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Research

Affinity Purification Strategy to Capture Human
Endogenous Proteasome Complexes Diversity
and to Identify Proteasome-interacting

Proteins*s

Marie-Pierre Bousquet-Dubouch$§], Emilie Baudelett§, Frédéric Guérint§,
Mariette Matondo1§, Sandrine Uttenweiler-Josepht§, Odile Burlet-Schiltz1§,

and Bernard Monsarrat$§]

An affinity purification strategy was developed to charac-
terize human proteasome complexes diversity as well as
endogenous proteasome-interacting proteins (PIPs). This
single step procedure, initially used for 20 S proteasome
purification, was adapted to purify all existing physiolog-
ical proteasome complexes associated to their various
regulatory complexes and to their interacting partners.
The method was applied to the purification of proteasome
complexes and their PIPs from human erythrocytes but
can be used to purify proteasomes from any human sam-
ple as starting material. The benefit of in vivo formalde-
hyde cross-linking as a stabilizer of protein-protein inter-
actions was studied by comparing the status of purified
proteasomes and the identified proteins in both protocols
(with or without formaldehyde cross-linking). Subsequent
proteomics analyses identified all proteasomal subunits,
known regulators, and recently assigned partners. More-
over other proteins implicated at different levels of the
ubiquitin-proteasome system were also identified for the
first time as PIPs. One of them, the ubiquitin-specific
protease USP7, also known as HAUSP, is an important
player in the p53-HDM2 pathway. The specificity of the
interaction was further confirmed using a complementary
approach that consisted of the reverse immunoprecipita-
tion with HAUSP as a bait. Altogether we provide a valu-
able tool that should contribute, through the identification
of partners likely to affect proteasomal function, to a
better understanding of this complex proteolytic machin-
ery in any living human cell and/or organ/tissue and in
different cell physiological states. Molecular & Cellular
Proteomics 8:1150-1164, 2009.

Proteasome-mediated and lysosomal degradations are the
two main mechanisms involved in turnover of intracellular
proteins. The 26 S proteasome is the proteolytic machine of
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the ubiquitin-proteasome pathway (UPP)' (1, 2). In most
cases, the degradation is processed by two successive steps:
(i) polyubiquitination of the substrate and (ii) proteolysis of the
tagged protein by the 26 S proteasome (2). The proteasome
degrades abnormal and non-functional proteins generated
under normal and stress conditions but also tightly regulates
major cellular processes (cell cycle progression, transcription,
apoptosis, DNA repair, epitope generation, etc.) by controlling
the cellular pool of key regulatory proteins (3). Therefore a
dysregulation of this machinery can lead to various patholo-
gies such as neurodegenerative diseases (4) or cancers (5).
The proteasome has recently been identified as a therapeutic
target for cancer treatment (6).

The eukaryotic 26 S proteasome can be divided into subcom-
plexes, one 670-kDa 20 S core particle where proteolysis oc-
curs and one or two axially positioned 900-kDa 19 S regulatory
particles responsible for polyubiquitinated substrates recogni-
tion, ATP-dependent substrate unfolding, and ubiquitin recy-
cling (7). The eukaryotic 20 S proteasome is a stable complex (8)
composed of 28 subunits, arranged in four stacked rings with
seven unique « subunits in the two outer rings and seven unique
B subunits in the two inner rings (9). Six catalytic proteolytic
active sites are located on the proteasome subunits 81, 82, and
B5. Upon interferon-y-induced immune response in mammals,
these catalytic subunits are replaced by the immunosubunits
B1i, B2i, and B5i, respectively, which induce some changes in
the proteolytic activities of the complex (10).

Eukaryotic 19 S regulatory particle, also called PA700, is
connected to the 20 S catalytic core through the « ring. It is
composed of ~16 electrophoretically distinct subunits with
molecular masses ranging from 25 to 112 kDa (11) corre-

" The abbreviations used are: UPP, ubiquitin-proteasome pathway;
PIP, proteasome-interacting protein; MFPaQ, Mascot file parsing and
quantification; HAUSP, herpes virus-associated ubiquitin-specific
protease; DUB, deubiquitinating enzyme; ChT, chymotrypsin; Suc,
succinyl; AMC, 7-amino-4-methylcoumarin; E3, ubiquitin-protein
isopeptide ligase; HSP, heat shock protein; TAP, tandem affinity
purification; PAC, proteasome-assembling chaperone; SCF,
Skp-Cullin-F-box.
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sponding to at least 23 proteins at the present knowledge.
The 19 S regulatory particle has a base comprising six pro-
teasomal ATPases (Rpt1-Rpt6 in yeast), three additional non-
ATPase subunits (Rpn1, Rpn2, and Rpn13), and a lid structure
composed of at least 14 non-ATPase subunits and that is
assumed to be connected to the base by the Rpn10 subunit.
Although some subunits have been identified as key compo-
nents for substrate recognition (Rpn10 and Rpt5) (12, 13), for
opening the core particle gate (Rpt2) (14), and for deubiquiti-
nation (Rpn11) (15), the precise function of most subunits still
remains to be elucidated. Functional characterization of 19 S
subunits is difficult because the structural organization of the
complex is not well defined on account of labile and dynamic
interactions of several subunits (16).

In addition to PA700, the two outer « rings of the 20 S
proteasome can associate to other regulatory caps, PA28«,
PA28vy, and PA200; the main role of these regulators is to
open the gate into and out of the catalytic chamber. This leads
to the formation of several different subpopulations of highly
dynamic proteasome complexes because one 20 S core parti-
cle can interact at its two sides with either two identical regu-
lators or two different ones, thus forming hybrid proteasomes
(17). These hybrid proteasomes have been implicated in major
cellular processes such as immune surveillance, regulation of
cell size and growth, apoptosis, or DNA repair, but the exact
proteolytic function of each of these different complexes is
mainly unresolved and constitutes today a challenge in protea-
some biology (18). Moreover several transient interacting pro-
teins of human 26 S proteasome have recently been identified,
but their functional impact remains, for most of them, to be
elucidated (18, 19). They are, however, of particular importance
because proteasome dynamic association to various proteins is
likely to regulate its stability and activity upon diverse stimuli.

Multidimensional chromatography has been used to purify
the 26 S proteasome from various species to homogeneity
(8, 20-24). These methods have improved our knowledge
on proteasome structure but failed to catch labile interac-
tors due to the use of high salt concentrations. Affinity
purification or co-immunoprecipitation methods (25-28) as
well as genome-wide two-hybrid surveys (29) have proven
to be much more efficient and led to the identification of
numerous additional proteasome subunits and associated
proteins from yeast.

The few works dealing with the characterization of the
human proteasome-interacting protein network have been
published very recently and were conducted by proteomics
approaches (17, 30-32). A strategy relying on the tagging of a
19 S subunit and mass spectrometric analyses of co-immu-
noprecipitated complexes identified Adrm1, the human ortho-
logue of the yeast Rpn13 subunit (30, 31). A similar approach
combined with a SILAC (stable isotope labeling with amino
acids in cell culture) strategy enabled distinguishing proteins
that transiently interact with the proteasome from stable pro-
teasome-interacting proteins (PIPs) (32).

These strategies, involving mass spectrometry-based iden-
tification associated to biochemical approaches such as im-
munoprecipitation or affinity purification, have been success-
fully applied to the study of PIPs and support the idea that
recent developments in proteomics are powerful tools for the
study of protein networks (33). Protein-protein interactions
inside protein complexes are difficult to maintain during the
purification procedure, and the use of chemical cross-linkers
can be useful for transient interactor recovery (34) and have
been successfully used for 26 S proteasomes structural stud-
ies (35).

However, all the affinity-based methods described to date
to purify proteasome complexes and PIPs rely on overexpres-
sion or tagging strategies. Moreover most of them are based
on the use of a 19 S subunit as a bait, which implies that only
proteasome containing at least one 19 S regulatory particle
can be purified. Proteasome pools involving only PA28 or
PA200 regulators might be associated with specific partners.
Therefore, methods to efficiently purify all proteasome com-
plexes would be of great interest.

We developed a single step affinity purification protocol to
characterize all physiological proteasome complexes and
their PIPs in human cells. It is based on the high affinity
binding of a subunit of the 20 S core particle to a monoclonal
antibody. A differential proteomics strategy with a control
antibody was used to distinguish specific PIPs from nonspe-
cific interactors. Moreover the benefit of in vivo formaldehyde
cross-linking on overall proteasome complexes recovery was
also assessed. This strategy led to the identification of new
PIPs of the human proteasome, including the deubiquitinase
HAUSP for which specific interaction was further confirmed.

EXPERIMENTAL PROCEDURES
Purification of Proteasome Complexes

Proteasome complexes were purified from human erythrocytes by
affinity chromatography with the mouse IgG1 monoclonal antibody
MCP21 (European Collection of Cell Cultures) directed against the
human o2 subunit of 20 S proteasome. A control purification was
performed using the mouse IgG1 monoclonal antibody OX8 directed
against rat CD8«a (a kind gift from Dr. Saoudi, INSERM U563, Tou-
louse, France). OX8 is a monoclonal antibody belonging to the same
isotype as the MCP21 IgG1 antibody used to catch proteasomes.
Eight milligrams of each antibody were immobilized separately on 1 g
of CNBr-activated Sepharose (GE Healthcare).

One hundred milliliters of human blood from healthy volunteers
(transfer agreement of blood products for non-therapeutic use,
reference EFS-PM: 21/PNVT/TOU/IPBS01/2006-0074 and addi-
tional clauses) were mixed with 100 ml of 2% dextran T500 (GE
Healthcare) in PBS to sediment the erythrocytes. The pellets were
washed three times with cold PBS, frozen in liquid N,, and stored at
—80 °C. The same volume of erythrocytes was prepared similarly
and separately and was submitted to in vivo protein-protein cross-
linking prior to freezing. The protocol was adapted from Vasilescu
et al. (34): formaldehyde (1% final concentration) was added for 1 h
at 4 °C, and formaldehyde action was stopped with 250 mm gly-
cine for 15 min at 4 °C. The erythrocytes were then washed three
times with cold PBS prior to freezing in liquid N, and storage at
—80 °C.
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The 26 S proteasome purification was performed using a protocol
adapted from Bousquet-Dubouch et al. (36). ATP and glycerol were
added to buffers all along the procedure to preserve the interactions
between the 20 S core particle and its regulators (8). The aliquots
were thawed at 4 °C in the presence of lysis buffer (50 mm Tris-HCI,
pH 8,1 mmDTT, 1 mm EGTA, 5 mm EDTA, 5 mm MgCl,, 10% glycerol,
2 mm ATP) containing protease (Roche Applied Science) and phos-
phatase (1 mm sodium orthovanadate, 10 mm sodium pyrophosphate,
and 20 mM sodium fluoride) inhibitors. After removal of cellular debris
by centrifugation, the supernatant was split into two aliquots. Each
aliquot was incubated overnight at 4 °C with rotary shaking with either
the MCP21-Sepharose or the OX8-Sepharose antibody as negative
control. The Sepharose beads were then washed with 50 bed vol-
umes of equilibration buffer (20 mm Tris-HCI, 150 mm NaCl, 1 mm
EDTA, 10% glycerol, 5 mm MgCl,, 2 mm ATP, pH 7.6), and proteins
interacting with the beads were finally eluted by an increase of the
ionic strength from 150 mm to 3 m NaCl. Two-milliliter fractions were
collected and stored at 4 °C. Protein concentration was determined
using the Bio-Rad Protein Assay, and proteasome content could be
estimated by measuring the in vitro chymotrypsin-like (ChT-like) ac-
tivity as described below. The fractions containing the most protea-
some activity were then dialyzed against water and TCA/acetone-
precipitated for further analysis.

The fractions obtained from the negative control experiment (con-
taining proteins interacting with the OX8-Sepharose) were also ana-
lyzed for their protein and proteasome contents. Then they were
pooled, concentrated, and simultaneously desalted on Centriprep®
YM-10 centrifugal filter device (Amicon® Bioseparations, Millipore
Corp., Bedford, MA) from 15 ml to approximately 500 ul. They were
finally precipitated using TCA/acetone.

In Vitro Chymotrypsin-like Activity Assay

Five microliters of purified 26 S proteasome fractions were mixed
with 95 ul of 50 mm Tris-HCI, pH 8 and 200 um Suc-LLVY-AMC
(BIOMOL International LP, Plymouth Meeting, MA) in 96-well black
plates (Greiner Bio-One, Frickenhausen, Germany). The kinetic as-
says were performed at 37 °C in an FLX-800 spectrofluorometer
(BIO-TEK, Winooski, VT) over 90 min with one reading every 5 min at
360 nm for excitation and 460 nm for emission. The concentration of
liberated products was calculated using a standard curve for AMC.
Lactacystin (BIOMOL International LP) was added at 10 um/well when
necessary to specifically inhibit the chymotrypsin-like activity of pro-
teasome. The quantity of proteasome in the purification fractions was
estimated by measuring in the same conditions the activity of 0.5 ug
of commercially available 20 S proteasome or 26 S proteasome
purified from human erythrocytes (BIOMOL International LP).

Immunoprecipitation Using the Anti-HAUSP Antibody

Immunoprecipitation of HAUSP and HAUSP complexes was per-
formed using an anti-HAUSP rabbit polyclonal antibody (Merck/Cal-
biochem) that we cross-linked to Dynabeads® protein A (Invitrogen
Dynal AS). After washing the beads as indicated by the supplier, 50 pl
of beads were used to capture 12 ug of antibody, anti-HAUSP anti-
body or OX8 antibody as negative control, at a final antibody con-
centration of 0.25 ug/ml and in 0.1 m sodium phosphate buffer, pH 8.
The incubation was carried out overnight at 4 °C under gentle mixing.
Antibodies were cross-linked using 20 mm dimethyl pimelimidate
dihydrochloride (Pierce) in 0.2 m triethanolamine, pH 8.2, for 1 h at
4 °C under gentle shaking.

Erythrocytes were prepared using the same protocol as the one
used for the 26 S proteasome purification. No formaldehyde in vivo
cross-linking of proteins was performed. Two 1.5-ml aliquots of fro-
zen erythrocytes were thawed at 4 °C in lysis buffer containing pro-

tease and phosphatase inhibitors. After a 3-h centrifugation at
20,000 X g to remove cellular debris, each supernatant was incubated
overnight at 4 °C with rotary shaking with either the anti-HAUSP-Dyna-
beads or the OX8-Dynabeads as negative control. Another tube con-
taining 1.5 ml of lysis buffer was incubated with anti-HAUSP-Dyna-
beads as a second negative control in the same conditions. After
washing three times with 30 bed volumes of equilibration buffer (20 mm
Tris-HCI, 150 mm NaCl, 1 mm EDTA, 10% glycerol, 5 mm MgCl,, 2 mm
ATP, pH 7.6), the elution was performed with 0.1 m citrate, pH 3.

Western Blots

Multiplex Detection of 26 S Proteasome in Protein Samples Purified
with the MCP21 Antibody—Proteins separated by SDS-PAGE on a
12% acrylamide gel were transferred to a nitrocellulose membrane
(Hybond ECL, GE Healthcare). Blocking was performed using 2%
blocking agent (ECL Advance Blocking Agent, GE Healthcare) in PBS,
0.1% Tween. Mouse monoclonal primary antibodies against 19 S
proteasome subunits Rpt1 (1:5,000) and Rpn12 (1:1,000) and rabbit
polyclonal antibodies against 20 S “core” subunits («5/a7, B1, 5,
B5i, and B7) (BIOMOL International LP) (1:10,000) were used for the
immunoblot staining. ECL Plex CyDye-conjugated antibodies, goat
a-mouse 1gG-Cy3 (1:2,000) and goat a-rabbit IgG-Cy5 (1:1,250) (GE
Healthcare), were used as secondary antibodies. The multiplex de-
tection was performed using the Typhoon Trio fluorescence scanner
(GE Healthcare) at 532 nm excitation and 580 nm emission for the
Cy3-conjugated antibody and 633 nm excitation and 670 nm emis-
sion for the Cy5-conjugated antibody. Commercially available 20 S
proteasome and 26 S proteasome purified from human erythrocytes
(BIOMOL International LP) were used as positive controls.

Detection of 20 S Core Particle in Protein Samples Immunoprecipi-
tated with the Anti-HAUSP Antibody— After electrophoresis, protein
blots were transferred to a nitrocellulose membrane (Hybond-C Su-
per, GE Healthcare). The membrane was blocked with 1% bovine
serum albumin in PBS, 0.1% Tween and incubated for 1 h with the
rabbit polyclonal antibodies against 20 S core subunits (1:10,000) at
room temperature. After washing three times with PBS, 0.1% Tween,
the membrane was incubated at room temperature for 1 h with
horseradish peroxidase-conjugated secondary antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) diluted in PBS, 0.1% Tween at
1:10,000. The detected protein signals were visualized by an en-
hanced chemiluminescence reaction system using the Amersham
Biosciences ECL kit (GE Healthcare) and exposition to Kodak XAR
film (Eastman Kodak Co.).

In-gel Digestion, Identification of Proteins by
Nano-LC-ESI-LTQ-Orbitrap MS/MS Analysis,
and Database Searching

After separation of proteins by SDS-PAGE on an 8 X 10-cm
acrylamide gel (12%) and Coomassie Blue staining, whole gel lanes
were analyzed by cutting them into several bands. Proteins were
reduced and alkylated by successive incubation in solutions of 10 mm
DTT in 100 mm NH,HCO; for 35 min at 56 °C and 55 mwm iodoacet-
amide in 100 mm NH,HCO; for 30 min at room temperature, respec-
tively. In-gel tryptic digestion was then performed as described pre-
viously (37) with minor modifications. Briefly after several washing
steps to eliminate the stain, the gel pieces were dried under vacuum
to be rehydrated in a sufficient covering volume (50-75 ul) of modified
trypsin solution (20 ng/pl in 25 mm NH,HCO,; Promega, Madison, WI)
for 15 min in an ice bath. Trypsin digestion was performed overnight
at 37 °C under shaking. Peptides were extracted three times at 37 °C
for 15 min under shaking using 50 mm NH,HCO, once and 5% formic
acid in 50% ACN twice. The peptide mixture was dried under vacuum
and stored at —20 °C.
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For MS analysis, tryptic peptides were resuspended with 12 ul of
5% ACN, 0.05% TFA and were submitted to nano-LC-MS/MS using
an Ultimate3000 system (Dionex, Amsterdam, The Netherlands) cou-
pled to an ESI-LTQ-Orbitrap mass spectrometer (Thermo Fisher Sci-
entific, Bremen, Germany) operating in positive mode with a spray
voltage of 1.4 kV. Five microliters of each sample were loaded on a
C,g precolumn (300-um inner diameter X 5 mm; Dionex) at 20 wl/min.
After 5 min of desalting, the precolumn was switched on line with the
analytical column (75-um inner diameter X 15 cm; PepMap C,g,
Dionex) equilibrated in 95% solvent A (5% ACN, 0.2% formic acid)
and 5% solvent B (80% ACN, 0.2% formic acid). Peptides were
eluted using a 5-50% gradient of solvent B for 80 min at a 300 nl/min
flow rate. Data were acquired with Xcalibur (LTQ-Orbitrap Software
version 2.2 beta 5, Thermo Fisher Scientific). The mass spectrometer
was operated in the data-dependent mode and was externally cali-
brated as recommended by the supplier in an automatic mode, lead-
ing to typical mass errors lower than 5 ppm. Survey MS scans were
acquired in the Orbitrap on the 300-2000 m/z range with the resolu-
tion set to a value of 60,000 at m/z 400. Up to five of the most intense
multiply charged ions (2+ and 3+) per scan were CID fragmented in
the linear ion trap. A dynamic exclusion window was applied within
60 s. All tandem mass spectra were collected using a normalized
collision energy of 35%, an isolation window of 4 m/z, and one
microscan. Other instrumental parameters included maximum injec-
tion times and automatic gain control targets of 250 ms and 500,000
ions, respectively, for the FTMS and 100 ms and 10,000 ions, respec-
tively, for LTQ MS/MS. Data were analyzed using Xcalibur software
(version 2.0 SR2, Thermo Fisher Scientific), and MS/MS centroid peak
lists were generated using the executable extract_msn.exe (Thermo
Fisher Scientific) integrated into the Mascot Daemon software (Mas-
cot version 2.2.1, Matrix Sciences, Boston, MA). The following pa-
rameters were set to create the peak lists: parent ions in the mass
range 400-4500, no grouping of MS/MS scans, and threshold at
1,000. A peak list was created for each fraction analyzed (i.e. gel
band), and individual Mascot searches were performed for each
fraction.

Data were searched using Mascot server (Mascot version 2.2.01,
Matrix Sciences) against Homo sapiens sequences in the Swiss-Prot
TrEMBL database (68,579 sequences). This database consists of
UniProtKB/Swiss-Prot Protein Knowledgebase Release 53.1 merged
in house with UniProtKB/TrEMBL Protein Database Release 36.1. The
mass tolerances in MS and MS/MS were set to 5 ppm and 0.8 Da,
respectively, and the instrument setting was specified as “ESI Trap.”
Trypsin was designated as the protease (specificity set for cleavage
after Lys or Arg), and up to two missed cleavages were allowed.
Oxidation of methionine, amino-terminal protein acetylation, ubiquiti-
nation of lysine (GG or LRGG), carbamidomethylation, and propi-
onamide on cysteine were searched as variable modifications; no
fixed modification was set. 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 50 (p value <0.001), at least two top ranking peptides each with
a Mascot score of more than 35 (p value <0.03), or at least three top
ranking peptides each with a Mascot score of more than 30 (p value
<0.1) as determined by the Mascot Search program and using the
automatic validation module of our in-house developed software
MFPaQ (version 4.0.0) (38). Proteins identified with a single peptide as
well as post-translational modifications on peptides were confirmed
by manual inspection of the MS/MS spectra (provided as supplemen-
tal Data 3 and 6, respectively). Proteins identified with exactly the
same set of peptides were grouped, and only one member of the
protein group was reported in Tables | and Il and supplemental Data
2 for greater clarity (the one that we considered as the most signifi-
cant according to the functional description given in the UniProt

Knowledgebase). However, detailed protein groups are shown in
supplemental 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 33 (p
value <0.05). From all the validated result files corresponding to the
fractions of a one-dimensional gel lane, MFPaQ was used to generate
a unique, non-redundant list of proteins by comparing proteins or
protein groups (composed of all the protein sequences matching the
same set of peptides) according to accession numbers and creating
clusters from protein groups found in different gel slices if they have
one common member. Protein list comparisons were based on the
comparison of protein groups (hits matching the same set of pep-
tides) from different lists, and the MFPaQ software assigned these
protein groups as “shared” or “specific” depending on whether or not
they have common members.

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
human) and the corresponding reversed protein sequences (decoy
database). MFPaQ used the same criteria to validate decoy and target
hits, calculated the false discovery rate (FDR = number of validated
decoy hits/(number of validated target hits + number of validated
decoy hits) X 100) for each gel band analyzed, and calculated the
average of false discovery rate for all bands belonging to the same gel
lane (i.e. to the same sample).

RESULTS

Purification of Endogenous Human Proteasome Complexes
by Affinity Chromatography—Human proteasome complexes
and PIPs were purified by a single step affinity chromatogra-
phy procedure using a Sepharose-bound monoclonal anti-
body, MCP21, showing a high affinity for the a2 subunit of
human 20 S proteasome. The experimental design was
adapted from an initially developed protocol to purify 20 S
proteasome from various human cellular types (36, 39). Im-
portantly ATP and glycerol, added in all buffers, enabled the
weak interactions between the core particle and its regulatory
complexes to be maintained. Moreover the benefit of an in
vivo protein-protein interactions cross-linking step using
formaldehyde as cross-linking agent was assessed. The
method was optimized using human erythrocyte cells as start-
ing material for which no tagging strategy can be used. After
cell lysis, proteins were purified with either the MCP21-
Sepharose antibody or the OX8-Sepharose antibody as neg-
ative control (Fig. 1). No ChT-like activity could be detected in
the fractions eluted from the OX8-Sepharose column (Fig. 2).
On the contrary, a peak of ChT-like activity was observed in
the fractions purified with the human IgG1 MCP21 antibody.
This enzymatic activity was almost completely abolished in
the presence of 10 um lactacystin and could therefore be
attributed to the presence of proteasome in the purified frac-
tions. Moreover despite a similar protein content in the two
preparations (with and without formaldehyde), the ChT-like
activity of the most active fraction was significantly increased
in the preparation obtained after formaldehyde cross-linking
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Sepharose coupled to OX8
(mouse IgG1 directed
against rat CD8 alpha)
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Sepharose coupled to MCP21
(mouse IgG1 directed against
human a2 subunit of 205
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Protein
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ChT-L activity

ChT-L activi i
acdvity ":?" s“'.'-":c 4 Differential analysis inth:g:;:i“ng measurements
proteins proteins
Specific MCP21
interacting
proteins

Fic. 1. Differential analysis strategy to identify specific human PIPs. Erythrocytes submitted or not to in vivo cross-linking were lysed,
and proteins were purified by overnight incubation at 4 °C with either the MCP21-Sepharose antibody or the OX8-Sepharose antibody as
negative control. After extensive washing with 20 mm Tris-HCI, 150 mm NaCl, 1 mm EDTA, 10% glycerol, 5 mm MgCl,, 2 mm ATP, pH 7.6,
proteins were eluted with a saline step using the same buffer containing 3 m NaCl. Two-milliliter fractions were collected and stored at 4 °C.
Protein concentration was determined using the Bio-Rad Protein Assay, and proteasome content could be estimated by measuring the in vitro
chymotrypsin-like activity as described under “Experimental Procedures.” The fractions containing the most proteasome activity were then
further analyzed by Western blotting and by SDS-PAGE followed by trypsin digestion and LC-MS/MS analysis. Proteins identified in each case
(experiment and negative control) were subjected to a differential analysis using the MFPaQ software (38) so that a list of specific

MCP21-interacting proteins could be generated. ChT-L, ChT-like.
(specific activity of 23 = 6 pmol of AMC:-min~"-ug~") com-
pared with the preparation without in vivo formaldehyde
cross-linking (specific activity of 12 = 2 pmol of
AMC:min~"-ug~"). The total ChT-like activity of all of the
purified fractions was calculated as the sum of the activities
measured in each fraction. This activity was superior by a
factor of 2.1 in the formaldehyde-treated sample compared
with the non-treated sample. Such an assay requires intact 20
S proteasome complex, but the 19 S regulatory particles as
well as other activators such as PA28 or PA200 are known to
enhance the ChT-like proteolytic activity of 20 S proteasome.
Therefore, it could be hypothesized that proteasome com-
plexes obtained after formaldehyde treatment contain more
20 S proteasome associated to its activators.

The most active fractions from the two preparations were
further analyzed for their 19 S and 20 S content by multiplex
detection of several subunits from the 19 S and 20 S particles
(Fig. 3). The most active fractions (fraction 10 and fractions
8-10 from purifications with and without formaldehyde cross-
linking, respectively) contain both 20 S proteasome and 19 S
activators as demonstrated by the presence of a subunit of
both the base (Rpt1) and the lid (Rpn12) (Fig. 3, B and C).
Another interesting feature is that, as expected, formaldehyde
treatment seems to stabilize the weak interactions between
the 20 S proteasome and its 19 S interactors as the ratio of 19
S signal/20 S signal is higher in the most active fraction
(fraction 10) obtained after purification of formaldehyde-
treated erythrocytes than in its counterpart fraction in the
non-treated sample (Fig. 3B). Thus, the 26 S proteasome
content in the preparation obtained after purification of form-

aldehyde-treated erythrocytes is higher than that of the non-
treated preparation. One can speculate that a higher portion
of the 19 S regulators (and probably also some of the other
regulators and PIPs) were lost during the purification proce-
dure in the untreated erythrocytes sample compared with the
treated sample. Moreover the elution patterns of fractions
8-10 from the non-treated erythrocytes preparation show
that, for a similar 20 S subunit signal, the 19 S content is
higher in the early eluted fraction (fraction 8) than in the later
fractions (fractions 9 and 10) (Fig. 3C). This means that the 19
S subunits elute earlier from the MCP21-Sepharose column
than the 20 S subunits, which is in accordance with the fact
that the interaction between MCP21 and the 20 S proteasome
is strong compared with that between the 20 S core particle
and the 19 S regulatory particle. Thus, one can speculate that
the other PIPs would behave similarly, and identification of
PIPs from the non-treated preparation therefore can rather be
performed in the early eluted fractions.

Identification of Proteasome Complex Components by Pro-
teomics Analysis—To identify proteins contained in the early
eluted fractions from the non-treated sample (fractions 6-9)
and the formaldehyde-treated sample (fractions 7-10), pro-
teins were fractionated by SDS-PAGE. The entire gel lanes
were cut into bands for further trypsin-mediated protein di-
gestion and nano-LC-ESI-LTQ-Orbitrap MS/MS analyses. A
similar procedure was conducted for the two protein samples
corresponding to the two negative control experiments (eryth-
rocytes treated or not with formaldehyde and protein extracts
incubated with the OX8-Sepharose) except that the whole
eluted protein sample was loaded onto the gel in that case. As
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FiG. 2. Proteasome purification from human erythrocytes with-
out (A) or with (B) in vivo formaldehyde cross-linking. Proteasome
complexes were purified from human erythrocytes by affinity chro-
matography with the mouse IgG1 monoclonal antibody MCP21 cou-
pled to Sepharose beads. A control purification was performed using
the mouse IgG1 monoclonal antibody OX8 directed against rat CD8a.
Proteins were cross-linked in vivo by incubation of human erythro-
cytes with 1% formaldehyde as indicated under “Experimental Pro-
cedures.” After incubation of 50 ml of erythrocyte lysate with either
the MCP21-Sepharose or the OX8-Sepharose, proteins interacting
with the beads were eluted by a saline step of 3 M NaCl. The eluted
fractions were analyzed for their protein concentrations as well as for
their proteasome contents. Statistical results were obtained from
three independent experiments for each condition (formaldehyde-
treated or not). Error bars indicate standard deviations (n = 3). ¢ and
<& represent protein concentrations in the fractions from the MCP21-
Sepharose beads and from the OX8-Sepharose beads, respectively.
A and A represent the in vitro ChT-like activity without and with 10 um
lactacystin, respectively, in the fractions eluted from the MCP21-
Sepharose beads. No ChT-like activity could be detected in the
fractions from the OX8 negative control experiment.

displayed on Fig. 4, the characteristic pattern of 26 S protea-
some is only observed on lanes 5 and 6 corresponding to
MCP21-eluted proteins from non-treated and treated eryth-
rocytes, respectively, as compared with lane 7 (commercially
available 26 S proteasome from human erythrocytes). This
confirms the presence of 26 S subunits in our purified frac-
tions. Moreover the higher 19 S/20 S ratio in the fractions
purified from formaldehyde-treated erythrocytes (Fig. 4, lane
6) than that in their counterpart fractions from non-treated
erythrocytes (Fig. 4, lane 5) is confirmed as the 20 S subunits
(molecular mass ranging approximately from 20 to 30 kDa)
can easily be identified from the 19 S subunits, which exhibit
higher molecular masses.

After nano-LC-ESI-LTQ-Orbitrap MS/MS analysis and iden-
tification of proteins using Mascot, the automatic validation
module of MFPaQ was used to generate a list of proteins
identified from each sample deposited in Fig. 4, lanes 3, 4, 5,

A Standards B C
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265 208 —
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“Rpti
208
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FiG. 3. Detection of 20 S core particle and 19 S activators in the
purified proteasome preparations. Proteins separated by SDS-
PAGE were transferred to a nitrocellulose membrane: 2 ug of com-
mercial 20 S and 26 S proteasome from human erythrocytes as
standards (A), 20 pg of total proteins from fractions containing the
maximal ChT-like activity (fractions 9 and 10 from purifications with-
out and with formaldehyde cross-linking, respectively) (B), and 10 ug
of estimated 20 S proteasome (based on the ChT-like activity meas-
urement) from fractions 8, 9, and 10 from the purification without
formaldehyde cross-linking (C). Mouse monoclonal primary antibod-
ies against 19 S proteasome subunits Rpt1 and Rpn12 and rabbit
polyclonal antibodies against 20 S core subunits were used for the
immunoblot staining. ECL Plex CyDye-conjugated antibodies, goat
a-mouse IgG-Cy3 and goat a-rabbit IgG-Cy5, were used as second-
ary antibodies. The detection was performed using the Typhoon Trio
fluorescence scanner at 532 nm excitation and 580 nm emission for
the Cy3-conjugated antibody and 633 nm excitation and 670 nm
emission for the Cy5-conjugated antibody. Lane M, molecular mass
markers.

and 6, as explained under “Experimental Procedures.” For the
two experiments (non-treated erythrocytes and formalde-
hyde-treated erythrocytes), a protein list was generated for
each condition (experiment and control). Proteins interacting
only with the control antibody or only with the bait antibody,
i.e. specific proteins after comparison of the two lists, were
discarded or considered as specific interactors, respectively.
Indeed it was very improbable that a nonspecific protein
present in the MCP21-interacting proteins sample would not
be detected and identified in the OX8 list because only &0 of
the total proteins from the MCP21 sample was loaded onto
the gel, whereas the whole protein sample, purified from the
same quantity of erythrocytes cells, was analyzed in the con-
trol. A list of proteins found in common, i.e. shared proteins
after comparison of the two lists, was also generated by
MFPaQ as explained under “Experimental Procedures” and
actually contained several 20 S proteasome subunits in both
conditions (experiment and control). Therefore, these proteins
in common were further submitted to a relative quantification
to rescue specific MCP21-interacting proteins. The spectral
counting approach, adapted from the method described by
Liu et al. (40), was chosen because it does not require any
labeling of proteins but is based on the counting of the total
number of MS/MS spectra acquired for a protein. For each
protein identified and validated using the MFPaQ automatic
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FiG. 4. Separation of proteasomes and proteasome-interacting proteins by SDS-PAGE. Proteins were separated by SDS-PAGE on a
8 X 10-cm acrylamide gel (12%) and detected by Coomassie Brilliant Blue staining. Whole gel lanes were analyzed. In-gel tryptic digestion of
proteins was performed prior to identification by nano-LC-ESI-LTQ-Orbitrap MS/MS analysis and database searching as described under
“Experimental Procedures.” Lanes 1 and 2, 2 ug of commercially available human erythrocyte 26 S and 20 S proteasomes, respectively; lanes
3 and 4, the whole protein content of eluted proteins from the OX8-Sepharose was loaded after concentration by ultrafiltration (lane 3, non
formaldehyde-treated erythrocytes; lane 4, formaldehyde-treated erythrocytes); lanes 5 and 6, 40 ug of proteins from fractions 6-9 and 7-10
from purifications without and with formaldehyde cross-linking, respectively.

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 bands,
all the MS/MS spectra attributed to peptides belonging to the
protein were taken into account. The relative quantity of a
protein present in the two samples was estimated as the ratio
of the total number of MS/MS spectra of the protein in each
sample. Interestingly MCP21/0X8 MS/MS ratios obtained for
20 S proteasome subunits were the highest; they were supe-
rior to those obtained for keratins (ratios around 1), which are
expected to be equally distributed between the two samples
(see supplemental Data 5 for detailed information). This indi-
cated that 20 S proteasome subunits were significantly more
abundant in the MCP21-interacting protein sample. These
subunits were therefore rescued as MCP21-specific interact-
ing proteins using this approach. Their presence in the OX8-
eluted protein fractions can be explained by the high abun-
dance of 20 S proteasome in cells and knowing that the
whole protein sample was analyzed in that case. All other
proteins interacting both with the MCP21 and the control
antibodies, including abundant globin chains and hemoglo-
bin subunits, displayed lower MCP21/0X8 MS/MS ratios
and were discarded.

Eighty-six proteins specifically interacting with the
MCP21-Sepharose are displayed in Tables | and Il and
supplemental Data 2, which include results obtained with or
without in vivo formaldehyde treatment and from three dif-
ferent biological samples. Criteria to accept a protein iden-
tification are indicated under “Experimental Procedures,”
and such criteria led to false positive rates inferior to 1% in
all cases. Identification overlaps between experiments were
high for proteins from the UPP (58 of 64 proteins, i.e. 91%;
Tables | and 1l) and slightly lower (69 of 86 proteins, i.e.
80%; Tables I and |l and supplemental Data 2) if all identified
proteins were considered. The variability observed con-
cerned mostly low abundance proteins identified with a low
number of peptides.

As displayed in Table I, all 17 subunits of 20 S standard
proteasome and immunoproteasome as well as numerous
subunits of the 19 S particle were identified in both experi-
ments (non-treated and treated) with high sequence cover-
ages. Moreover PA28«, PA2883, and PA200 proteasome reg-
ulators were also identified with good recoveries. Our
purification strategy also enabled the detection of PI31 and
ECM29, already known as an inhibitor and stabilizer of 26 S
proteasome, respectively (41, 42).

Twenty-three other proteins involved in the ubiquitin-pro-
teasome degradation pathway were identified in the purified
proteasome fractions from non-treated and formaldehyde-
treated erythrocytes (Table Il). They are ubiquitin, deubiquiti-
nating enzymes, E3 ligases or related proteins, multiubiquitin
chain-binding proteins, and proteasome-assembling chaper-
ones as well as chaperones, such as proteins of the HSP
family, valosin-containing protein, and TCP-1 subunits (Table
I). This result strongly validates the strategy used to purify
proteasome complexes and their interacting proteins.

Two tryptic peptides of ubiquitin, **LIFAGK(GG)QLEDGR®>*
and “LIFAGK(LRGG)QLEDGR®*, which were indicative of
Lys*8-linked polyubiquitin chains, were identified (see supple-
mental Data 1 and 6). Ubiquitination sites were identified
based on the sequencing of signature peptides containing a
GG tag (114.1 Da) and/or an LRGG tag (383.2 Da) either on
internal or on carboxyl-terminal lysine residues (43). Identifi-
cation of diglycine-containing lysine residues after tryptic di-
gestion of proteins can be biased by iodoacetamide-induced
artifacts mimicking ubiquitination in MS experiment (44), but
the LRGG tag confirms that Lys*® is ubiquitinated. Polyubig-
uitination involving lysine at residue 48 is the major signal for
protein degradation by the multicatalytic proteasome com-
plex (45).

Twenty-two other proteins identified in this work are not
directly linked to the UPP (supplemental Data 2). They are
proteins from the nucleotide excision repair pathway, proteins
involved in the actomyosin cytoskeleton signaling, and other
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TABLE |
Proteins specifically interacting with the MCP21 antibody: proteasome subunits and proteasome activators/inhibitors/stabilizers
Proteasome subunits listed in the table were purified as described under “Experimental Procedures” with or without formaldehyde cross-linking,
separated by SDS-PAGE, and identified by nano-LC-ESI-LTQ-Orbitrap MS/MS analysis and database searching in the Swiss-Prot TrEMBL
database. Nonspecific interactions could be eliminated by performing a differential analysis with proteins purified with the OX8 antibody and
similarly identified. Criteria for acceptance of protein identification are described under “Experimental Procedures.” The best results in terms of
protein recovery are reported. N, “normal,” i.e. without formaldehyde cross-linking; F, “formaldehyde,” i.e. with formaldehyde cross-linking.

llj\lnci)dt?; Sequence MS/MS counting
Name® Accession no. peptides coverage (n=3) Ref.c
N F N F Averaged ratio F/N° S.D.
%
20 S proteasome subunits
al P60900 29 32 83 84 1.0 0.0 46
a2 pP25787 30 29 88 86 0.9 0.0 46
a3 P25789 27 29 87 88 1.2 0.6 46
a4 014818 33 34 85 85 0.9 0.2 46
ab P28066 18 26 75 80 0.9 0.1 46
ab P25786 35 43 95 96 1.0 0.2 46
af P25788 33 41 79 80 0.9 0.4 46
B1 P28072 15 15 78 76 1.1 0.2 46
B2 Q99436 18 22 76 77 0.9 0.1 46
B3 P49720 17 22 62 64 1.1 0.1 46
B4 P49721 21 27 95 98 0.7 0.2 46
B5 P28074 25 22 89 89 0.9 0.1 46
B6 P20618 22 27 81 82 1.0 0.1 46
B7 P28070 12 12 57 59 1.0 0.1 46
Bpi P28065 6 5 34 38 1.1 0.2 46
B2i P40306 7 7 37 33 0.6 — 46
B5i P28062 13 15 68 63 1.1 0.3 46
Proteasome regulators
19 S subunits
S7 (Rpt1) P35998 38 37 80 79 1.2 0.2 46
S4 (Rpt2) P62191 29 36 58 72 1.2 0.2 46
S6b (Rpt3) P43686 36 37 84 81 1.5 0.2 46
S10b (Rpt4) P62333 28 42 74 77 1.6 0.3 46
S6a (Rptb) P17980 29 33 66 77 1.6 0.2 46
S8 (Rptb) P62195 32 32 74 76 1.9 0.2 46
S2 (Rpn1) Q13200 68 64 69 72 1.1 0.1 46
S1 (Rpn2) Q99460 56 57 67 73 1.1 0.3 46
S3 (Rpn3) 043242 33 50 58 73 1.5 0.1 46
p55 (Rpnb5) 000232 34 35 65 67 1.6 0.2 46
S9 (Rpn6) 000231 34 39 75 80 1.8 0.3 46
S10a (Rpn7) Q15008 33 36 79 79 14 0.3 46
S12 (Rpn8) P51665 17 23 56 61 3.2 0.7 46
S11 (Rpn9) Q9UNM®6 25 28 79 86 23 0.6 46
S5a (Rpn10) P55036 12 11 41 35 3.5 0.6 46
S13 (Rpni1) 000487 13 18 65 66 4.9 2.0 46
S14 (Rpn12) P48556 12 14 64 68 3.8 1.2 46
ADRM1 (hRpn13) Q16186 4 8 11 17 4.8 — 46
PAAF1 (Rpn14) Q9BRP4 0 6 0 17 — — 46
Other activators
PA28« (11Sq) Q06323 21 19 76 63 1.1 0.1 46
PA283 (11Sp) Q9UL46 22 19 84 85 1.3 0.1 46
PA200 Q14997 26 6 16 4 0.2 0.1 46
Inhibitors/stabilizers
PI131 Q92530 14 13 61 46 0.9 0.1 41
ECM29 Q5VYK3 0 5 0 4 — — 42,70

2 Several nomenclatures exist for subunits of 20 S proteasome and 19 S regulatory particle. For 20 S proteasome subunits, the nomenclature
from Baumeister et al. (71) was used. For most 19 S regulatory subunits, the nomenclature usually applied in human (72) was used. For better
understanding, the nomenclature applied in yeast (73) is provided in parentheses.

b MS/MS counting ratios (F/N) were calculated when a significant number of MS/MS scans (>50) was performed at least for one experiment
(without or with formaldehyde cross-linking). Statistical data were obtained from three independent replicates. If no standard deviation is indicated,
the MS/MS threshold of 50 was reached only with one of the experiments. Dashes indicate that no value could be obtained for the reasons explained
above.

¢ Selected references reporting this protein as a proteasome subunit or a PIP by affinity purification strategies or other biochemical
approaches.
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TasLE |l
Proteins specifically interacting with the MCP21 antibody: proteins known to belong to or to be related to the UPP
Proteins listed in the table were purified as described under “Experimental Procedures,” separated by SDS-PAGE, and identified by
nano-LC-ESI-LTQ-Orbitrap MS/MS analysis and database searching in the Swiss-Prot TrEMBL database. Nonspecific interactions could be
eliminated by performing a differential analysis with proteins purified with the OX8 antibody and similarly identified. Criteria for acceptance of
protein identification are described under “Experimental Procedures.” For proteins identified in several repeats, the best results in terms of
protein recovery are reported. N, “normal,” i.e. without formaldehyde cross-linking; F, “formaldehyde,” i.e. with formaldehyde cross-linking.

L'J\ln?dl?:; Sequence MS/MS counting
Name Accession no.? peptides coverage n=2 Ref.c
N F N F Averaged ratio F/N®  S.D.
%
Ubiquitin® P62988 6 6 68 68 1.8 0.3 32
Deubiquitinating enzymes
uspP149 P54578 11 25 23 55 3.8 0.5 32
UCH37¢ Q9Y5K5 8 10 26 37 1.3 — 32
USP7 Q93009 28 0 25 0 — —
E3 ligases
F-box protein7¢ Q5TGC3 14 10 25 19 0.4 0.1 25
SKP1¢ P63208 18 14 85 64 0.5 0.1 25
Cullin-1¢ Q13616 49 0 65 0 — — 25
Ring-box protein 17 P62877 1 0 26 0 — —
Ubiquitin-protein ligase E3CY" Q15386 19 0 21 0 — — 32
Cullin-associated NEDD8-dissociated Q86VP6 0 7 0 9 — —
protein 1
Multiubiquitin chain-binding proteins
hHR23B¢ P54727 0 3 0 7 — — 32
DDI1 homolog 2°* Q5TDHO 0 3 0 9.5 — — 55
eEF1al1? P68104 0 5 0 16 — — 32
PACs
PAC1 Q6FHD3 8 9 31 37 1.3 0.4 52, 53
PAC2 Q969U7 8 13 28 38 23 — 52, 53
PAC3 A4D216 0 3 0 26 — — 52, 53
Chaperones
HSP70 19 P08107 12 2 27 4 0.5 — 32
Heat shock cognate 719 P11142 28 10 46 17 0.3 — 32
HSP90-8° P08238 0 5 0 14 — — 32
HSPA5 Q2KHP4 0 3 0 8 — —
Valosin-containing protein® QoVv924 7 20 12 31 3.6 0.1 74
TCP-147 P49368 2 0 4 0 — — 21,32
TCP-17" Q99832 2 0 6 0 — — 21, 32

2 For greater clarity, the reported member of the protein group is the one that we considered as the most significant according to the

functional description given in the UniProt Knowledgebase.

b MS/MS counting ratios (F/N) were calculated when a significant number of MS/MS scans (>50) was performed at least for one experiment
(without or with formaldehyde cross-linking). Statistical data were obtained from two independent replicates. When no averaged ratio is
indicated, it means that the total MS/MS number for the protein did not reach 50. If no standard deviation is provided, the MS/MS threshold
of 50 was reached only with one of the experiments. Dashes indicate that no value could be obtained for the reasons explained above.

¢ Selected references reporting this protein as a PIP by affinity purification strategies or other biochemical approaches.

9 Reported human PIPs.
¢ Reported PIPs only in other species.
" Identified in one experiment only.

proteins. Seven proteins were already known as PIPs or are
related to known PIPs like histones, actins, myosins, or 14-3-3
proteins (21, 32). Others constitute new putative PIPs and will
need further investigation to be confirmed.

To compare our results with previously published surveys,
tables (Tables | and Il and supplemental Data 2) indicate
selected studies reporting each identified protein as a PIP by
similar strategies or other biochemical approaches in human
or other species. The most recent work concerned human
HEK293 cells PIP characterization by TAP strategies followed
by systematic MS identification of proteins (32, 46). Venn

diagrams indicating overlaps between our interaction data
and those published in these surveys are shown in Fig. 5 and
supplemental Data 4. Forty-eight proteins were found in com-
mon, 38 were specific to our work, and 44 were not identified
by us. Among the common proteins, 36 subunits of the pro-
teasome complexes or activator proteins could be observed
as well as 11 other proteins (supplemental Data 4); some of
these had already been reported as PIPs in yeast (25, 28, 47)
or in other species (21) (Tables | and Il). Among the 46 putative
PIPs specifically identified by Huang and co-workers (32, 46),
six proteins are linked to the UPP, and 38 are not. We have
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This work 38

44 Most recent surveys
on human PIPs (32, 46)

This study : 38 specific proteins
Known PIPs in human or in other species
related to the UPP : 10

New putative PIPs related to the UPP : 7
New putative PIPs not related to the UPP : 21

48 common proteins
Related to the UPP : 47
Not related to the UPP : 1

Other studies (32, 46): 44 specific proteins
Related to the UPP : 6
Not related to the UPP : 38

/_A

—
Accession # | Name _ Accession # | _ Name _
Known PIPs in human or in other species related to the UPP (10) New putative PIPs not related to the UPP (21)
P28065 Proteasome subunit beta type 9 precursor (B1i) P33778 Histone H2B type 1-B
P40306 Proteasome subunit beta type 10 precursor (f2i) P62805 Histone H4
P28062 Proteasome subunit beta type 8 precursor (5i) PO0491 Purine nucleoside phosphorylase
Q92530 Proteasome inhibitor PI31 subunit PEOT09 Actin, cytoplasmic 1
Q5VYK3 Proteasome-associated protein ECM29 homolog PE8032 Actin, alpha cardiac muscle 1
Q5TGC3 F-box protein? P13533 Myosin, heavy chain 6, cardiac muscle, alpha
PE3208 S-phase kinase-associated protein 1 A2TDB6 Myosin, heavy chain 7, cardiac muscle, beta
Q13616 Cullin-1 Q13765 Nascent polypeptide-associated complex subunit alpha
Q5TDHO Protein DDI1 homolog 2 075340 Progr d cell death protein 6
Q0va24 Valosin-containing protein Q59G24 Activated RNA polymerase |l transcription cofactor 4 variant
New putative PIPs related to the UPP (7) P84077 ADP-ribosylation factor 1
Q93009 Ubiguitin carboxyl-terminal hydrolase 7 P25705 ATP synthase subunit alpha, mitochondrial precursor
PE2877 RING-box protein 1 POG576 ATP synthase subunit beta, mitochondrial precursor
QB6VPE Cullin-associated NEDD8-dissociated protein 1 PE1626 Lysozyme C precursor
QEFHD3 Proteasome assembly chaperone 1 (PAC-1) QIB6DA0 Protein UNQ773/PRO1567 precursor
Q969U7 Proteasome assembly chaperone 2 (PAC-2) Q5JR23 Deleted in malignant brain tumors 1
A4D216 Proteasome assembly chaperone 3 (PAC-3) PE2263 4085 ribosomal protein S14
Q2KHP4 HSPAS protein Q96P70 Importin 9
QIGZP4 UPF0424 protein C1orf128
P35237 Serpin B6
P39687 Acidic leucine-rich nuclear phosphoprotein 32 family member A

FiGc. 5. Venn diagram illustrating the overlap between human PIPs identified by us and the most recent surveys on human PIPs
interaction data obtained by TAP strategies followed by systematic MS identification of proteins (32, 46).

identified 38 new putative PIPs. Of these, 17 are directly
linked to proteasome function: 10 proteins had already been
reported as PIPs in other species, but seven proteins identi-
fied only by us constitute new putative PIPs using proteomics
analysis (Fig. 5).

One of these, Usp7, better known as HAUSP for herpes
virus-associated ubiquitin-specific protease, was undoubt-
edly detected and validated in the pool of proteins identified
after proteasome complex purification from non-treated
erythrocytes with 28 top ranking unique peptides and 25%
sequence coverage. It was not identified in proteasomes
purified from formaldehyde-treated red blood cells, and no
signal corresponding to tryptic peptides of this protein
could be detected in the LC-MS traces obtained after di-
gestion of protein gel bands from the SDS-PAGE-separated
formaldehyde-treated samples. HAUSP belongs to the
ubiquitin-specific protease (USP) subfamily of the deubig-
uitinating enzymes (DUBSs), a well conserved family of cys-
teine proteases (48), but is a new reported PIP. HAUSP is a
major player in the p53-MDM2 pathway (49). This protease
is reported to localize to promyelocytic leukemia bodies
(50), but an important fraction of this protein was also
observed in the cytosol (51).

Benefit of Formaldehyde Treatment on PIP Recovery—The
benefit of formaldehyde treatment was evaluated by estimat-
ing the relative abundance of PIPs in purified samples from
formaldehyde-treated and non-treated erythrocytes. The
spectral counting approach was used to calculate the ratio of
spectral copies of these proteins in the formaldehyde-treated
sample versus in the non-treated sample (Tables | and Il). For
more precision, only proteins identified with a high number of
spectral copies (>50; arbitrary chosen threshold) at least in
one experiment were considered for the relative quantitation
reported in Tables | and Il. Results show that an average ratio
of 1.0 = 0.1 was obtained for 20 S subunits, whereas higher
ratios (1.0—4.9) were reported for 19 S subunits. These results
highlight again the benefit of formaldehyde reticulation for the
stabilization of the interactions between the 20 S proteasome
and its 19 S activators. Interestingly it seems that the 19 S
subunits that are the most remote from the 20 S particle are
more difficult to maintain without formaldehyde treatment as
observed from the average ratios of the base subunits (ratio =
1.4 = 0.3; subunits Rpt1 to -6 and Rpn1 and -2) compared
with the lid subunits (ratio = 2.7 = 1.2; subunits Rpn3 to -12).
Formaldehyde cross-linking did not significantly stabilize
PA28 interaction as the MS/MS ratios (1.1 and 1.3 for PA28«
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Fic. 6. Detection of 20 S core particle in the immunoprecipi-
tated HAUSP complexes. HAUSP complexes were immunoprecipi-
tated using the anti-HAUSP antibody or a control antibody as de-
scribed under “Experimental Procedures,” separated by SDS-PAGE,
and transferred to a nitrocellulose membrane. Rabbit polyclonal an-
tibodies against 20 S core subunits were used for the immunoblot
staining. Lane 1, 0.05 png of commercially available human erythrocyte
20 S proteasome; lanes 2 and 4, whole protein content of eluted
proteins from a 1.5-ml erythrocyte aliquot precipitated with the anti-
HAUSP antibody (fane 2) or with the OX8 antibody (control) (lane 4);
lane 3, protein sample eluted from the anti-HAUSP-Dynabeads after
incubation with 1.5 ml of lysis buffer.

and PA28p, respectively) were very close to 1. This was also
the case for PI31, which competes with PA28 for binding to 20
S proteasomes (41). On the contrary, it dramatically affected
PA200 recovery.

As far as the other PIPs were concerned, formaldehyde had
a global positive effect because it enabled important PIPs like
ECM29, HSP90-8, and multiubiquitin chain-binding proteins
(hHR23B, DDI1 homolog 2, and eEF1a1) to be identified or
greatly increased the recovery of others like USP14 or valosin-
containing protein, a PIP that had not been identified before
by TAP strategies. However, for others, like HAUSP or the four
identified components of the SCF complex, F-box protein7,
SKP1, Cullin-1, and Ring-box protein 1, the formaldehyde
treatment was undoubtedly detrimental (Tables | and Il and
supplemental Data 1 and 2).

Validation of HAUSP as a Newly Identified PIP—To validate
that HAUSP belongs to proteasome complexes, a reverse
immunoprecipitation experiment was carried out by using a
polyclonal antibody directed against HAUSP. Two negative
control experiments were run in parallel as explained under
“Experimental Procedures.” Immunoprecipitated proteins
were analyzed by Western blotting using the rabbit polyclonal
antibody directed against core subunits of 20 S proteasome
(ab/a7, B1, B5, B5i, and B7). As displayed in Fig. 6, the
characteristic pattern of 20 S proteasome subunits was ob-
served in the immunoprecipitated protein sample obtained
after incubation of human erythrocytes with the anti-HAUSP
antibody; on the contrary, no significant signal could be de-
tected in the control samples, indicating that 20 S proteasome
specifically interacts with HAUSP. Nano-LC-ESI-LTQ-Orbi-
trap MS/MS analyses enabled the identification of HAUSP
with a very high sequence coverage (77 %) and confirmed the
presence of 20 S subunits but also 19 S and PA28 regulators
in the protein sample immunoprecipitated with the anti-
HAUSP antibody only (results not shown).

DISCUSSION

The Affinity Purification Procedure Described Is Efficient for
the Capture of Physiological Proteasome Complexes and

PIPs—We report in this work a single step affinity purification
strategy of endogenous proteasome complexes and PIPs
from human erythrocytes based on the high affinity between a
monoclonal antibody and the «2 subunit of the 20 S
proteasome.

Compared with other strategies of 26 S proteasome purifi-
cation using a tandem affinity purification method that de-
creases the number of false positive interactors (28), a single
step affinity purification method can be more efficient to main-
tain weaker and more transient protein-protein interactions.
Moreover when using careful experimental design including
proper controls, true interactors can be discriminated from
contaminants (33). A negative control purification was con-
ducted, and a label-free differential quantitative method was
carried out to distinguish false positives from putative PIPs.
An originality of this approach compared with already pub-
lished strategies to purify human 26 S proteasome is that the
bait protein is the a2 subunit, a constitutive subunit of the 20
S complex present in all existing subtypes of 20 S particles.
Therefore, in principle, all cellular proteasome complexes can
be captured. Any other constitutive subunit of the 20 S core
might have been used as a prey as far as the epitope is not
hindered when the physiological complex is assembled. An-
other significant improvement of our approach over those
described previously for human 26 S proteasome purification
by affinity chromatography (30-32) is that wild-type endoge-
nous complexes are targeted because no overexpression or
tagging strategies are involved. Moreover the strategy can be
used on any human sample, tissues, biopsies, cultured cells,
or biological fluids.

All 20 S proteasomal subunits from the standard protea-
some and from the immunoproteasome were identified with
very good recoveries. All known regulatory complexes asso-
ciated to the 20 S core particle, 19 S subunits, PA28a, and
PA200 were also co-purified in high quantities except PA28y,
which is known to be exclusively nuclear in localization (18).
These results therefore validate our method to efficiently pu-
rify proteasome complexes. Moreover because the prey pro-
tein is a subunit from the 20 S core particle, the approach
enables evaluation of the heterogeneity of regulatory com-
plexes associated to 20 S proteasomes. For example, the
presence of premature 20 S complexes is suspected as three
reported proteasome-assembling chaperones (PACs) (52, 53)
were co-purified. It seems therefore that our technique might
also be of interest for the study of mammalian 20 S protea-
some biogenesis. Interestingly we could identify PI31 with a
good sequence coverage of 61%. This well known protea-
some inhibitor was not reported as a PIP using 19 S epitope
tagging strategies possibly because this protein directly inter-
acts with the 20 S proteasome (41) and may not belong to
proteasome complexes involving 19 S activators.

We have identified several proteins belonging or related to
the UPP that have been reported previously as human PIPs
using 19 S tagging strategies (31, 32, 46, 54). This confirms
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the validity of our strategy to identify physiological PIPs. Other
UPP-related proteins identified in this work had only been
reported as PIPs in others species, such as Ddi1, a well
characterized PIP in yeast (55), and some proteins of the SCF
complex interacting with proteasomes in yeast (25) and in
Arabidopsis thaliana (56), or had never been reported so far,
such as Ring-box protein 1, PACs, HAUSP, HSPA5, and
Cullin-associated NEDD8-dissociated protein 1.

Other proteins identified as putative PIPs in this work do not
belong to the UPP. Histones (32) or proteins of the actomy-
osin cytoskeleton signaling pathway (21, 57) have already
been observed in TAP purified proteasome preparations or
co-immunoprecipitate with proteasomes. Subunit « of the
nascent polypeptide-associated complex (NAC) has never
been reported as a PIP so far. It contains a ubiquitin-associ-
ated (UBA) domain but does not associate with ubiquitin
chains in yeast (58). It interacts with nascent polypeptide
chains emerging from the ribosome and might link, as eEF1«
does, the proteasome with the protein synthesis quality con-
trol. Moreover one of our newly identified putative PIPs, acti-
vated RNA polymerase Il transcription cofactor 4 variant, con-
firmed the link already reported between the proteasome and
RNA polymerase Il (32, 59), suggesting that the proteasome
plays an important role in transcription. Other proteins have
not been reported so far to interact directly or indirectly with
proteasomes. They could constitute either functionally active
proteasome interactors or proteasome substrates as polyu-
biquitin chains with Lys*8-ubiquitin attachment were detected
by mass spectrometry in the gel migration zone correspond-
ing to high molecular mass proteins. Importantly although
proteomics quantitative strategies efficiently help in distin-
guishing contaminants from true complex components, not all
specific interactors can be unambiguously determined (60).
Moreover although the MCP21 antibody has been shown in
previous studies to be highly specific (61), we cannot rule out
that our more sensitive detection method may have led to the
identification of non-proteasomal proteins cross-reacting with
this antibody. Therefore, further studies will be required to
validate the candidate interactors.

Discrepancies observed between our results and those
published previously might be accounted for by the cell type
or the localization specificity of some PIPs. Nuclear proteins,
like PA28v, reported by others (46) have not been identified in
erythrocytes, whereas some PIPs identified in this work might
be specific to erythrocyte cells. Proteasome complexes and
PIPs purification from human erythrocytes, which cannot be
undertaken with tagging strategies, has never been reported
to our knowledge. The diversity of PIPs in such cells contain-
ing no nuclei might be lower than that in other cell types.
Another explanation might be the differences in the strategies
used. Tagging one 19 S subunit might be more efficient to
catch labile and dynamic interactors of 19 S particle than
using the 20 S proteasome as a bait especially if no cross-
linker is used. On the contrary, our approach should be more

appropriate to broaden the study to the overall cellular pro-
teasome complexes. Indeed PA28 or PA200 activators might
be associated with specific interactors. Our work can there-
fore constitute a complementary approach to already pub-
lished surveys.

Native and Formaldehyde Cross-link Purifications Are Com-
plementary to Identify PIPs—The improvement in protein re-
covery and identification due to the use of formaldehyde
was measured using the spectral counting approach (40),
which showed that formaldehyde efficiently stabilized the
association between the 20 S core particle and its regula-
tors. Formaldehyde fulfills several criteria for efficient en-
dogenous protein-protein interactions stabilization (34). In-
terestingly formaldehyde treatment did not affect the
catalytic activity of the purified complex against fluorogenic
peptides. Therefore, mild formaldehyde cross-linking might
not affect the buried active sites of the 20 S catalytic core
and does not apparently perturb the overall structural ar-
rangement of the protease.

The benefit of the cross-linking process in terms of protein
linkage stabilization seems to be the most significant for the
most remote proteins from the prey protein (a2 subunit of 20
S proteasome). Indeed subunits from the 19 S lid were recov-
ered with significantly higher spectral copies when the cross-
linking process was realized contrary to subunits from the
base for which the positive effect was less pronounced.
Among the base subunits, recoveries of Rpn1 and Rpn2 seem
to be roughly the same with and without formaldehyde, which
correlates nicely with the latest published results on 19 S base
subunit structural arrangements showing that these subunits
are the most tightly anchored to the 20 S particle (62). Other
major proteins from the UPP exhibited increased recoveries
after formaldehyde treatment or were identified only in the
cross-linked purified proteasome complexes. These proteins
might therefore constitute transient or labile proteasome in-
teractors. This is in accordance with previous results from
Wang and Huang (32) showing that hHR23B, USP14, and
ubiquitin are dynamic interactors of proteasome using the
QTAX (quantitative analysis of tandem affinity-purified in vivo
cross-linked (X) protein complexes) strategy.

Our results show, however, that the use of formaldehyde
can be detrimental for the detection of several high molecular
mass proteins, such as HAUSP (~130 kDa), PA200 (~210
kDa), Cullin-1 (~90 kDa), or ubiquitin ligase E3C (~120 kDa),
or of proteins belonging to high molecular mass complexes
such as the four identified proteins from the large SCF ubig-
uitin ligase complex. These results can be explained by the
fact that covalent linkages mediated by formaldehyde treat-
ment might be incompletely broken before SDS-PAGE sepa-
ration or might induce their precipitation/insolubility.

Finally a total of 17 of 86 proteins identified were specific to
the formaldehyde-treated purified sample, whereas 13 were
specific to the non-treated purified one. This seems to indi-
cate that both native and cross-linked approaches might be
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necessary to increase the number of identified proteins. This
conclusion can be of particular importance for the develop-
ment of optimized strategies for new PIP identification in other
human biological samples.

HAUSP Is a Newly Identified Proteasome-associated
DUB—HAUSP, a processive DUB, was unambiguously iden-
tified as a PIP in human erythrocytes, and a reverse immuno-
precipitation experiment using HAUSP as a bait confirmed
this biological interaction. The question to be solved now is
“what is the role of HAUSP within proteasome complexes?”

Three DUBs only, Rpn11, ubiquitin protease 14, and ubig-
uitin carboxyl hydrolase 37 (UCH37), have been reported to
associate to proteasomes so far. They are abundant com-
ponents of proteasome complexes, but they are not sub-
strate-specific, and their main role is to deubiquitinate sub-
strates fated to proteolysis and to regenerate ubiquitin
(63).

HAUSP, on the contrary, probably has a selective set of
substrates (64). Indeed its removal using RNA interference-
based strategies does not lead to global changes in ubiquiti-
nation (64) even if it has major implications on cellular growth
through action on the p53 pathway (65). Moreover HAUSP is
reported to deubiquitinate its substrates, like p53 and MDM2
(66), so that they can escape from proteasome proteolysis.

The binding of HAUSP to the proteasome might enhance
its deubiquitinating activity as it demonstrated a 300-fold
increase in the in vitro activity of Ubp6, the yeast orthologue
of mammalian USP14, when bound to the proteasome (27).
Ubp6 interacts with the Rpn1 subunit of the 26 S protea-
some through its amino-terminal ubiquitin-like domain (67).
Therefore one cannot exclude that HAUSP could also inter-
act with the 19 S regulatory complex through its recently
predicted four carboxyl-terminal ubiquitin-like domains (68).

The presence of HAUSP in proteasome complexes might
be a mean to regulate the activity and the efficiency of this
important DUB. Indeed the probability to find its substrates
might be very high in the proteasome vicinity. Therefore the
inhibition of this interaction might constitute a new thera-
peutic strategy especially in hematopoietic tumors where
mutations on the p53 gene are rare compared with solid
tumors (69). Future investigations will be necessary to char-
acterize the domains of the enzyme responsible for its pres-
ence in proteasome complexes. ldentification of proteins
associated to HAUSP will also represent an important
step in the understanding of its role in the degradation
machinery.

Finally our purification strategy represents a precious tool
to identify new physiological PIPs. When associated to rel-
ative proteomics quantitation approaches, it could be used
to perform differential analysis of proteasome networks in
particular cellular physiological states so that the biological
significance of HAUSP and other PIPs could be better
understood.
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