subunits, and of three
proteasome-associated deubiquitinases, Rpn11, ubiquitin C-terminal hydrolase 14 (Usp14), and
ubiquitin carboxyl-terminal hydrolase L5 (UCHL5). Interestingly, Rpn13 C-terminal end was
missing in the ethanol proteasome fraction, which probably altered the linking of UCHL5 to the
proteasome. 20S proteasome and most 19S subunits were however not changed but Ecm29, a
protein known to stabilize the interactions between the 20S and its activators, was decreased in the
isolated ethanol proteasome fractions. It is proposed that ethanol metabolism causes proteasome
inhibition by several mechanisms, including by altering proteasome interacting proteins and
proteasome regulatory complexes binding to the proteasome.
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1- INTRODUCTION
Proteasome is the catalytic machinery of the Ubiquitin-Proteasome system, which is
involved in the degradation of most intracellular proteins [1,2]. Proteasome degrades
abnormal and damaged proteins but also normal proteins with short half lives. It tightly
regulates major cellular processes such as the cell cycle, NFκB activation, response to
hypoxia, and transcription [3].
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Proteasomes of mammalian cells exhibit a complex heterogeneity depending on the cellular
environment [4,5], the cell type [6–8] but also the sub-cellular localization [9,10]. The 20S
proteasome constitutes the catalytic core for all the various proteasome isoforms. It is a
relatively stable complex composed of 28 subunits, 7 different α subunits and 7 different β
subunits assembled in 4 stacked heptameric rings in a α7β7β7α7 arrangement. The 20S
proteasome therefore presents a cylinder-like structure, where the six proteolytic sites
located on subunits β1, β2, and β5, are buried. Upon immune response or IFNγ treatment,
the three catalytic subunits of the 20S proteasome, are replaced by three different subunits,
β1i (LMP2),β2i (MECL-1) and β5i (LMP7), forming the immunoproteasome [11]. Several
chemical compounds, proteins, and regulatory complexes, function as activators or
inhibitors of the catalytic core 20S proteasome [12]. In particular, 20S proteasome binds to
different activators, 19S, PA28 and PA200. These activators are termed gate-openers
because they provoke the opening of the gate at the alpha-type subunits of the 20S
proteasome [13], and facilitate the access of designated proteins to be degraded to the
catalytic chamber formed by the beta-type subunits. The most abundant proteasome
complex is the 26S proteasome formed by the axial association of one 20S complex with
two 19S regulators at its two sides. The resulting complex is responsible for the ATP-
dependent degradation. Proteasomes formed of the 20S core particle in association with
PA28α/β and PA28γ complexes, are, among other functions, important for the generation of
epitope peptides presented to the major complex of histocompatibility [14]. Those involving
the 20S proteasome and PA200 activators are implicated in DNA repair [15]. Recently, the
hybrid form of the 26S proteasome, containing both 19S and PA28 complexes associated at
the two opposite sides of the 20S core particle, has also been characterized [16], and other
activators and proteins are certainly modulating the proteasome activity, and are yet to be
discovered. A growing body of evidence indicates that a number of proteins transiently
associate with the proteasome complex to perform specific activity, such as substrate
presentation, cleavage of the multi-ubiquitin chain from the protein substrate, and immuno-
response mechanisms [17]. Such activities are essential for proteasome to efficiently fulfill
its intracellular function in the protein degradation process. Therefore, proteasomes appear
as highly dynamic structures, whose specific multitask functions need to be further
investigated and determined.

Mass spectrometry in combination with complex purification methods and quantitative
strategies has proven to be an efficient tool for the identification of protein complexes
networks [18–20]. 26S proteasome can be purified by multidimensional chromatography
[21], affinity-based procedures [22–25], or mass separation-based methods [26,27].
Quantitative strategies using mass spectrometry can help to distinguish specific proteasome
interactors from contaminants but also labile from stable partners [25,28,29]. They can also
permit to study variations of the composition of proteasome complexes in different cell
types [7,30].

In experimental alcoholic liver disease, protein degradation by the ATP-ubiquitin-
proteasome pathway is impaired and the levels of ubiquitin and its protein conjugates are
increased in humans [31]. Failure of the proteasome to eliminate cytoplasmic proteins leads
to the accumulation of oxidized and otherwise modified proteins [32–34], and increases
cytochrome P450 2E1 (CYP2E1)-mediated toxicity [35,36], leading to cell death and tissue
damage. Hepatic proteasome chymotrypsin-like and trypsin-like activities are significantly
decreased when ethanol is administered to animals by continuous intragastric feeding [37].
The mechanism responsible for the decrease in proteasome activity caused by high blood
ethanol levels is still not clear. It has been associated with an elevation in oxidative stress
generated by ethanol metabolism [32]. Oxidative stress is thought to be responsible for the
formation of stable 4-hydroxynonenal (4-HNE) adducts on proteins and on proteasomes
[26,38]. Phosphorylation has also been reported on 20S proteasome alpha subunits in the
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ethanol induced liver injury [39]. These Post-Translational Modifications (PTMs) might
cause changes in the structure of proteasome subunits and thereby interfere with the
association of the regulatory complexes and with the regulation by Proteasome Interacting
Proteins (PIPs).

In the present study, enriched proteasomes fractions were analyzed using mass spectrometry
to identify the proteasome interacting proteins, and to quantify the changes in the amount of
these proteins upon chronic ethanol feeding.

2- MATERIALS AND METHODS
1- Animal Model of Alcoholic Liver Disease

Wistar male rats from Harleco (Hollister, CA), weighing 250 g and 300 g were used. The
rats were fed a liquid diet intragastrically containing ethanol (13 g/kg/day) at a constant rate
for 1 month [40]. Pair-fed controls were fed dextrose isocaloric to ethanol (pair-fed control
group). Rats were maintained according to the Guidelines of Animal Care, as described by
the National Academy of Sciences and published by the National Institute of Health (1996).

2- Proteasomes isolation and chymotrypsin-like enzyme assay
Fresh livers were used to purify the 26S proteasome fractions. The livers were homogenized
in 50 mM Tris–HCl (pH 7.5), 2 mM ATP, 5 mM MgCl2 and 1 mM DDT, 1 mM EGTA, 50
mM Na-Fluoride, 50 μM Na-orthovanadate, proteases inhibitors and phosphatase inhibitors
cocktails (Sigma, St Louis, MO), based on the ratio 1 g/20 ml (w/v). Equal volumes of
ethanol fed rat liver homogenate and of pair-fed control rat liver homogenate were used for
the first centrifugation (100,000 g for 1 h) to obtain the cytosolic fraction. For the 2nd
centrifugation (71,000 g for 6 h) equal volumes were used to sediment the proteasomes. The
pellets were resuspended in the same volumes (1 ml of standard buffer) before they were
loaded on top of the 32 ml glycerol density gradient (10–40% glycerol) and centrifuged
(100,000 g for 22 h). The fractionation was performed using a peristaltic pump and 33
fractions of 1 ml were then collected. Protein concentration measurements were determined
using the Bio-Rad assay (Bio-Rad Hercules, CA). The same amount of protein from each
fraction analyzed was used to perform proteasome enzyme assay and Western blot analysis.
The proteasome’s most active fraction was identified by measurement of the chymotrypsin-
like activity. These experimental procedures have been described previously [26,41].

3- Western Blots
Proteins (5 to 10 μg) from the most active proteasome fraction were separated by SDS-
PAGE electrophoresis, using 12% polyacrylamide gels. Proteins were transferred to a PVDF
membrane (Bio-Rad, Hercules, CA) for 1 hr in 25 mM Tris-HCl (pH 8.3), glycine 192 mM
and 20% methanol. Primary antibodies against 20S proteasome α subunits,β5i subunit, PA28
subunits α and β, and Rpn11 (BIOMOL, Plymouth Meeting, PA) were used for immunoblot
staining. Antibodies against Usp14, UCHL5, Ecm29, and CYP2E1 were purchased,
respectively from Abcam (Cambridge, MA), ABGENT (San Diego, CA), GeneTex, Inc
(San Antonio, TX), and Assay Designs, Inc. (Ann Arbor, Michigan). Goat anti-mouse
monoclonal and goat anti-rabbit antibodies (Bio-Rad, Hercules, CA) were used as the
second antibody. Immunodetection was performed using an alkaline phosphatase kit (Bio-
Rad Hercules, CA) or using the ECL Plus Kit (Amersham Biosciences Corp., Piscataway,
NJ) for chemiluminescence detection. Densitometric measurements of the bands were
performed using a GS-700 imaging densitometer (Bio-Rad).

Data were obtained from 3 separate biological replicates corresponding to 3 animals for each
group. Bars represent mean values ± SEM. P values are determined by one way ANOVA
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and Student Newman Keuls for multiple group comparisons (Sigma Stat software, San
Francisco, CA). p ≤ 0.05 was used for establishing a significant difference.

4- Identification and Differential Quantification of Proteins in Purified 26S Proteasome
Fractions

The proteasome richest fraction, analyzed by measuring the chymotrypsin-like activity, was
used for LC MS/MS protein identification and relative quantification.

The relative protein quantification was realized using two differential quantitative proteomic
strategies, the Isotope Coded Affinity Technology (ICAT) [42,43], and a label free method,
the MS/MS spectral counting approach [44], on two different biological samples.
Importanly, our work was designed to look at tendencies in relative levels to identify
varying proteins which could then be confirmed by Western blot, with more biological
replicates and statistical validation.

- Proteins identification and relative quantification by cICAT™—After dialysis
against Milli-Q water, and TCA/acetone precipitation, the washed pellets of purified
proteasome samples were solubilized in 50 mM Tris, pH 8.3, containing 0.5% SDS, and 6M
Urea. Then, the two different protein fractions (150 μg each), control and ethanol, were
reduced, labeled with 12C- and 13C- cleavable ICAT™ (cICAT™) reagents (Applied
Biosystems, Framingham, MA), respectively, combined prior to protein fractionation by
SDS-PAGE, digested with modified sequencing grade trypsin (Promega, Madison, WI) and
the resulting peptides were extracted before being purified by affinity chromatography on a
monomeric avidin cartridge. Finally, cleavage of the cICAT™ reagent from the cICAT™-
labeled peptides was achieved according to the manufacturer’s instructions and the peptide
mixture was dried under vacuum. These experimental procedures have been detailed
previously [45].

Peptides were then analyzed by nanoLC-ESI-Q-TOF MS/MS analysis and database
searching, as explained below. The automatic validation and relative quantification of the
isotopically-labeled proteins were performed, using our in-house developed software,
MFPaQ (version 4.0.0), as described previously [45]. After calculation of an average ratio
for each protein identified, ratios were normalized, using the median ratio of the total protein
population. Uncertainty levels on protein ratios could be evaluated by calculation of
coefficients of variations on quantifying peptides and on two technical replicates.

- Relative Quantification of Proteins by MS/MS Spectral Counting—After
dialysis against Milli-Q water, and TCA/acetone precipitation of 200 μg of purified
proteasome samples, the pellets were resuspended in Laemmli buffer and separated by SDS-
PAGE, using 12% polyacrylamide gels. Twenty-one homogeneous bands were excised from
the gel and proteins were reduced and alkylated by successive incubations in solutions of 10
mM DTT in 100 mM NH4HCO3, for 35 min at 56°C, and 55 mM iodoacetamide in 100 mM
NH4HCO3, for 30 min at room temperature, respectively. Then, proteins were in-gel
digested with trypsin and identified by nanoLC-ESI-Q-TOF MS/MS analysis and database
searching, as explained below. Protein hits were automatically validated if they satisfied one
of the following criteria: identification with at least one top ranking peptide (bold and red)
with a Mascot score of more than 65 (p-value < 0.001), or at least two top ranking peptides,
each with a Mascot score of more than 50 (p-value < 0.03), or at least three top ranking
peptides, each with a Mascot score of more than 45 (p-value < 0.1), as determined by the
Mascot Search program, and using the automatic validation module of MFPaQ (version
4.0.0) [45]. Proteins, identified with exactly the same set of peptides, were grouped and only
one member of the protein group was reported, for more clarity (the one that we considered
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as the most significant, according to the functional description given in the UniProt
Knowledgebase). However, detailed protein groups are shown in Supplementary Data 1.
Highly homologous protein hits, i.e., proteins identified with top ranking MS/MS queries
also assigned to another protein hit of higher score (red, non bold peptides), were detected
by the MFPaQ software, and were considered as individual hits, and included in the final list
only if they were additionally assigned a specific top ranking (red and bold) peptide of score
higher than 48 (p-value < 0.05).

Validated proteins were submitted to a relative quantification using MS/MS spectral
counting, which has been adapted from the method described by Liu et al. [44]. This
strategy does not require any labeling of proteins, but is based on the counting of the total
number of MS/MS spectra identified for a protein. For each protein identified and validated
using the MFPaQ automatic validation module, the number of spectral copies (given by
Mascot) to identify this particular protein was used. When a protein was identified several
times in consecutive gel slices, all the MS/MS attributed to peptides belonging to the protein
were taken into account. The list of proteins, with their corresponding total number of
spectral copies, was automatically generated by MFPaQ. The relative quantity of a protein
present in the 2 samples was estimated as the ratio of the total number of MS/MS of the
protein in each sample. Ratios were normalized, using the median ratio of the total protein
population.

- Peptides analysis by NanoLC-ESI-Q-TOF MS/MS and database Searching—
Tryptic peptides were resuspended with 12 μl of 2% ACN/0.05% TFA, and were subjected
to nanoLC-MS/MS analysis on an ESI-Q-TOF mass spectrometer (QSTAR XL, Applied
Biosystems, Foster City, CA) operating in positive mode with a 2.1 kV spray voltage.
Chromatographic separation was performed onto a 75 μm ID × 15 cm PepMap C18 column
(Dionex/LC Packings, Sunnyvale, CA), at a flow rate of 200 nL/min, using a linear gradient
of increasing ACN in water (4.5–45%) over 60 min with 0.2% formic acid. Data were
acquired in a data dependent acquisition mode with Analyst QS (version 1.1, Applied
Biosystems, Foster City, CA). For each MS spectrum (1 s), the two most intense multiple
charged peaks were selected for generation of subsequent CID mass spectra (3 s each). The
CID collision energy was automatically adjusted, based upon peptide charge and m/z. A
dynamic exclusion window was applied within 30 sec. Data were analyzed using Analyst
QS software (version 1.1), and MS/MS centroid peak lists were generated using the Mascot
Daemon software (Mascot version 2.2 - Matrix Science, Boston MA). For the analysis of
cICAT™-labeled peptides, up to 10 MS/MS spectra were allowed for grouping with a
precursor mass tolerance of 0.1 a.m.u. For identification and quantification of proteins using
MS/MS spectral counting, no grouping of MS/MS spectra was allowed. Data were searched
using the Mascot server (Mascot version 2.2.01, Matrix Sciences) against Mammalian
sequences in Swiss-Prot TrEMBL database. This database consists of UniProtKB/Swiss-
Prot Protein Knowledgebase Release 53.1, merged in-house with UniProtKB/TrEMBL
Protein Database Release 36.1. Peptide tolerance in MS and MS/MS modes was 0.5 Da and
0.8 Da, respectively. Trypsin was designated as the protease, and up to two missed
cleavages were allowed. For all searches, oxidation of methionine, amino-terminal protein
acetylation, and ubiquitinylation of lysine (GG), were searched as variable modifications.
For ICAT experiments, ICAT-light and ICAT-heavy on cysteines were also allowed as
variable modifications. For the other MS/MS experiments, variable modifications to be
considered for the search also included carbamidomethylation and propionamide on
cysteines and phosphorylation on serine, threonine, and tyrosine.

To evaluate false positive rates, all the initial database searches were performed using the
“decoy” option of Mascot, i.e., the data were searched against a combined database
containing the real specified protein sequences (target database, Swiss-Prot TrEMBL
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human) and the corresponding reversed protein sequences (decoy database). MFPaQ uses
the same criteria to validate decoy and target hits, calculates the False Discovery Rate (FDR
= number of validated decoy hits/(number of validated target hits + number of validated
decoy hits) × 100) for each gel band analyzed, and makes the average of FDR for all bands
belonging to the same gel lane (i.e., to the same sample). Results were considered as
relevant if the false positive rate never exceeded 1%.

3- RESULTS
The purpose of the present study was to further understand the effects of chronic ethanol
feeding on the environment of the proteasome, because, as complex as is the proteasome, it
does not function alone. Complex protein machinery around the proteasome guides the
specificity and the efficiency of the proteasome activity.

Proteasome inhibition due to chronic ethanol feeding has been shown previously but is still
not fully understood [26,34,35,46,47]. This study will improve the understanding of how
this inhibition is caused by ethanol feeding. The strategy used is presented on Figure 1.
Proteasome complexes were isolated using zonal centrifugation that employs a glycerol
gradient from 10% to 40% glycerol and separates the macromolecules of high molecular
masses (MM) from the smaller proteins. This isolation is gentle and protects the structure
and interactions of the proteasome interacting protein complexes. Proteasome chymotrypsin-
like activity was measured and the results showed a significant decrease of proteasome
activity in the most active fraction (#28) from the ethanol-fed rat proteasome compared to its
counterpart fraction from the control proteasome (see supplementary data 2 and previously
reported surveys [26,37]).

In order to identify and quantify the PIPs in the proteasome fractions, the most active
fraction of proteasomes, assessed by proteasome ChT-L activity measurement, were
analyzed by nanoLC ESI QqTOF MS/MS. A total of 322 proteins were identified in the
proteasome fraction isolated from the liver of rat chronically-fed ethanol, and 495 proteins
in the proteasome fraction isolated from the liver of their pair-fed control (supplementary
Data 1, 3 and 4). Interestingly, all 20S proteasome subunits, including those from the
immunoproteasome, as well as proteins known to associate or to be related with
proteasomes [25, 29], such as proteasome activators (19S, PA28α/β and PA200 complexes),
E3 ligases (ubiquitin protein ligase E3C, E3 ubiquitin-protein ligase HECTD3, S-phase
kinase-associated protein 1A), elongation factor 1-alpha 1, deubiquitinating enzymes
(Usp14, UCHL5), valosin containing protein (VCP), COP9 signalosome subunits, and
polyubiquitin chains, were identified. One tryptic peptide of
ubiquitin, 43LIFAGK(GG)QLEDGR54 which is indicative of K48-linked polyubiquitin
chains, was identified in the high MM migration zone of both electrophoresis-separated
samples (Supplementary Data 5). Poly-ubiquitination involving lysine at residue 48 is the
major signal for protein degradation by the multicatalytic proteasome complex [48]. Other
proteins identified are not related to the proteasome. These might have been co-isolated in
the proteasome high molecular mass fraction.

Differential quantitative proteomic approaches were then developed to examine possible
differences in the two samples which could account for the variations in the proteolytic
activities observed. The goal was to identify important varying proteins which could then be
confirmed by Western blot using more biological replicates. Isotope Coded Affinity Tagging
(ICAT) was chosen as a good alternative of metabolic labeling (SILAC) since no cell culture
could be implemented in that case [42,43]. Using isotopic labeling, overall 51 proteins were
changed by at least a two fold ratio, when comparing the ethanol to the control samples
(Table 1 and Supplementary Data 6). Out of these 51 proteins, 21 proteins showed
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significantly lower expression in the ethanol sample, and 30 proteins showed a significant
higher amount than in the control.

Three proteins belonging to the oxoglutarate dehydrogenase complex (2-oxoglutarate
dehydrogenase E1 component, dihydrolipoyllysine-residue succinyltransferase and
dihydrolipoyl dehydrogenase) and three proteins belonging to the pyruvate dehydrogenase
complex (dihydrolipoyllysine-residue acetyltransferase, pyruvate dehydrogenase E1
component alpha subunit, and pyruvate dehydrogenase E1 component beta subunit) were
found to be significantly increased (Table 1 and Supplementary Data 6). These proteins
were expected to vary in the same proportion as they belong to the same complex. This
therefore validates the quantitative analytical strategy using ICAT. In addition, enzymes
from the glycolysis pathway, the Krebs cycle, and a cytochrome P450 enzyme, CYPIID10,
were also found to be affected (Table 1). CYP2E1 known to be significantly induced upon
chronic ethanol feeding [35] was confirmed by Western blotting (Figure 2).

As shown in Table 2, 13 out of the 17 subunits of 20S proteasome could be quantified by
ICAT and no significant change in the amount of these proteins was observed upon chronic
ethanol feeding. Although precise, the ICAT procedure is restricted to the quantification of
cysteine containing proteins and the detection of their labeled cysteine-containing peptides
[42,43]. Therefore, as a concern to increase the number of proteasome subunits and PIPs
quantified, we applied a complementary label-free quantitative approach, based on MS/MS
spectral counting, which does not require any labeling of proteins [44]. This method was
also used as a biological repeat to confirm quantitative results obtained by ICAT. Overall,
the spectral counting correlated nicely with the ICAT results and could also bring additional
data (Table 2 and Supplementary Data 7). Western blot analysis of 20S proteasome α
subunits and β5, β5i, and β1i catalytic subunits (Figure 3A) validated MS-based results.
Moreover, densitometric analysis of the proteasome subunits separated by 2D gel
electrophoresis, as described previously [8,49] (results not shown), was also in agreement
with the two MS-based quantification methods. Interestingly, the amounts of catalytic
subunits and the ratios of immunosubunits versus standard subunits were not affected by
ethanol treatment. Therefore, the decrease in ChT-like activity observed upon ethanol
feeding could not be directly attributed to changes in proteasome catalytic subunits
composition. All subunits of the 19S regulator except Rpn5 could be quantified both by
ICAT and spectral counting and results indicated no significant change upon chronic ethanol
feeding for most of them. Only Rpn8 and Rpn11 were found to be significantly increased
and decreased, respectively, by both quantification methods. Two other major proteasome-
associated deubiquitinases, Ubiquitin carboxyl-terminal hydrolase 14 (Usp14) and Ubiquitin
carboxyl-terminal esterase L5 (UCHL5), the rat homolog of human UCH37 (Tables 2 and
Supplementary Data 7) were also shown to be decreased upon chronic ethanol feeding. Both
ICAT and spectral counting quantification methods indicated a decrease of about two-fold
of Usp14 in the ethanol sample. UCHL5 was quantified by label free quantification only
(Table 2). However, Western blot analyses validated that these three proteasome-associated
deubiquitinases, Rpn11, Usp14, and UCHL5, were significantly decreased in the ethanol
sample (Figure 3B).

Moreover, ICAT experiments indicated that proteasome activator 28 subunit beta (PA28β)
and proteasome-associated protein Ecm29 were decreased by ethanol feeding by a factor
ranging from 2 to 5. A 3.3 fold change for the PA28β subunit was observed by ICAT. The
label free method confirmed that this protein was less abundant in the proteasomes from the
liver of rat-fed ethanol (Table 2 and Supplementary Data 7). PA28α was quantified only by
MS/MS spectral counting, and a 2.5 fold decrease in the ethanol sample was observed
(Table 2). PA28α and PA28β subunits assemble in the PA28α/β heptameric complex formed
of 3 to 4 copies of each subunit [50]. They are therefore expected to vary in the same
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proportion and are both decreased in the proteasome fractions isolated from the liver of rats
fed ethanol. Western blot analyses confirmed that PA28α/β complex as well as Ecm29 were
significantly less abundant in the proteasomes obtained from the livers of ethanol-fed rats
(Figure 3C).

PA200, another activator of 20S proteasome, could not be assessed by ICAT, but the MS/
MS spectral counting quantification method suggested a 10 fold decrease of this large
protein after ethanol feeding. Although we consider that the number of MS/MS obtained in
the control experiment (35 MS/MS) is high enough to be relevant, this result should be
confirmed by other replicates or biochemical approaches.

Interestingly, MS-based quantitative results enabled to show that Adrm1, better known as
Rpn13 in yeast, or hRpn13 in human, was present in at least two different forms, because
part of the protein was detected in a gel slice corresponding to its native molecular mass (40
to 50 kDa), while another part was detected in a gel migration zone corresponding to a lower
molecular mass (25 to 30 kDa). As obtained both by ICAT and spectral counting
quantification methods, the native form of Rpn13 was significantly decreased, by a factor of
2.5, in the ethanol-treated sample, whereas the cleaved form was increased in this sample.
The MS/MS analysis detected only the N-terminal sequence of the protein in the 25 to 30
kDa gel slice (cleaved form) whereas peptides distributing all along the Rpn13 protein
sequence were identified by MS/MS in the 40–50 kDa gel slice (Figure 4 and
Supplementary data 8), indicating that the detected protein probably corresponds to the
native subunit. In particular, two peptides belonging to the 362–407 C-terminal region of
Rpn13 could be identified in the high molecular mass protein only. The C-terminal part of
hRpn13 (362–407 region) is involved in UCHL5 binding while the N-terminal part permits
the incorporation of the subunit into the 19S complex [51].

4- DISCUSSION
Proteasome activity decrease due to chronic ethanol ingestion leads to cell death and tissue
damage [52]. Failure of the proteasome to eliminate cytoplasmic proteins leads to the
accumulation of oxidized and otherwise modified proteins [34]. In the present study,
proteasome regulators and proteasome interacting proteins (PIPs) were investigated because
of their possible contribution to the ethanol-induced proteasome inhibition. Figure 5
summarizes the results obtained on major PIPs quantification obtained by our proteomic
strategy. Proteasome and its associated proteins were isolated using multiple centrifugations
and a final zonal centrifugation on a glycerol gradient, which preserves the complexes PIPs.
The purified proteasome fraction contained abundant PIPs that were absent in the fraction of
proteasomes purified chromatographically in a previous study [41] because elevated salt
concentrations used in the ion exchange columns dissociated the proteasome from its
interacting proteins during the isolation.

After proteasome enrichment, two MS-based quantification methods were used in a
“discovery purpose” to identify possible varying proteins. Eighty percents of the ratios
obtained by ICAT exhibited a CV under 20% and therefore indicated tendencies in protein
ratios with a relatively good uncertainty level. The varying proteins identified that we
considered as important potential regulators of proteasome activity and/or structure were
then validated by Western blotting using three different biological replicates.

Our results show for the first time that ethanol feeding affects the composition of
proteasome complexes by decreasing the levels of proteasome associated proteins reported
to greatly influence proteasome activity. 19S, PA28, and PA200, represent an important
group of regulatory complexes involved in proteasome activity regulation. PA28α and β
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subunits were significantly decreased in the proteasome most active fraction from liver of
ethanol-fed rats. No difference could be observed in the cytosolic extracts before proteasome
complexes isolation by glycerol gradient centrifugation (Western blot analysis, result not
shown), which indicates no change in the expression of PA28α and PA28β upon chronic
ethanol ingestion. It is therefore likely that the decrease in the level of PA28 subunits found
in the enriched proteasome fraction from ethanol-fed rat livers is the result of a decrease of
the binding of the regulatory complex PA28α/β to the 20S core particle. Crystal structure of
yeast proteasome in complex with PA28 [53] revealed that the PA28 C-terminal tail inserts
into pockets between the proteasomal α subunits, which provoke opening of the gate to the
catalytic chamber and enhances proteasome activity. Interestingly, Ecm29, a PIP known to
stabilize 20S proteasome interaction with the 19S regulatory complexes, was found to be
decreased after ethanol feeding. Ecm29 tethers the proteasome core particle to the 19S
regulatory particle, and enhances the stability of the 26S proteasome [54]. Proteasomes
lacking Ecm29 are prone to dissociate from the 19S regulatory complex. However, we could
not quantify any significant change neither in the amount of the catalytic core α and β
subunits, nor in the amount of most 19S subunits, especially the base subunits of the 19S
particle (Rpt 1 to 6, Rpn1, Rpn2), which also bind directly to the α subunits of the 20S
catalytic core [55]. A recent study in yeast showed that interaction between the 20S core
complex and the 19S regulatory particle can be stabilized by ATP, and this nucleotide was
shown to efficiently replace the “natural” Ecm29 stabilizer [12]. In the present study, ATP
was added in all buffers all along the purification procedure. Unlike Rpt subunits from the
19S particle, PA28α/β subunits do not exhibit ATPase activities, and the interaction between
the PA28α/β complex and the 20S proteasome might, therefore, not be stabilized by ATP.
The decrease in proteasome-associated Ecm29 might, therefore, have worse consequences
on PA28α/β complex binding to 20S proteasome than on 19S particle binding. The same
hypothesis could be suggested to explain the decrease of PA200 regulator associated to 20S
proteasome upon ethanol feeding. Moreover, oxidative stress generated by ethanol
metabolism is one of the mechanisms that induces PTMs such as phosphorylation, and
4HNE adducts on proteasome subunits [47]. These PTMs might cause changes in the
structure of the proteasome subunits and might induce the disruption of the binding between
the 20S and its regulators, thus inhibiting the ubiquitin-proteasome function.

The PA28α/β regulator is induced by IFNγ and is implicated in immune surveillance, since
it favors the production of ligands for major histocompatibility complex class I molecules
[56]. A recent study reports that ethanol-induced oxidative stress affects the generation of
antigenic peptides in hepatoma cells [57], and blocks the expression of PA28 and β1i
(LMP2) by IFNγ [34]. The decrease of proteasome-associated PA28α/β observed in this
survey might therefore explain the ethanol-induced deficiency of antigen presentation in
hepatoma cells. In addition, using quantitative measurements by MS, tripeptidyl-peptidase 2
(TPPII), which co-purified with proteasomes complexes, was shown to be decreased after
chronic ethanol feeding. When the proteasome activity is decreased, TPPII can compensate
for epitope generation and loading of MHC peptides [58]. It can also substitute for some
metabolic functions of the proteasome [59]. The results reported here suggest that TPPII
decrease would amplify the ethanol-induced dramatic alterations of antigenic peptides
processing.

The ubiquitination system was also found to be affected by chronic ethanol feeding. This
system includes i) ubiquitin activating (E1), conjugating (E2) and ligase (E3) enzymes
which role is to catalyze the ubiquitination of proteins in their way to be degraded, ii) multi-
ubiquitin chains binding proteins, which act as adapters to present ubiquitinated proteins to
the proteasome and iii) deubiquitinating enzymes (DUBs). Proteasome-associated DUBs
activities are essential for the 26S proteasome to efficiently fulfill its intracellular function in
the protein degradation process [60]. Three DUBs are reported to associate with mammalian
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proteasomes, Rpn11, Usp14 (the ortholog of yeast Ubp6), and UCHL5 (also known as
UCH37 in human). Usp14 and UCH37 deubiquitinating activities are complementary to the
one of Rpn11, a constitutive subunit of the 19S particle [61]. They fulfill two major roles,
release of C-terminus ubiquitin from the conjugate and clearance of polyubiquitin chains
from their binding sites on proteasomes. The three proteasome-associated DUBs were
identified and quantified in proteasome purified fractions. ICAT experiment, confirmed by
MS/MS spectral counting and Western blotting, showed a significant decrease of Usp14 and
Rpn11 after chronic ethanol feeding. UCHL5 was MS-quantified by the label free method
only but Western blot analysis confirmed its decrease in the ethanol proteasome fraction. Its
decrease within proteasome complexes might be explained by the loss of the C-terminus of
Rpn13 observed after ethanol treatment. Indeed, Rpn13 permits the recruitment of UCHL5
to the proteasome through its C-terminal tail while its N-terminus enables its association
with Rpn2 and Rpn10 subunits of the 19S regulator [51]. As reported in the result section, a
native form of the protein, exhibiting both its C-terminal and N-terminal regions, was found
significantly more abundant in the control sample, whereas a cleaved form, very probably
missing its C-terminal part, was increased in the ethanol sample. This might therefore
explain why UCHL5 is also decreased in the proteasome complexes purified from the livers
of rats fed chronically ethanol. How Rpn13 is cleaved upon ethanol treatment, and by which
structural mechanism Rpn11 and Usp14 are under expressed or under incorporated into
proteasome complexes of ethanol-injured livers, is still unclear. The results reported here
suggest that ethanol induces a decrease in proteasome-associated DUBs, which,
subsequently, could also account for the decrease in proteasome activity, mainly by
saturation of the proteasome with polyubiquitin chains [62] and by accumulation of
ubiquitinated proteins that need to be degraded by the proteasome [31]. Both mechanisms,
deubiquitination and protein degradation, are tightly dependent [63]. Another
deubiquitinating enzyme, UCH L-1, was reported as under-expressed in brain of human
alcoholics [64] or inactivated through oxidation in Alzheimer’s disease brain [65]. UCH-L1
is a UCH type enzyme and does not associate with proteasome. However, a decrease of
activity of this enzyme is thought to dramatically affect the proteasomal degradation of
damaged proteins through depleting the pool of free ubiquitin leading to accumulation of
modified proteins in Alzheimer’s disease brain [65] or in ethanol-induced liver pathology
[33]. Ethanol consumption increases the levels of ubiquitin and its protein conjugates in
human sera [31] and induces the formation of Mallory Denk bodies [66], cytoplasmic
inclusions containing large amounts of bound ubiquitin and of abnormally modified proteins
[67]. The accumulation of such damaged proteins is thought to be the consequence of
ethanol-induced proteasome inhibition [47].

Chronic ethanol feeding therefore alters proteasome interacting proteins and proteasome
regulatory complexes binding to the proteasome.

In conclusion, the effects of chronic ethanol feeding are multiple and complex, because i) as
shown previously (25,37), they affect the proteasome structure by causing changes in the
PTMs of the proteasome subunits, and ii) as shown in the present study, they lower the
proteasome interaction with its interacting proteins, leading to a significant decrease in
proteasome activity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Strategy to identify and differentially quantify proteasomes and PIPs from the most active
proteasome fraction isolated from the liver of rats fed ethanol (fraction #28) and the liver of
their pair-fed controls (fraction #28).
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Figure 2.
Western blot analysis of cytochrome P450 2E1 (CYP2E1) in the most active proteasome
fraction isolated from the liver of rats fed ethanol and the liver of their pair-fed controls.
CYP2E1 is known to be significantly induced to metabolize ethanol in chronic alcoholic
liver disease. Note that CYP2E1 was up regulated in the proteasome fraction in the liver of
rats fed chronically ethanol.
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Figure 3.
Western blot analyses of 20S proteasome α subunits and β1i, β5 andβ5i catalytic subunits
(A), three deubiquitinases known to associate to proteasomes, Rpn11, Usp14 and UCHL5
(B) and PA28α, PA28β and Ecm29 (C) in the most active proteasome fraction isolated from
the liver of rats fed ethanol and the liver of their pair-fed controls. The same quantity of total
proteins (5 to 10 μg) of both sample (ethanol-treated and control) was loaded on the gel.
Note that 20S proteasome subunits were not changed upon ethanol treatment, contrary to the
three DUBs as well as PA28α/β activator and Ecm29 which were significantly down
regulated by ethanol feeding.
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Figure 4.
Peptides from the Rpn13 protein (Q9JMB5) sequence identified by LC MS/MS in the 40 to
50 kDa and the 25 to 30 kDa migration zones of the SDS-PAGE fractionated purified
proteasome complexes from the livers of rats fed chronically ethanol and their pair-fed
controls. Identified peptides are underlined in the Rpn13 sequence.
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Figure 5.
Schematic illustration of proteasome interacting proteins changed by chronic ethanol
feeding
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