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Abstract Regulated proteolysis plays important roles in
cell biology and pathological conditions. A crosstalk exists
between apoptosis and the ubiquitin—proteasome system,
two pathways responsible for regulated proteolysis exe-
cuted by different proteases. To investigate whether the
apoptotic process also affects the 20S proteasome, we
performed three independent SILAC-based quantitative
proteome approaches: 1-DE/MALDI-MS, small 2-DE/
MALDI-MS and large 2-DE/nano-LC-ESI-MS. Taking
the results of all experiments together, no quantitative
changes were observed for the a- and f-subunits of the 20S
proteasome except for subunit o7. This protein was iden-
tified in two protein spots with a down-regulation of the
more acidic protein species («7a) and up-regulation of the
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more basic protein species («7b) during apoptosis. The
difference in these two o7 protein species could be attrib-
uted to oxidation of cysteine-41 to cysteine sulfonic acid
and phosphorylation at serine-250 near the C terminus in
o7a, whereas these modifications were missing in o7b.
These results pointed to the biological significance of
posttranslational modifications of proteasome subunit o7
after induction of apoptosis.
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Abbreviations

19S-Reg  19S regulator complex
5-FU 5-Fluorouracil

H/L Heavy to light

PARP1  Poly (ADP-ribose) polymerase-1

SILAC  Stable isotope labeling with amino acids in cell
culture

Introduction

Many important intracellular processes are regulated by
transcription, translation and protein degradation. In
eukaryotic cells, the ubiquitin—proteasome pathway is the
major non-lysosomal pathway for protein degradation. This
proteolytic pathway is based on the coordinated and syn-
ergistic activity of two enzymatic systems: proteins are
initially targeted for proteolysis by the attachment of a
polyubiquitin chain catalyzed by the ubiquitin-conjugating
system and are then recognized and rapidly degraded
to small peptides by the proteasome (Hershko and
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Ciechanover 1998; Glickman and Ciechanover 2002). The
proteasome is a macromolecular complex composed of a
cylindrical 20S core particle (20S proteasome), which is
capped by one or two 19S regulator complexes (19S-Reg)
(Dahlmann 2005). In mammalian cells, three additional
activators are known (PA28 o8, PA28y, and PA200), which
may bind to a 20S proteasome or to a 19S Reg-20S pro-
teasome complex and thus form various proteasome-acti-
vator complexes (Rechsteiner and Hill 2005). The 20S
proteasome is built of four stacked seven-membered rings
that are composed of seven different «-subunits and seven
different f-subunits yielding a stoichiometry: «1-7, f1-7,
p1-7, a1-7 (Bochtler et al. 1999). The alpha subunits bind
the various regulator and activator complexes, while three
of the beta subunits (f1, 2, f5) catalyze the peptide bond
hydrolysis. A mechanism to modify the proteolytic prop-
erties of proteasomes is the replacement of the three active
site-containing f-subunits by the so-called immunosubun-
its, f1i, 52i and f35i, the synthesis of which is induced by
interferon-y (Tanaka et al. 1997). Thus, besides some
intermediate forms of 20S proteasomes (Dahlmann et al.
2000; Drews et al. 2007; Raijmakers et al. 2008), two
major subpopulations exist, immunoproteasomes and
standard proteasomes (constitutive or housekeeping
proteasomes).

The inhibition of protein degradation through the ubig-
uitin—proteasome pathway is a recently developed approach
for cancer treatment. Most importantly, Bortezomib was the
first proteasome inhibitor approved for treating multiple
myeloma and mantle cell lymphoma. The specific antitu-
mor effect of proteasome inhibitors relies mainly on the
activation of apoptosis, the major form of programmed cell
death that occurs in multicellular organisms (Orlowski and
Kuhn 2008). Several studies have shown that the ubiquitin—
proteasome pathway mediates the degradation of apoptotic
regulators, including proapototic (e.g., Bax, Bak, Bid, Bik,
p53, caspases and Smac/DIABLO) and antiapoptotic
(e.g., Mcl-1, XIAP, cIAP1 and cIAP2) proteins (Liu et al.
2007). On the other hand, it has also been suggested that
proteasome function may be inhibited during apoptosis.
Interestingly, the caspase-dependent cleavage of three
specific subunits (Rpn2, Rpn10 and Rpt5) of the 19S reg-
ulator complex of human proteasomes during apoptosis
inhibited the proteasomal degradation of the substrates and
supported the apoptotic program (Sun et al. 2004; Adrain
et al. 2004).

Several proteomics approaches have been applied to
study the proteasome. Mostly, 2-DE gels and stable isotope
tagging were applied to quantify the proteasomal subunits
and its species (Schmidt et al. 2006; Dahlmann et al. 2000;
Kuckelkorn et al. 2002; Claverol et al. 2002; Iwafune et al.
2004; Froment et al. 2005). The interacting network of the
yeast 26S proteasome was analyzed combining in vivo
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cross-linking, tandem affinity purification and stable iso-
tope labeling with amino acids in cell culture (SILAC)
revealing 42 novel interaction partners (Guerrero et al.
2006). It has become clear that protein speciation (Jungblut
et al. 2008) can also be observed in proteasomes
(Uttenweiler-Joseph et al. 2008; Huang and Burlingame
2005). Most of the subunits occur with at least two spots on
2-DE gels. Glycosylated (Zong et al. 2008), phosphory-
lated (Iwafune et al. 2004), acetylated (Schmidt et al. 2006;
Kimura et al. 2000) and oxidized (Zong et al. 2008) protein
species were identified.

In the present study, stable isotope labeling with amino
acids in cell culture (SILAC) (Ong et al. 2002) was applied
to compare the 20S proteasome of apoptotic with those of
non-apoptotic Jurkat T cells quantitatively. Apoptosis was
induced with 5-fluorouracil (5-FU), a well-known anti-
cancer drug that induces DNA damage and subsequently
apoptosis. Two protein species of proteasomal subunit o7
were found with opposing quantitative changes during
apoptosis, whereas all other proteasomal subunits seemed
to be unchanged. Detailed mass spectrometric analysis
revealed that the two protein species of proteasomal sub-
unit o7 differed in posttranslational modifications.

Materials and methods
Cell culture, SILAC and induction of apoptosis

The Jurkat T cell line E6 was grown in RPMI-1640
(Invitrogen, Oslo, Norway) without arginine and lysine
supplemented with 5% fetal calf serum (Invitrogen, Oslo,
Norway), 0.2 M dialyzed glutamine, 100 U/ml penicillin,
50 mg/l arginine-'2C¢ and 100 mg/l lysine-'>Cq (light) or
50 mg/l arginine-'*C¢ monohydrochloride and 100 mg/l
lysine-l3C6 (heavy) (Sigma—Aldrich, Oslo Norway) at
37°C in a 5% CO, environment. The cells were split four
times and the incorporation of the amino acids was checked
using acidic extraction of peptides from the cells and
MALDI-MS analysis (Schmidt et al. 2007). For chemo-
therapeutic drug treatment, Jurkat T cells were exposed to
400 uM 5-FU (Sigma—Aldrich, Oslo, Norway) for 0 and
32 h before harvesting. Cell pellets were resuspended in
lysis buffer (25 mM Tris—HCI, 50 mM KCI, 3 mM EDTA,
1% Triton X-100, 5 mM f-mercaptoethanol, pH 7.1) sup-
plemented with protease (3 mM benzamidine, 10 pM leu-
peptin and 1 mM PMSF) and phosphatase inhibitors
(30 mM NaF, 1 mM NazVO,, 20 mM Na,P,0O;) and
homogenized using a pestle pellet. Cleavage of poly (ADP-
ribose) polymerase-1 (PARP1) by caspase-3 is a marker of
apoptosis and was analyzed using immunoblotting with
PARP-1 antibody (1:1,000) (Cell Signaling, Beverly, MS,
USA). Protein samples were separated by SDS-PAGE and
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transferred onto PVDF membranes (Immobilon P, Milli-
pore, Oslo, Norway) using a Mini Trans-Blot cell (Bio-
Rad, Munich, Germany). HRP-conjugated anti-mouse- or
anti-rabbit IgG (1:10,000) were used as secondary anti-
bodies. Membranes were developed by SuperSignal West
Pico Chemiluminescent (VWR, Oslo, Norway).

Enrichment of the 20S proteasome

Total extracts from lysed cells (2.5 x 107) were separated
by gel filtration using an FPLC system with a Superose 6
column (analytical grade, 300 x 10 mm) using 20 mM
Tris—HCI buffer, pH 7.5, containing 1 mM EDTA, 1 mM
NaN3 and 1 mM DTT (TEAD buffer). Detection of the 20S
proteasome-containing fractions was performed with fluo-
rogenic substrate Suc-Leu-Leu-Val-Tyr-MCA to measure
the chymotrypsin-like activity as previously described
(Dahlmann et al. 2000). Pooled 20S proteasome enriched
fractions were further separated by strong anion exchange
chromatography (MiniQ column) in a SMART system. The
20S proteasome was eluted by means of an increasing
gradient of 0-500 mM NaCl in TEAD buffer. All chro-
matographic systems and columns were purchased from
GE-Healthcare, Freiburg, Germany. Three independent
preparations derived from SILAC-labeled controls and
apoptotic Jurkat T cells were made for the subsequent
analyses.

SDS-PAGE

SDS-PAGE was performed applying 16 pg proteasomal
subunits on top of a 12-cm long 4% stacking gel and 10%
separation gel using a Multigel-long gel system (BioSite,
Téby, Sweden) (Laemmli 1970). Gels were stained with
Coomassie Brilliant Blue G-250 (Serva, Heidelberg,
Germany) employing the blue silver staining technique
with slight modifications (Candiano et al. 2004). Fixation
was performed with 50% ethanol/2% phosphoric acid for
1 h, incubation with 34% ethanol/2% phosphoric acid/17%
ammonium sulfate for 1 h, and staining with 20% metha-
nol/10% phosphoric acid/10% ammonium sulfate for 1 h.
Finally, the gels were washed once for 30 min with 25%
ethanol and three times with water.

Two-dimensional gel electrophoresis

The dried proteasomal proteins were dissolved in 9 M
urea, 70 mM DTT, 2% carrier ampholytes Servalyte 2—4
(Serva, Heidelberg, Germany) and protease inhibitors
(TLCK, leupeptin, E64, pepstatin A; 25 pM). The carrier
ampholyte isoelectric focusing method was combined
with SDS polyacrylamide gel electrophoresis in a small
gel (7 cm x 8 cm) (Jungblut and Seifert 1990) or a large

gel (23 cm x 30 cm) technique (Zimny-Arndt et al.
2009). Proteasomal subunits (5 pg) were applied to the
small gel and 40 pg to the large one. Proteins were
stained with Coomassie Brilliant Blue G-250 (Doherty
et al. 1998).

MALDI-TOF/TOF-MS

Coomassie G-250-stained SDS-PAGE bands or 2DE gel
spots were excised with a scalpel for in-gel digestion with
0.1 pg of trypsin in 20 pl of 50 mM ammonium bicar-
bonate, pH 7.8 (Thiede et al. 2005). An Ultraflex II (Bruker
Daltonics, Bremen, Germany) MALDI-TOF/TOF mass
spectrometer was used after external calibration. Instru-
ment parameters were set according to previously descri-
bed methods (Schmidt et al. 2009). The samples were
analyzed in the TOF mode for generation of peptide mass
fingerprints (PMF), mixed with matrix [20 mg/ml «-cyano-
4-hydroxycinnamic acid in 0.3% aqueous trifluoroacetic
acid/acetonitrile (2:1)] and applied to a stainless steel
sample holder. MS spectra were transformed into peak lists
by using the software FlexAnalysis version 2.4. (Bruker
Daltonics, Bremen, Germany). The peak areas of the peak
pairs were used to calculate the relative ratios (H/L) of the
proteins.

Nano-LC-LTQ-Orbitrap-MS

The stained 2-DE spots were excised for in-gel digestion
with 0.1 pg of trypsin (Promega, Madison, WI, USA) in
20 pl of 25 mM ammonium bicarbonate, pH 7.8 at 37°C
for 16 h, and further prepared for mass spectrometry. The
separation of peptides was performed using a Dionex
Ultimate 3000 nano-LC system (Sunnyvale CA, USA)
connected to a linear quadrupole ion trap-Orbitrap (LTQ-
Orbitrap) mass spectrometer (ThermoElectron, Bremen,
Germany) equipped with a nano-ESI source. For liquid
chromatography separation, we used an Acclaim PepMap
100 column (C18, 3 pum, 100 A) (Dionex, Sunnyvale CA,
USA) capillary of 12-cm bed length. The flow rate used
was 300 nL/min for the nano column, and the solvent
gradient used was 7% B to 50% B in 20 min. Solvent A
was 0.1% formic acid, whereas aqueous 90% acetonitrile
in 0.1% formic acid was used as solvent B. The mass
spectrometer was operated in the data-dependent mode to
automatically switch between Orbitrap-MS and LTQ-MS/
MS acquisition. Survey full scan MS spectra from m/z
300 to 2,000 were acquired in the Orbitrap with resolution
R = 60.000 at m/z 400 after accumulation to a target of
1,000,000 charges in the LTQ. The method used allowed
sequential isolation of the most intense ions, up to six,
depending on signal intensity, for fragmentation on the
linear ion trap using collision-induced dissociation (CID)
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at a target value of 100,000 counts. For accurate mass
measurements, the lock mass option was enabled in MS
mode and the polydimethylcyclosiloxane (PCM) ions
generated in the electrospray process from ambient air
were used for internal recalibration during the analysis
(Olsen et al. 2005). Target ions already selected for MS/
MS were dynamically excluded for 60 s. Other instrument
parameters have been previously described (Koehler et al.
2009).

Raw data were processed using Thermo Proteome Dis-
coverer software (v. 1.0 build 43) to generate Mascot
generic files (*.mgf) and a database search by tandem mass
spectrometry ion search algorithms from the Mascot in-
house server (v2.2.1) by database comparisons (Perkins
et al. 1999) against the human entries from the SwissProt
(12.12.2008, 20,411 sequences). A mass tolerance of
10 ppm for the precursor and 0.5 Da for MS/MS fragments
were applied. Furthermore, trypsin was selected as enzyme
considering up to one missed cleavage site, peptide charge
2+ and 3+, and variable protein modifications were
allowed such as oxidation (M), N-acetyl (protein), propi-
onamide (C), pyro-glu (N-term Q) and BCg of arginines
and lysines. Significant threshold was set to p < 0.05, and
MudPIT scoring was applied with an ion score cutoff of 20.
For automatic error-tolerant searches of uninterpreted MS/
MS data, the same parameters were used with the excep-
tion that only oxidation (M) and N-acetyl (protein) were
allowed (Creasy and Cottrell 2002). Posttranslational
modifications were assigned by Mascot and manually
evaluated.

Relative quantification ratios of identified proteins were
derived by the open source software MSQuant v 1.4.3b4
(msquant.sourceforge.net). Peptide ratios were obtained by
calculating the extracted ion chromatograms (XICs) of the
monoisotopic peaks of light and heavy forms of peptides.
The total XIC for each of the peptide forms was obtained
by summing the XIC in consecutive MS cycles for the
duration of their respective LC-MS peaks in the total ion
chromatogram using Orbitrap-MS scans. The total XICs
were used to calculate the relative peptide ratios of the
same protein and the respective standard deviation. In
addition, peptide ratios obtained by using the MSQuant
software were inspected manually. The Grubbs’ test for
outliers was applied to determine which protein spots were
significantly regulated with less than 5% probability to
belong to the unregulated population of ratios (Grubbs
1969).

Results

The analysis of the 20S proteasome was performed with
Jurkat T cells using SILAC to compare quantitatively the
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light (L) labeled control with the heavy (H) labeled
apoptotic state. Apoptosis was induced using 400 pM
5-FU, and the appearance of apoptosis was verified after
32 h using immunoblotting of PARP-1, which showed
the well-known caspase cleavage product at 89 kDa
(Fig. 1a). The proteolytic activities of proteasomes, as
measured by the use of the substrates Suc-Leu-Leu-Val-
Tyr-MCA (chymotrypsin-like activity), Bz-Val-Gly-Arg-
MCA (trypsin-like activity) and Z-Leu-Leu-Glu-MCA
(caspase-like activity), were not different within cell
extracts of apoptotic and non-apoptotic cells (data not
shown). The 20S proteasome was enriched using gel
filtration, whereby the fractions containing the 20S pro-
teasome (fractions 24-28) were detected by measuring
the chymotrypsin-like activity with the fluorogenic sub-
strate  Suc-Leu-Leu-Val-Tyr-MCA  (Fig. 1b).  Subse-
quently, the proteasome was further purified by strong
anion exchange chromatography on a Mini Q column
(Fig. 1c).

Apoptosis-mediated quantitative changes of the 20S
proteasome detected by 1-DE/MALDI-MS

The analysis of the 20S proteasome-containing fractions
after gel filtration and strong anion exchange chroma-
tography using SDS-PAGE revealed several bands in the
mass region of the proteasomal subunits between 20 and
30 kDa (Fig. 1b). This mass region was sliced into 30
bands to detect minimal changes in Mr and each of them
was analyzed after digestion with trypsin using MALDI-
MS. All seven a-subunits and five of the seven f-subunits
were detected with SILAC peak pairs by MALDI-MS
(Table 1). The heavy-to-light (H/L) ratios of these pro-
teins were determined to be between 0.95 and 1.16 with
the exception of proteasomal subunit «7 (also known as
PSMA3 and C8), which was significantly regulated in one
gel slice with an H/L ratio of 0.64 (Table 1). Notably,
proteasomal subunit o7 was identified in another gel
slice with a noticeable different H/L value of 1.06
(Table 1).

Apoptosis-mediated quantitative changes of the 20S
proteasome detected by small 2-DE/MALDI-MS

To confirm the deviant H/L ratios of proteasomal subunit
o7 in comparison to the other proteasomal subunits and to
increase the sequence coverage, we performed small 2-DE
gel electrophoresis for improved separation of the proteins
(Fig. 2). All o~ and f-subunits were identified as well as
two immunosubunits (f1i and f5i). All protein species
besides proteasomal subunit o7 revealed an H/L ratio
between 0.91 and 1.09 (Table 1). By contrast, the two
species of proteasomal subunit o7 displayed the lowest
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Fig. 1 Cleavage of PARP-1 during 5-FU-induced apoptosis and
purification of the 20S proteasome. Poly [ADP-ribose] polymerase 1
(PARP-1) is a substrate of caspase-3 and the cleavage of this protein
is a hallmark of apoptosis. The expected mass shift of the full-length
protein with a molecular mass of 114 kDa to the C-terminal cleavage
product with 89 kDa was observed at 32 h of incubation with 5-FU
(a). A total Jurkat T cell lysate was subjected to gel filtration on
Superose 6 and protein concentrations measured by means of
Bradford assay (open circles) (b). The 20S proteasome-containing
fractions were detected by measuring the chymotrypsin-like activity
using the fluorogenic substrate Suc-Leu-Leu-Val-Tyr-MCA (filled
circles). The proteasome-containing fractions were pooled and
analyzed by SDS-PAGE (c). The protein bands in the region of
20-30 kDa contained 20S proteasome subunits

(0.81, o7a) and the highest (1.14, «7b) H/L value (Table 1)
with a sequence coverage of 46% for «7a and 50% for «7b
using peptide mass fingerprinting.

Apoptosis-mediated quantitative changes of the 20S
proteasome detected by large 2-DE/nano-LC-ESI-MS

To further verify the observed effect on proteasomal subunit
o7, we increased even more the resolution of protein sepa-
ration using large 2-DE gels (Fig. 3) in combination with
peptide separation by nano-LC, which was connected online
to high-resolution LTQ-Orbitrap mass spectrometry. All
o-subunits, f-subunits and two immunosubunits (f1i and 51)
were identified and quantified. Again, two spots were iden-
tified as proteasomal subunit «7, both with a sequence cov-
erage of 43% (Supplementary Table 1) and with a difference
of 0.35 in H/L value, whereas the differences of all other
protein spots of identical proteins were below 0.13 (Table 1).

Changes in posttranslational modifications of
proteasomal subunit o7 due to apoptosis

Based on the results of three independent experiments as
shown above, we searched for differences between the two
protein spots of proteasomal subunit «7. Therefore, the
automatic error-tolerant search function in Mascot was
applied to identify posttranslational modifications using the
LTQ-Orbitrap data. Thereby, a phosphorylation site at
the protein N terminus >SSIGTGYDLSASTFSPDGR,,
(Fig. 4a) with a Mascot ion score of 26 was predicted for
the more basic protein spot (spot «7b in Fig. 3), whereas a
phosphorylation site within the sequence ,4,ESLKEEDES
DDDNM,s5s with a Mascot ion score of 24 at the C-ter-
minal end of the protein (Fig. 4b) was found for the more
acidic spot (spot o7a in Fig. 3). Furthermore, a trioxidation
of cysteine within the sequence 4 CKDGVVFGVEKs,
(Fig. 4c) with a Mascot ion score of 62 was identified for
the more acidic spot (spot «7a in Fig. 3), whereas the non-
oxidized form of the same peptide was identified with a
Mascot ion score of 46 for the more basic protein spot
(spot o7b in Fig. 3). In addition, the MS and MS/MS
data of these three peptides were validated manually.
Actually, three SILAC-labeled peptide pairs of the peptide
»SSIGTGYDLSASTFSPDGR,, were detected in both LC
runs within the same MS scans. Considering the molecular
masses and mass differences between the three peak pairs,
most likely the acetylated peptide was detected as H (m/z
080.45 and 983.46), as well as Na®™ (m/z 991.44 and
994.45) and K (m/7 999.43 and 1,002.43) adducts (Fig. 5).
In addition, neutral loss of the peptide with m/z 999.43 was
not observed indicating a potassium adduct (438 Da) of
the acetylated (442 Da) peptide, which corresponded to
the same molecular mass as the phosphorylated (480 Da)
non-acetylated peptide (Fig. 4a). Furthermore, a change
of the modified forms of this peptide during apoptosis was
not observed considering the similar intensities (Fig. 5).
However, the other two modified peptides of proteasomal
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Table 1 Relative quantification of the apoptotic 20S proteasome Jurkat T cell from controls were cultured with normal '?Cg-arginine/lysine
(light, L), whereas Jurkat T cells labeled with 13Cs-argininellysine (heavy, H) were incubated with 5-FU to induce apoptosis

Proteasomal subunit 1-DE/MALDI 2-DE/MALDI 2-DE/Orbitrap
H/L (SD) PP H/L (SD) PP H/L (SD) PP Species
ol (PSMA6) 1.00 (0.01) 4 1.01 (0.08) 5 1.00 (0.10) 40 ol
o2 (PSMA2) 1.16 0.12) 6 1.03 (0.11) 4 0.95 (0.10) 27 o2b
0.86 (0.06) 6 o2a
o3 (PSMA4) 1.00 (0.09) 5 1.01 (0.10) 5 0.98 (0.10) 20 o3b
1.06 (0.20) 5 1.08 (0.09) 12 o3a
o4 (PSMAT) 1.16 (0.05) 4 1.00 (0.11) 5 1.01 (0.13) 27 odb
1.01 (0.06) 6 1.01 (0.08) 6 1.02 (0.08) 9 oda
a5 (PSMAS) 0.95 (0.11) 4 0.97 0.12) 4 0.93 (0.13) 36 oS
1.03 (0.06) 4
o6 (PSMAL) 1.00 (0.07) 6 1.08 (0.16) 5 1.02 (0.14) 42 o6b
1.03 (0.12) 5 1.05 (0.10) 37 aba
1.16 (0.17) 19 abe
o7 (PSMA3) 0.64 (0.06) 4 0.81 (0.09) 6 0.87 (0.08) 22 o7a
1.06 (0.14) 12 1.14 (0.12) 6 1.22 (0.10) 19 o7b
1 (PSMB6) nd 1.01 (0.14) 7 0.96 (0.14) 10 p1
2 (PSMB7) 0.98 (0.01) 2 0.94 (0.10) 5 0.93 (0.01) 10 p2
p3 (PSMB3) 1.03 (0.17) 4 1.08 (0.13) 6 1.00 (0.16) 22 f3a
1.00 (0.14) 30 f3b
p4 (PSMB2) 1.05 (0.06) 4 0.93 (0.04) 3 0.90 (0.07) 15 f4b
1.05 (0.09) 2 0.91 (0.01) 3 0.92 (0.05) 8 p4a
p5 (PSMB5) 0.99 (0.16) 7 1.03 (0.12) 6 1.01 (0.10) 22 ps
p6 (PSMBI) 1.06 (0.10) 3 1.09 (0.18) 5 1.01 (0.11) 46 p6b
1.05 (0.18) 3 1.03 (0.07) 4 0.89 (0.04) 5 poa
p7 (PSMB4) nd 1.03 (0.11) 6 1.01 (0.15) 18 pa
0.96 (0.07) 4 0.97 (0.09) 37 p7b
p1i (PSMBY) nd 0.95 (0.07) 8 0.94 (0.10) 12 pli
p5i (PSMBS) nd 0.98 (0.13) 10 0.94 (0.10) 24 p5i

The nomenclature of proteasomal subunits was used according to Baumeister et al. (1998). The heavy-to-light (H/L) ratios, standard deviations
(SD) and number of peptide pairs (PP), which were obtained applying the three different proteomics approaches, are displayed. Significant
regulated ratios according to the Grubbs’ test are shown in bold. Furthermore, the nomenclature for the protein species of the proteasomal
subunits (species) according to Fig. 3 is shown. More information can be found in Supplementary Table 1

7 B g aoeb 3b
ofa [0
& 2 o3a 4a 04b
7. ) oda
. a7bB7a 63 9 - 86 f?é‘.
. 7b . . ® L 2 - .
B Bda Bdb B5i  PB5

Fig. 2 Small 2-DE gel of the 20S proteasome. The enriched 20S
proteasome was separated by small 2-DE gel electrophoresis and
identified 20S proteasomal subunits were indicated

subunit o7a were only significantly detected in the corre-
sponding LC run, and the phosphorylated peptide with a
parent mass of m/z 868.30 (z = 24) showed significant
neutral loss at m/z 819.22 (z = 2+). Consequently, the MS
data exhibited a change of phosphorylation close to the C
terminus and a trioxidation of a cysteine during apoptosis.
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Fig. 3 Large 2-DE gel of the 20S proteasome. The enriched 20S
proteasome was separated by large 2-DE gel electrophoresis. The
identified 20S proteasomal subunits were indicated. The two protein
spots identified as o7 were zoomed out to depict the more acidic («7a)
and the more basic («7b) spot
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Fig. 4 MS/MS spectra of the A 00 b 8 1112 141516 17 18
identified modified peptides of oo
the two different proteasomal 3 80 8 ﬁ@@—@@@ﬂgﬁ@
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Discussion proteasomal subunit «7. Comparing the ratios of subunit o7

The induction of apoptosis by various stimuli in multiple cell
types results in the accumulation of ubiquitinated proteins at
an early stage of apoptosis. This correlates with a decreased
ability of apoptotic cells to degrade short-lived proteins
through the proteasomal pathway. Interestingly, it was
shown that proteasome function may be inhibited during
apoptosis through targeting proteasome subunits of the 19S
regulator complex for caspase-dependent cleavage. How-
ever, to our knowledge the effect of apoptosis induction on
the 20S proteasome per se has not been reported yet.
Therefore, we have performed a SILAC-based quantitative
proteome analysis of the 20S proteasome derived from cells
after induction of apoptosis with the DNA damaging agent
5-FU. Three independent proteomic approaches of three
individual samples were performed and significant quanti-
tative changes were only observed for two species of the

spots, the more acidic o7a was down-regulated and the more
basic o7b up-regulated during apoptosis. According to the
nomenclature for protein species (Schluter et al. 2009), «7a
has to be described as: [PSA3_HUMAN] + [AC_P25788_
115] 4 [P_2_766] + [P_41_345] + [P_250_21], whereas
o7b corresponds to [PSA3_HUMAN] + [AC_P25788_
115] + [P_2_766]. Because we were not able to identify
this protein species with 100% sequence coverage, this
description has to be described as incomplete.

Although the main functions of o-subunits may be
controlling the substrate entry pore partly by interacting
with proteasome regulators such as PA28, PA200 and 19S
regulator (Rabl et al. 2008), they have also been found to
be able to bind various proteins, some of which are
degraded in a ubiquitin-independent manner (Zhang et al.
2000; Dong et al. 2004; Alvarez-Castelao and Castano
2005). With regard to subunit «7, it was found that besides
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binding of crystalline «B (Boelens et al. 2001), it is also
able to bind the cyclin-dependent kinase inhibitor p21 that
can be degraded without ubiquitination (Touitou et al.
2001). During the last few years, several other subunit o7
interacting proteins have been detected, e.g., kinase aurora
B (Shu et al. 2003) and Epstein—Barr virus-encoded nuclear
protein EBNA3 (Touitou et al. 2001), both of which are
degraded by proteasomes. The proteasome-catalyzed deg-
radation of HBX is mediated and facilitated by binding of
Id-1 to subunit «7 (Ling et al. 2008). Similarly, the steroid
receptor coactivator (SRC-3) that is degraded in an ubig-
uitin-dependent and independent way binds to subunit o7,
an interaction that can be attenuated by the atypical protein
kinase C (aPKC) (Yi et al. 2008). The tumor suppressor
retinoblastoma protein (Rb) can also be degraded without
being ubiquitinated and binds to subunit o7, an interaction
that is promoted by MDM2 (Sdek et al. 2005). MDM2
selectively binds hypophosphorylated Rb and promotes its
proteasomal degradation. Similarly, MDM?2 promotes the
ubiquitin-independent degradation of p21 (Jin et al. 2003).
Enhanced degradation of Rb and p21 can be regarded as
anti-apoptotic mechanisms. Phosphorylation may affect
interaction with proteasome regulator complexes or bind-
ing of substrate proteins and might well have proapoptotic
consequences. This suggestion may be supported by a
recent report showing that inhibitors of apoptosis (cIAP-1
and cIAP-2) are degraded by proteasomes and this degra-
dation is regulated by a protein called ARIA (apoptosis
regulator through modulating IAP expression) that interacts
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with proteasome subunit o7 (Ikeda et al. 2009). In accor-
dance with our results, a change in phosphorylation of
20S proteasome subunits after induction of apoptosis
by doxorubicin was also found in erythroleukemic cells
(Tsimokha et al. 2007).

Our MS data indicate that a dephosphorylation of serine-
250 close to the C terminus of o7 occurs during apoptosis.
Phosphorylation of proteasomal subunit o7 was found by
several investigators (Arrigo and Mehlen 1993; Rivett et al.
1995; Mason et al. 1996; Wehren et al. 1996). Castano
et al. (1996) identified phosphorylation at serine residues
243 and 250 of the acidic C terminus. Serine phosphory-
lation of o7 was also detected by mass spectrometry (Wang
et al. 2007; Lu et al. 2008). Phosphorylation of this subunit
has no influence on the localization of proteasomes within
the cell, but was found to affect the assembly of 20S pro-
teasomes with the 19S regulator (Bose et al. 2004). Pre-
venting the phosphorylation by serine to alanine mutation
of these residues revealed reduced stability of 26S pro-
teasomes. The negative charge of phosphoserine is needed
for stable binding of the 19S regulator, since serine to
aspartic acid mutation does not affect 26S proteasome
stability (Bose et al. 2004). Phosphorylated serine-250 was
also detected in subunit o7 of 26S proteasome from human
293 cell line (Wang et al. 2007). The state of phosphory-
lation of serine-243 and serine-250 seems to be controlla-
ble by y-interferon, since treatment of cells with y-IFN was
found to reduce the level of phosphorylated o7 subunit
and the level of 26S proteasomes (Bose et al. 2004).
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Phosphorylation of only residue serine-250 was found in o7
subunit of 20S proteasome from human erythrocytes. This
subunit was separated into three protein subunits using
2-DE: the basic protein species o7”, which was unphos-
phorylated; the acidic protein species, «7', was phosphor-
ylated; and the major spot, o7, was phosphorylated and
contained an oxidized methionine residue (Claverol et al.
2002). Data obtained by immunoblot analyses were inter-
preted that ethanol ingestion of rats leads to hyper-
phosphorylation of subunit o7 of liver proteasomes in
accordance with a decrease in chymotrypsin-like activity
(Bardag-Gorce et al. 2004). In the C-terminal end of yeast
proteasome o7 subunit three phosphoserine residues were
identified; however, their state of phosphorylation did not
influence the proteolytic activity of the enzyme (Iwafune
et al. 2004). In vitro phosphorylation of subunit o7 was
found to be catalyzed by casein kinase II (CKII) (Castano
et al. 1996; Iwafune et al. 2004), a reaction strictly
dependent on polylysine in yeast (Pardo et al. 1998).
Interestingly, casein kinase II co-purifies with 20S protea-
somes when isolated from human erythrocytes (Ludemann
et al. 1993). Since especially under conditions of DNA
damage CKII associates with other kinases to a multisub-
unit kinase complex (FACT) leading to changes in sub-
strate specificity (Keller et al. 2001), it was hypothesized
that this may also affect the phosphorylation state of pro-
teasome subunit o7 under conditions of DNA damage and
apoptosis and may thus lead to dissociation of the 26S
proteasome (Mittenberg et al. 2008). In this manner, sub-
units of the released 19S regulator complex could interfere
in the regulation of transcription (Mittenberg et al. 2008).
On the other hand, a thus increased amount of ‘free’ 20S
proteasome may have the possibility to degrade unfolded
proteins (Orlowski and Wilk 2003).

Cysteine thiol modifications were increasingly recog-
nized to occur under both physiological and pathophysio-
logical conditions (Ying et al. 2007). Trioxidation of
cysteines to cysteine sulfonic acid (or cysteic acid) is an
irreversible modification and was found for e.g., in per-
oxiredoxins for enhanced chaperone activity (Lim et al.
2008) and in copper—zinc superoxide dismutase with a
potential role in familial amyotrophic lateral sclerosis
(Fujiwara et al. 2007). In the proteasome, cysteine sulfonic
acid formation was only identified in the o4 subunit
(Schmidt et al. 2006). In the present study, we found that
this irreversible modification at the «7 subunit was reduced
during apoptosis.

The phosphoproteomic field has advanced significantly
during the last few years (Paradela and Albar 2008).
However, some sources for false-positive assignments of
phosphopeptides based on neutral loss of H3;PO, were
reported (Lehmann et al. 2007). Here, we found the
potassium adduct of an acetylated peptide, which was

wrongly assigned as the phosphorylated peptide by the
error-tolerant search. However, evaluation of the MS and
MS/MS data clarified the real form of the detected
peptide.

In conclusion, the analysis of the 20S proteasome during
apoptosis showed a quantitative variation of the «7 subunit
species a7a and o7b. This speciation has been attributed to
posttranslational modifications. Cysteine oxidation has
been found in oxidative stress, but was not reported for
subunit o7 until now. On the other hand, phosphorylation
has been shown to be a key regulatory mechanism to the
20S proteolytic function and might play a role in connec-
tion to apoptosis.
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