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The insulin-degrading enzyme is an allosteric modulator of the 20S
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Abstract

The interaction of insulin-degrading enzyme (IDE) with the main intracellular proteasome assemblies (i.e, 30S, 26S and
20S) was analyzed by enzymatic activity, mass spectrometry and native gel electrophoresis. IDE was mainly detected in
association with assemblies with at least one free 20S end and biochemical investigations suggest that IDE competes with
the 19S in vitro. IDE directly binds the 20S and affects its proteolytic activities in a bimodal fashion, very similar in human
and yeast 20S, inhibiting at (IDE) <30 nM and activating at (IDE) > 30 nM. Only an activating effect is observed in a yeast
mutant locked in the “open” conformation (i.e., the a-3AN 20S), envisaging a possible role of IDE as modulator of the 20S
“open”—"closed” allosteric equilibrium. Protein—protein docking in silico proposes that the interaction between IDE and the
20S could involve the C-term helix of the 20S a-3 subunit which regulates the gate opening of the 20S.

Keywords Insulin-degrading enzyme - IDE-20S proteasome interaction - IDE-20S molecular docking - Open-close 20S
equilibrium
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peptidase of the M16 family of metalloenzymes highly
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have been described as additional sites where the canoni-
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originally identified as the key enzyme for the degradation
in vitro of insulin and of several short bioactive peptides
(such as p-amyloid, amylin, glucagon, transforming growth
factor-a, atrial natriuretic peptides, somatostatin, ABri and
ADan), which all share the propensity to form f-sheet-rich
amyloid fibrils [2, 7-11]. Furthermore, the cohort of mol-
ecules (i.e., ATP, PIP3, long-chain fatty acids, metal ions,
somatostatin and dynorphin, among others) identified as
allosteric or direct modulators of IDE supports the compel-
ling notion that IDE conformation, activity and distribution
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are finely tuned depending on the metabolic state of the cell
[10-16].

Several studies provide evidence that IDE dysregulation
is implicated in the onset of type 2 diabetes mellitus (T2DM)
and Alzheimer’s disease (AD) [2, 17-19]. With respect to
T2DM, IDE has been long considered a promising target
in developing novel therapies aimed at reducing the insulin
degradation: however, major concerns regarding the thera-
peutic efficacy of its inhibition are emerging along with a
general reconsidering of the activity on insulin in vivo [20,
21]. With respect to AD, following the identification of IDE
as the major f-amyloid degrading enzyme, it has become
increasingly clear that dysregulation of IDE expression and
function, as a result of either acquired or inherited condi-
tions, facilitates the AD onset [2, 8, 9, 13, 22]. The role of
IDE in AD is even more attractive in view of the proposed
novel biological roles, which all point to a wider contribu-
tion of IDE to the proteostasis, a hallmark of AD onset as
well as of other neurodegenerative diseases [2, 22-27].

With respect to this, IDE is supposed to regulate the
ubiquitin—proteasome system (UPS) as demonstrated by the
extensively documented co-purification with the proteasome
and the recently proposed role as a non-canonical ubiquitin-
activating enzyme [25-32].

The UPS is responsible for most of the non-lysosomal
protein degradation into the cells, thus playing a key role in
the protein quality control, maintenance of proteostasis and
regulation of cell metabolism [33-37].

The proteasome is a proteolytic complex composed of
a 20S core particle (CP), harboring the proteolytic active
sites, capped by one or two 19S regulatory particles (RP)
(forming the 26S and the 30S proteasome, respectively),
which assist the binding, unfolding and translocation of the
substrate (i.e., poly-ubiquitinated proteins) into the catalytic
core [35, 37-45]. The 20S is a barrel-shaped hollow cylinder
formed by four stacked rings, containing seven o-subunits
in the two outer rings and seven f-subunits in the two inner
rings. The 1, f2 and B5 subunits provide the catalytic sites
for the caspase-like, trypsin-like and chymotrypsin-like
enzymatic activities, respectively [38—47]. Extensive stud-
ies indicate that the structural arrangement of the N-terminal
tails of the a-subunits, and in particular that of the a-3 subu-
nit, which protrudes into the catalytic channel, are respon-
sible for the transition from the “closed” to the “open” state
(and viceversa) of the 20S, which is a requisite for substrate
accommodation into the catalytic chamber [39, 47]. Thus,
binding of the 195, as well as of other RPs identified so far
(i.e., PA28, BIm10 in yeast, PA200), is expected to regulate
the overall structural topology of the a-ring, inducing the
opening of the catalytic channel and promoting the entry
and the catalysis of proteasome substrates. Moreover, the
binding of the RPs modifies proteasome substrate specifici-
ties [43-46, 48-52]. In fact, it is widely recognized that,
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in the intracellular compartment, the 20S exists also in the
uncapped form which is proposed to cope with the ubiqui-
tin-independent degradation of oxidized and unfolded sub-
strates, even though a clear demonstration of this role in vivo
is still lacking [53-57]. Nonetheless, there is evidence that,
under oxidative stress conditions, capped particles undergo
dissociation favoring the increase in the pool of free 20S
[55, 57]. However, the mechanisms regulating the substrate
recognition and the activity of the 20S are still unexplored.

Herewith, we combined a biochemical and a native spec-
troscopic approach on cell extracts to carry out a molecular
investigation which reveals that IDE regulates in a bipha-
sic fashion the enzymatic activities of the 20S through a
direct and high-affinity interaction with the subunits of the
a-ring. Notably, it further emerges that IDE is able to work
as a competitor of the 19S binding to the 20S in vitro, thus
envisaging a role of IDE as one of the modulators of the
equilibrium between the different proteasome populations
(i.e., 30S, 26S and 20S).

Materials and methods
Cell cultures

SHSYSY and HEK-293 were grown in high-glucose DMEM
supplemented with 10% FBS, L-glutamine (2 mM), penicil-
lin (50 IU/mL), streptomycin (50 pg/mL), sodium pyruvate
(1 mM) and ciprofloxacin (0.03 mM) at 37 °C in a humidi-
fied 5% CO, chamber. Peripheral blood from healthy vol-
unteers was harvested in tubes containing 2 mM EDTA and
centrifuged at 3500 rpm for 5 min. Then, the cells were
washed four times with PBS supplemented with 2 mM
EDTA and centrifuged at 3000 rpm for 2 min at 4 °C.

Native gel electrophoresis

The assay was performed by following the methodology
described elsewhere [58]. SHSY5Y, HEK-293 and red
blood cells (RBCs) (1 x 10°) were lysed in detergent-free
buffer (250 mM sucrose, 25 mM Tris—HCl, 5 mM MgCl,,
1 mM EDTA, 2 mM ATP, 5% glycerol, pH 7.4) through
freeze—thaw cycles for preparation of the crude cell extracts
(i.e, the soluble fraction of the cytosol). The soluble fraction
was then “squeezed out” through centrifugation for 30 min at
14,000 rpm and 4 °C. The protein concentration was normal-
ized by Bradford assay.

Thereafter, 150 ug of proteins was separated under native
conditions in a 3.5% acrylamide gel. Gels were then har-
vested and soaked in a clean dish in a reaction buffer (50 mM
Tris, 5 mM MgCl,, 1 mM ATP, pH 7.5) containing 100 pM
of a substrate specific for the chymotrypsin-like activity of
proteasome (i.e., Suc-LLVY-7-amino-4-methylcoumarin,
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hereafter referred to as LLVY-amc). This analysis allows
to study the distribution and the activity of the three main
proteasome sub-assemblies: the 30S, corresponding to the
RP,-CP particle, the 268S, corresponding to the RP-CP, and
the 20S, corresponding to the CP.

Proteins were then transferred to a HyBond-ECL nitrocel-
lulose filters (see also below for details) and probed with an
antibody specific for IDE (Covance) and for a-7 proteasome
subunit (PSMA3) or Rpt2 subunit of the 19S base (PSMC1)
(Protein-tech), diluted 1:3000 in 0.02% Tween-PBS fat-free
milk and, thereafter, incubated with a horseradish perox-
idase-conjugated anti-rabbit or anti-mouse IgG antibody
(Bio-Rad, Hercules, CA, USA), diluted 1:50,000 in 0.2%
Tween-PBS fat-free milk.

In the case of the analysis involving the purified 20S pro-
teasome (1 pg unless otherwise indicated), we have investi-
gated the human 20S proteasome (Boston Biochem) (h20S),
the yeast wild-type 20S proteasome (wt y20S) (a generous
gift from prof. Groll) and a yeast mutant (i.e., a-3AN, a
generous gift from prof. Groll, where the first 9 amino acids
of the N-terminus of the a-3 chain have been removed) [47].
All three types of 20S proteasomes were incubated in the
presence of different concentrations of a rat recombinant
IDE which was >95% identical to the human IDE (R&D
System) (ranging from 30 to 200 nM) for 15 min at 37 °C in
the standard activity buffer (25 mM Tris—-HCI, pH 7.8). In
the case of the assay involving also the affinity purified 19S
(h19S) (Boston Biochem), h20S (57 nM) and h19S (250 nM)
were incubated in the presence of IDE in 25 mM Tris—HCI,
5 mM MgCl,, 1 mM ATP, 1 mM DTT, 1 mM EDTA and 5%
glycerol, pH 7.5, for 15 min at 37 °C.

In these cases, the complexes were run under native con-
ditions and then stained either by Western blotting (WB) as
previously indicated or by Coomassie Brilliant Blue (CBB).

Kinetic analysis

The characterization of h20S activities (i.e, chymotrypsin-
like, trypsin-like and caspase-like) as a function of IDE con-
centration was carried out through a fluorimetric approach,
employing different fluorogenic substrates (namely, the
fluorogenic LLVY-amc substrate for the chymotrypsin
activity, the fluorogenic LLR-amc substrate for the trypsin-
like activity and the fluorogenic LLE-amc substrate for the
caspase-like activity) (Boston Biochem, Boston, USA).

All three types of 20S (namely, human, yeast wt and
the mutant a-3AN) were diluted to a final concentration of
1 nM, unless otherwise indicated, in the assay buffer (25 mM
Tris—HCI, pH 7.8) and the activity on fluorogenic substrates
was monitored in the absence and in the presence of dif-
ferent concentrations (ranging from 5 to 100 nM) of IDE.
Before the substrate addition, the 20S and IDE were allowed
to interact for 10 min at 37 °C. The rate of hydrolysis of

the fluorogenic substrate was monitored for 45 min, a time
interval over which only a small fraction of the substrate
underwent proteolysis, and the relative velocities were
extrapolated. In the case of the caspase-like activity (which
was measured only for h20S) some additional considerations
were required, since IDE was able to cleave the fluorogenic
LLE-amc substrate in vitro [24]. Therefore, the caspase-like
activity was derived by subtracting the enzymatic kinetics
(mol/s), obtained from IDE alone at various concentrations,
from the catalytic activity of h20S observed in the presence
of the same IDE concentrations. Results are reported as rela-
tive velocity in the presence and in the absence of IDE.

Protein—protein docking

The interaction between IDE and h20S was studied using
protein—protein molecular docking software Hex-v8.0.0
[59]. The structure of IDE was obtained from the PDB entry
2G47 [60] removing any non-protein element (ligands and
water). The missing IDE loop (res 971-978) was modeled
and the obtained structure was further optimized using the
“Modeller” loops refinement tool [61], which is available on
UCSF Chimera (v1.10). The structure of h20S was obtained
from the PDB entry 4R30.

The docking was performed using the “Shape-Electro”
correlation with “OPLS Energy” refinement. The “range-
angle” sampling method was used with a receptor and ligand
angle range of 180° (step size 7.5), an “alpha” angle range of
360° (step size 5.5) and a relative distance range of 40.0 A
(step 0.8). Due to the large dimension of the 20S particle, the
“macro-docking” procedure was used to uniformly sample
the receptor surface, performing a series of ligand-receptor
docking on a well-dispersed set of sites.

The hydrogen bond and electrostatic (salt bridges) inter-
actions between IDE and h20S in the docking poses were
analyzed with a homemade script using the MDAnalysis
Python module [59].

Proteasome enrichment and quantification

2.5x 108 HEK cells were washed three times with PBS and
stored at — 80 °C. Cells were lysed with 2 mL of lysis buffer
per plate [10 mM Hepes pH 7.9, 10 mM KCI, 5 mM MgCl,,
10% glycerol, 10 mM ATP, 1% NP40, protease and phos-
phatase inhibitor (Roche)] by 15 cycles of 1 min sonication
at 4 °C. After centrifugation (10 min at 4000 g), the super-
natant was filtered with 0.2 um filters (Sigma-Aldrich) and
concentrated down to 800 pL on an Amicon ultracentrifugal
device (100 kDa MWCO, Merck Millipore). Samples were
then fractionated by gel filtration on a Superose 6 column
(GE Healthcare), previously equilibrated with the lysis
buffer. 50 fractions of 500 uL. were collected. The protein
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concentration was determined by a detergent-compatible
assay (DC assay; Bio-Rad).

Detailed LC-MS/MS analysis, data search
and validation

For each fraction, a volume corresponding to 30 ug of total
protein was precipitated with 20% TCA and washed with
acetone. Samples were boiled 5 min at 95 °C in Laemmli
buffer to denature proteins. Proteins were first alkylated with
100 mM chloro-acetamide for 30 min at room temperature
in the dark. Thereafter, they were concentrated in a single
band on a 12% acrylamide SDS-PAGE gel and visualized
by colloidal CBB. One-shot analysis of the entire mixture
was performed. A single band, containing the whole sam-
ple, was cut and washed in 50 mM ammonium bicarbonate
for 15 min at 37 °C, followed by a second wash in 50 mM
ammonium bicarbonate and acetonitrile (1:1) for 15 min at
37 °C. Trypsin (Promega) digestion was performed over-
night at 37 °C. The resulting peptides were extracted from
the gel by three steps: a first incubation in 50 mM ammo-
nium bicarbonate for 15 min at 37 °C and two incubations in
10% formic acid acetonitrile (1:1) for 15 min at 37 °C. The
three collected extractions were pooled with the initial diges-
tion supernatant, dried in a Speed-Vac, and resuspended with
2% acetonitrile and 0.05% trifluoroacetic acid. The peptide
mixtures were analyzed by nano-LC-MS/MS using an
Ultimate3000 system (Dionex) coupled to an LTQ-Orbitrap
Velos mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany). Five microliters of each peptide sample, corre-
sponding to an equivalent initial quantity of 7.5 ug of total
proteins, was loaded on a C18 precolumn (300-pm inner
diameter X 5 mm; Dionex) at 20 uL/min in 5% acetonitrile
and 0.05% trifluoroacetic acid. After 5 min of desalting, the
precolumn was switched on line with the analytical C18 col-
umn (75 um inner diameter X 15 cm; PepMap C18, Dionex)
equilibrated in 95% solvent A (5% acetonitrile, 0.2% formic
acid) and 5% solvent B (80% acetonitrile, 0.2% formic acid).
Peptides were eluted using a 5-50% gradient of solvent B
during 110 min at a 300 nL/min flow rate. The LTQ-Orbit-
rap Velos was operated in data-dependent acquisition mode
with the Xcalibur software. Survey scan MS spectra were
acquired in the Orbitrap on the 350-1800 m/z range with
the resolution set to a value of 60,000. The 20 most intense
ions per survey scan were selected for CID fragmentation,
and the resulting fragments were analyzed in the linear trap
(LTQ). Dynamic exclusion was used within 60 s to prevent
repetitive selection of the same peptide.

Bioinformatic processing of mass spectrometry data

Raw MS files were processed with MaxQuant software
(version 1.5.0) for database searching with the Andromeda
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search engine and for quantitative analysis. Data were
searched against human entries of the Swiss-Prot protein
database (UniProtKB/Swiss-Prot Knowledgebase release
2016_01, Homo sapiens taxonomy, 20,194 entries). Carba-
midomethylation of cysteines was set as a fixed modifica-
tion, whereas oxidation of methionine, protein N-terminal
acetylation, and phosphorylation of serine, threonine, and
tyrosine residues were set as variable modifications. The
specificity of trypsin digestion was set for cleavage after
lysine (K) or arginine (R), and two missed trypsin cleav-
age sites were allowed. The precursor mass tolerance was
set to 20 parts per million (ppm) for the first search and
to 4.5 ppm for the main Andromeda database search. The
mass tolerances MS/MS mode was set to 0.5 Daltons. Mini-
mum peptide length was set to seven amino acid residues,
and the minimum number of unique peptides was set to
one. Andromeda results were validated by the target-decoy
approach with a reverse database at both a peptide and pro-
tein false discovery rate (FDR) of 1%. For label-free rela-
tive quantification of the samples, the “match between runs”
option of MaxQuant was enabled with a time window of
0.5 min, to enable the cross-assignment of MS features
detected in the different runs. The “LFQ” metric from the
MaxQuant “protein group.txt” output was used to assess the
abundance of each protein.

Data quantification

Gel filtration profiles were normalized to account for protein
concentration differences across elution fractions. Then, for
each protein group, abundance values were normalized so
that the maximum value measured in all the elution fractions
was set at 1. For h20S and the 19S, the elution profiles were
obtained by averaging the abundances of the constitutive
20S subunits (al-a7, B3, p4, 6 and f7) and the abundances
of the PSMC1-7, PSMD1-4, 6-8, and 10-14 subunits,
respectively.

Statistical analysis
For the experimental procedures requiring a statistical analy-

sis, one-way ANOVA followed by Tukey’s post hoc signifi-
cance test was performed.

Results

Detection of IDE-proteasome particles
in the soluble fractions of various cell lines

We have recently reported that downregulation of IDE
expression in SHSYS5Y cells, upon delivery of an anti-
sense oligonucleotide, brought about an increase of the
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ATP-dependent proteolytic activity of the proteasome, sug-
gesting that IDE exerted an inhibition of the proteolytic
activity of the capped particles (i.e., 26S and 30S). Moreo-
ver, the hypothesis of an IDE-dependent negative modula-
tion was further supported by the observation that the cleav-
age kinetics of fluorogenic substrates (specific for the three
proteasome activities) by a purified 26S was slower in the
presence of IDE concentrations ranging from 5 to 50 nM
[26]. To unravel the mechanistic features of the IDE—protea-
some association and to identify the proteasome particles
interacting with IDE in cells growing under basal metabolic
conditions, we first performed a native gel electrophoresis
separation of the crude cell extracts of SHSYSY and HEK-
293 human cell lines, which display the three main intracel-
lular proteasome assemblies (i.e., 30S, 26S and 20S) [62,
63]. The proteasome particles were then probed with the
LLVY-amc fluorogenic substrate through an overlay assay
and transferred to a nitrocellulose filters to further assess
their identities.

By probing the filters with an anti-PSMA3 antibody (i.e.,
the a-7 subunit of h20S), it came out that in SHSYS5Y and
HEK-293 cells (Fig. 1a), the 26S was the predominant spe-
cies (52 +4 and 44 + 4%, respectively), followed by the 30S
(26 +6%) and the 20S (20+2%) (in the case of SHSY5Y
cells), whilst followed by the 20S (33 +3%) and the 30S
(23 +6%) in the case of HEK-293 cells.

By probing the filter with the anti-IDE antibody, it
emerged that IDE was preferentially bound to the 26S and
the 20S (36 +4 and 47 +7% for SHSYSY cells, respectively
and 50+2 and 41 +4% for HEK-293 cells, respectively)
(Fig. 1a). Conversely, IDE was faint in correspondence of
the 30S (17 +2 and 9+ 3% for SHSY5Y and HEK-293 cells,
respectively). Moreover, we could not detect IDE in corre-
spondence of other assemblies (such as the free 19S) over
a molecular range comprising between 700 and 2500 kDa.
Thus, with the exception of the 26S, the relative abundance
of the 30S and the 20S was significantly different upon
staining of the filter with the anti-IDE antibody or the anti-
PSMA3 antibody (in all cases, p <0.001).

To further validate the tight interaction between IDE and
the 20S, we screened by native gel electrophoresis the ter-
minally differentiated RBCs, wherein the free 20S is abun-
dantly represented [62—-64]. In RBCs, the 20S turned out to
be the predominant active species and, by further probing
the filter with the anti-IDE antibody, it emerged that IDE
was strongly immuno-detected in association with the 20S
(Fig. 1b).

The preferential binding of IDE to the 20S was further
confirmed by nano-liquid chromatography coupled to tan-
dem mass spectrometry (nano-LC-MSMS) showing their
co-elution upon size-exclusion chromatography separa-
tion (Fig. S1). IDE was associated with 20S assemblies
of different sizes; in particular, (1) the first peak (elution

volume =9.5-11 mL) most likely corresponded to 30S, 26S
and IDE-bound 26S particles, even though the resolution of
the approach did not allow concluding that IDE was bound
exclusively to the 26S and not to the 30S, as suggested by
the native gel approach; (2) the second peak (elution vol-
ume = 12-12.5 mL) most likely contained the 20S singly
and doubly capped with IDE, underlying the possibility that
one molecule of 20S was able to bind up to two molecules
of IDE; (3) finally, the existence of a third peak (elution vol-
ume = 14 mL), containing mainly 20S and IDE, suggested
the occurrence of IDE associated with hemi-proteasomes
(that is, containing only one a-ring and one p-ring). Alto-
gether, this analysis strongly supported the idea that IDE
associates with any free side of the 20S assemblies and that
the 20S may exist in vivo as a single and doubly IDE-bound
form.

IDE directly interacts with the 20S and competes
with the 19S

The distribution of IDE between the different proteasome
assemblies, and in particular the absence of IDE in associa-
tion with the 30S, stimulated our interest in addressing two
questions, namely: (1) whether a direct association occurs
between IDE and the 20S or else this interaction is medi-
ated in cell models by unidentified additional proteasome
interacting proteins (PIPs); (2) whether IDE putative bind-
ing to the free 20S could interfere with the binding of the
canonical 19S RP.

To address the first point, the interaction of an h20S and
IDE was investigated by a mobility shift assay (Fig. 2a).
The h20S (2 pg, 114 nM) was separated by native gel elec-
trophoresis in the presence and in the absence of 200 nM
IDE and probed with the LLVY-amc fluorogenic substrate
(Fig. 2a, left panel). In the presence of IDE, the electropho-
retic mobility of h20S was clearly delayed with respect to
the migration of h20S in the absence of IDE (Fig. 2a, left
panel). The particles were then transferred to a nitrocellulose
filter and probed with anti-PSMA3 and anti-IDE antibodies
to confirm the identity of the species. In the presence of IDE,
the band, corresponding to h20S (which displayed a molecu-
lar weight higher than that of h20S observed in the absence
of IDE), was recognized by both the anti-PSMA3 antibody
and the anti-IDE antibody, supporting the occurrence of a
direct interaction between the two macromolecules (Fig. 2a,
right panel). Interestingly, in the presence of 200 nM IDE,
we observed a slight activation of h20S chymotrypsin-like
activity, which can be appreciated through the negative stain
of the gel (Fig. 2a, left panel).

To address the second point, h20S (57 nM) was mixed
with an average fourfold excess of h19S (250 nM) and sep-
arated by native gel electrophoresis. In the absence of IDE,
the appearance of three enzymatically active populations,
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Fig.1 The extracts of the SHSY5Y and HEK-293 cells (left panel) three particles was determined through a densitometric analysis of the

and of the RBCs (right panel) were resolved by native gel electropho- WB bands (bottom panel). A representative immunoblot is shown.
resis and the proteasome particles probed with the LLVY-amc fluoro- Values reported are the mean + SE of five independent experiments.
genic substrate. The proteasome particles were probed with an anti- *Significantly different from the PSMA3 staining (p <0.001, one-way

IDE and anti-PSMA3 antibody by WB. The relative abundance of the ANOVA, followed by Tukey’s test, n=15)
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namely (1) h20S, (2) h26S and (3) h30S (Fig. 2b, left
panel, left column) was detected. Upon addition of 200 nM
IDE, the h26S and the h30S populations seemed to disap-
pear, whereas h20S was left and its activity was markedly
enhanced with respect to that of h20S mixed with the h19S
but in the absence of IDE (Fig. 2b, left panel, right col-
umn). Western blotting analysis of the same experiment
showed that, in agreement with the above reported results,
IDE was bound to h20S (Fig. 2b, right panel, left column)
and the h19S was left in the free state (Fig. 2b, right panel,
right column) as a result of an IDE-induced dissociation
of the h26S and h30S assemblies.

Notably, the order of addition of the macromolecules
was ineffective in altering the experimental outcome (data
not shown), indeed, suggesting that the equilibrium situ-
ation was attained fast with respect to the observation
time. This evidence seemed to indicate that under these
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conditions, IDE interfered in some way with the binding
of h20S particle to the h19S particle, displacing it.

Effect of IDE on the enzymatic activities of human
20S proteasome

The evidence reported above elicited interest in carrying out a
functional biochemical characterization of the IDE-dependent
modulation of h20S enzymatic activities. The substrate con-
centration dependence of the enzymatic activity rates follows
the Michaelis—Menten mechanism and it has been analyzed
according to the double-reciprocal plot:

(£ _ Ky 1

1
- " T + P 2 1
v ke [S] ke M
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where [E;] is the total enzyme concentration, v is the
observed rate (expressed in mol/s), [S] is the substrate con-
centration, K, is the Michaelis-Menten equilibrium constant
(referring to the substrate affinity for the enzyme), and k_,, is
the speed of the rate-limiting step.

Fig. S2A shows the Lineweaver—Burk plot for the three
enzymatic activities (i.e., the chymotrypsin-like activity,
employing the fluorogenic LLVY-amc substrate, the trypsin-
like activity, employing the fluorogenic LLR-amc substrate,
and the caspase-like activity, employing the fluorogenic
LLE-amc substrate) of the substrate degradation by 1 nM
h20S; the catalytic parameters are reported in Table 1. This
represents the required starting information to characterize
the effect of IDE on the enzymatic activities of h20S.

Figure 3 shows the dependence on IDE concentration for
the relative velocity, which puts in evidence the different
IDE-linked effects on the three enzymatic activities of h20S
in the presence of 50 pM of either one of the three fluoro-
genic substrates. A relatively weak IDE-dependent inhibi-
tory effect was observed for the chymotrypsin-like activity
and for the trypsin-like activity, while there was a marked
inhibitory effect of IDE on the caspase-like activity (see
Fig. 3 and Fig. S2B). However, for all three activities, the
IDE-linked effect displayed a bimodal behavior, even though
to a largely different extent, characterized by an inhibitory
effect at lower IDE concentrations, followed by a recovery
of the initial activity, which became an activation at higher
IDE concentrations that has been fully documented for the
chymotrypsin-like activity (see Fig. 3 and Figure S2A).

This feature indeed suggested the occurrence of (at least)
two functionally relevant binding sites for IDE on h20S,
which finds a significant correspondence with the native gel
and mass spectrometry data (see specific sections), accord-
ing to Scheme 1, where E is the free enzyme, ES is the
enzyme:substrate complex, E(IDE), is the complex between
the free enzyme and IDE (characterized by the binding affin-
ity constant 'Kpp), ES(IDE), is the complex between ES and
IDE (characterized by the binding affinity constant a-'Kpy),
E(IDE), is the complex between the free enzyme and two
bound molecules of IDE (the second site being character-
ized by the binding affinity constant *K;p), ES(IDE), is the

Relat. vel.

-
[IDE] %107

Fig.3 Relative velocity in the presence of 50 pM substrate as a func-
tion of IDE concentration for the chymotrypsin-like (circle), trypsin-
like (cross) and caspase-like (asterisk) activity of h20S. Continuous
lines are the non-linear least-squares global fitting of all three enzy-
matic activities according to Eq. (2e), employing parameters reported
in Tables 1 and 2

complex between ES and two bound molecules of IDE (the
second site being characterized by the binding affinity con-
stant y-2Kpp), K, and k_,, are the catalytic parameters in the
absence of IDE, a is the interaction parameter for the affinity
to the first site (reflecting the effect of IDE on the substrate
affinity and/or the effect of substrate on IDE affinity for the
first site, with a < 1 representing a positive interaction, which
increases the substrate and/or IDE affinity, with o> 1 repre-
senting a negative interaction, which decreases the substrate
and/or IDE affinity, and @=1 no interaction), f is the interac-
tion parameter for the rate-limiting step of h20S with only
one binding site occupied by IDE (reflecting the effect of IDE
on k., with <1 representing a negative interaction, which
decreases the rate of substrate proteolytic cleavage, with > 1
representing a positive interaction, which increases the rate
of substrate enzymatic processing, and f=1 no interaction),
v is the interaction parameter for the affinity to the second site
(reflecting the effect of IDE on the substrate affinity and/or
the effect of substrate on IDE affinity for the second site, with

Table 1 The catalytic

N Human Yeast o-3AN
parameters in the absence of
IDE at pH 7.8 and 37 °C of Chymotrypsin-like kg, (s~ 12.0+2.7 0.95+0.13 49.6+6.2
the chymotrypsin-like activity K. (M) 1.8 (£03)x 107 12 (£0.3)x 10~ 4.1(£0.5)x107
(employing the fluorogenic me .
LLVY-amc substrate) for h208S, Trypsin-like kg, (s™) 20+03
the wt y20S proteasome and its K, M) 53 (x0.7)x1073
mutant a-3AN Caspase-like k., (s™) 1.2+0.3
K. (M) 1.1 (£0.3)x107*

For h20S, the catalytic parameters are also reported for the trypsin-like activity (employing the fluorogenic
LLR-amc substrate) and for the caspase-like activity (employing the fluorogenic LLE-amc substrate)
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Scheme 1 Thermodynamic
scheme for the representation
of the interaction equilibria in E + S
the modulation by IDE of the
enzymatic activities of h20S (E)
toward synthetic substrates ()

IDE

1' 1KipE
E(DE): + S

IDE

1' 2KipE
E(DE) + S

y <1 representing a positive interaction, which increases the
substrate and/or IDE affinity, with y > 1 representing a negative
interaction, which decreases the substrate and/or IDE affinity,
and y=1 no interaction), ¢ is the interaction parameter for the
rate-limiting step of h20S with both binding sites occupied by
IDE (reflecting the effect of IDE on k., with 6 <1 represent-
ing a negative interaction, which decreases the rate of sub-
strate proteolytic cleavage, with 6> 1 representing a positive
interaction, which increases the rate of substrate enzymatic
processing, and =1 no interaction). Therefore, on the basis
of Scheme 1, the dependence on IDE concentration of the

double-reciprocal plot [see Eq. (1)] becomes:

[Eo)] a-y-K,-P 1 T

ol - m @ - +—, (23)
v kcat ‘R [S] kcat ‘R

where

P = ("Kipg -2 Kipg 2 Kipg - [IDE] + [IDE]?), (2b)

R=(a-y-'Kpg > Kpg + -7 > Kipg - [IDE] + 6 - [IDE]?),

(20)
T= (v Kpg > Kipg + 7 -> Kipg, - [IDE] + [IDE]).
(2d)
The relative velocity (i.e., v,y is:
K, +[S]
= (2¢)

Viel = .
a-y-K,-P+[S]-T

Km Kecat
- ES — E + P
+
IDE
1' a-'Kipe
== ES(IDE): — E(DE) + P
o' Km P:Keat
+
IDE
1' 7-2KipE
-_— ES(IDE): — EdDE)}: + P
oy Km 0-Keat

The solid curve in Fig. S2B, describing the inhibitory
effect of IDE on the caspase-like activity of h20S, was
obtained from Eq. 2e with 'Kjpp=1.35 (£0.3)x 107* M,
’Kipp=8.9 (x 1.3)x 107, @=1.5+0.3, =0.01+0.01,
vy=0.46+0.07 and 6=0.66 +0.08, accounting for an about
twofold decrease of the enzymatic activity, followed by a
partial (at least over the investigated IDE concentration
range) restoring (Fig. S2B). The apparent affinity of IDE
for these binding sites on h208 (i.e., 'K and 2K pp) indeed
refers to the free enzyme (see Scheme 1) and the value of
equilibrium constants is obviously independent of the sub-
strate; therefore, the smaller inhibitory effect of IDE on the
chymotrypsin-like and trypsin-like activities (Fig. 3) indi-
cates that IDE binding brings about a much smaller vari-
ation of the interaction parameters (see Table 2) for these
two enzymatic activities of h20S. This substrate-dependent
behavior is completely referable to a much larger IDE-
linked inhibitory effect on the rate-limiting proteolytic step
of the caspase-like activity after the binding of IDE to the
first interaction site, characterized by 'Kjp (i.e., Bk, see
Scheme 1), underlying a more enhanced sensitivity of the
caspase activity to the structural alteration induced by IDE
binding to this first site.

This inhibitory effect is followed by an activation for all
three enzymatic activities as IDE binds the second interac-
tion site, characterized by *Kjpg (see Fig. 3), and, at least
for the chymotrypsin-like activity, this effect is essentially
completed at 1 uM IDE (see Fig. 4a). The evidence that the
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Table 2 Interaction parameters according to Scheme 1 between IDE
and h20, the wt y20S proteasome and its mutant a3AN

Human Yeast o-3AN
Kpe M) 1.3 1.6 1.6 (£0.4)x 1078
(£03)x107®  (£0.3)x107®
Kipg M) 8.9 7.4 7.4 (£0.9)x 1075
(£1.3)x107%  (£0.9)x1078
Chymotrypsin-like
a 1.5+0.3 2.2+04 1.0°
B 0.79+0.09 0.35+0.05 1.0*
¥ 0.46+0.07 0.9+0.2 0.64+0.08
5 1.2+0.3 3.0+0.5 1.0+£0.2
Trypsin-like
a 1.5+0.3
B 0.72+0.09
¥ 0.46 +0.07
5 1.15+0.20
Caspase-like
a 1.5+0.3
B 0.01+0.01
¥ 0.46+0.07
5 0.66+0.08

These values are kept fixed

IDE-linked effect is exerted on all three enzymatic activi-
ties (though to a different extent) indeed suggests that it can
be attributed to a conformational change of h20S particle
and not to a local effect. This idea appears strengthened by
the evidence that the activation is characterized by both an
increase of the substrate affinity (as from y < 1, see Table 2)
and of the rate-limiting step velocity (as from 6> 1, see
Table 2).

It is noteworthy that this bimodal behavior as a function
of IDE concentration (see Fig. 4a) can be observed also by
native gel assay (see Fig. 4b), where different IDE concen-
trations are employed, clearly demonstrating that such a
bimodal feature is highly reproducible and allows to immedi-
ately relate the outcome of the enzymatic assay (see Figs. 3,
4a) with the native gel assay (see Fig. 4b).

Interaction of IDE with the wild-type yeast 20S
proteasome and its a3AN mutant

Starting from these observations and the hypothesis that IDE
affects the conformation of h20S, we decided to extend the
investigation on the effect of IDE to the chymotrypsin-like
activity of another type of 20S, which has been well char-
acterized by the structural viewpoint (namely the w y20S)
[47] and to its a-3AN mutant (where the first 9 amino acids
of the N-terminus of the «-3 chain have been deleted). Thus,
while the former is considered to lie in the “closed” confor-
mation, the mutant «3AN particle is thought to be locked

@ Springer

in the “open” configuration, since the deletion of the N-ter-
minal sequence of the a-3 subunit was reported to impair a
“closed” conformation [47].

To accomplish a comparative analysis for the IDE effect
on the chymotrypsin-like activity of human, yeast and
o-3AN mutant of the 20S, we carried out the characteriza-
tion of catalytic parameters in the absence of IDE for the
three 20S assemblies (see Fig. 5a) and they are reported in
Table 1.

Then, we set up a fluorimetric assay to evaluate the effect
of different concentrations of IDE ranging from 5 to 100 nM,
on wt y20S and its a-3AN mutant (see Fig. 5b). Interestingly,
the administration of IDE to wt y20S mirrored the behavior
observed for the chymotrypsin-like activity of h20S, char-
acterized by a significant inhibition of the wt y20S activity
on the LLVY-amc substrate up to 40 nM IDE, followed by
a significant recovery of the activity over the 40—100 nM
IDE range (Fig. 5b). Moreover, also in this case, the overall
behavior was fully reproducible by native gel electrophoresis
(Fig. 5¢).

Strikingly, in the case of the a-3AN mutant, the IDE-
linked inhibitory effect was never observed, not even at very
low IDE concentrations (see Fig. 5b), even though a slight
mobility shift of the particle was documented allowing to
hypothesize that IDE was actually bound. Conversely, an
IDE concentration-dependent increase of the mutant a-3AN
chymotrypsin-like activity on the LLV Y-amc substrate was
observed throughout the investigated concentration range
(Fig. 5b). The experimental outcome was confirmed also by
native gel electrophoresis (Fig. 5c).

Protein—protein docking of the interaction of IDE
with the 20S

To find a structural explanation to the observed IDE modula-
tion of 208 activity, a set of protein—protein docking in silico
experiments was performed. In Fig. 6a, the structures of the
top-10 best-scoring pose of IDE on the surface of h20S are
reported. A striking majority of the IDE docked poses were
found to interact with the a-3 subunit of h20S (only few low
scoring poses were found to interact with the a-4 subunit).
No direct interactions were observed with the p subunits. A
review of the observed residue—residue interactions between
IDE and h20S allowed to identify the binding site at the
C-term helix of the a-3 subunit, which shows some similar-
ity with the same region of the a-4 subunit.

This helix contains many charged residues (i.e., Lys237,
Lys245, Glu247, Arg248 and Glu249) which can interact
with a specific site on the surface of the IDE protein (see
Fig. 6b, c). In this site of IDE, a short “crevice” was found
with negatively charged residues on the sides (i.e., Glu486,
Glu962 and Asp964) and positively charges residues (i.e.,
Arg674 and Arg 782) at the bottom. These residues were
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Fig.4 a Relative velocity of the chymotrypsin-like activity of h20S
in the presence of 50 pM LLVY-amc as a function of IDE concen-
tration at pH 7.8 and 37 °C. The continuous line is the non-linear
least-squares global fitting of data according to Eq. (2e), employing
parameters reported in Tables 1 and 2. b h20S (114 nM) was allowed

found to form a number of hydrogen bonds and electro-
static (salt-bridges) interactions with the C-term helix of
the 20S -3 subunit.

However, the protein—protein interactions observed in
the in silico experiment should be considered with extreme
caution. Although the macro-docking protocol ensures an
even sampling of the h20S particle, it has to be pointed
out that the docking algorithm does not take into account
possible changes in secondary (nor tertiary or quaternary)
structure of the receptor or the ligand. Therefore, we pre-
sent the in silico results as a working structural hypothesis
for the IDE-h20S interaction, which definitely will need
some further experimental confirmation. The molecular
model here proposed, if reinforced by additional experi-
mental evidence (e.g., mutational studies, NMR FRET),
might constitute the basis for more in silico studies by
means of all-atom or coarse-grained molecular dynam-
ics simulations. These studies will permit to acquire more
insight into the stability of the complex and the effect on
the quaternary structure of 20S at a structural-dynamical
level.

208

08 1 ‘
-6

x10

IB:PSMA3

to react with the indicated IDE concentrations and separated by
native gel electrophoresis (left panel). The particles were probed with
100 uM LLVY-amc (right panel). The identity of the particles was
determined by WB. Reaction buffer: 25 mM Tris-HCI, pH 7.8, 37 °C

The proposed mechanism of IDE interaction can be sum-
marized in Fig. 6d, where IDE is shown to interact with the
C-term helix of the h20S «-3 subunit; this interaction indeed
is the preferential one, even though IDE seemed to margin-
ally interact also with the a-4 subunit.

Discussion

A functional interrelationship between IDE and protea-
some activity on fluorogenic and natural substrates has
been already hinted before, putting in evidence that the
IDE-linked effect on the proteasome was independent of
the enzymatic activity of IDE [26, 28-30]. However, these
original studies were addressed to proteasome particles only
partially purified from different biological systems and, most
notably, without excluding the possibility that they repre-
sented indirect effects [26, 28—30]. Moreover, although IDE
was reported to be generically associated with 20S and the
capped particles, its real distribution among the various pro-
teasome assemblies is unclear [26, 28-30].

@ Springer



D. Sbardella et al.

Yeast 208 wild-type (2 nug)

Yeast 208 a3AN (1 ug)

a C

IDE (nM) 0 10

30 50 100

IDE (nM) 0 30 100

>
o _208
100 uM LLVY-ame 100 pM LLVY-ame
0 2 4 6 8 10 12
1/ [LLVY-AMC] x10*
Negative Negative
3
5
&
_208 208
CBB

30+

A.U.

Fig.5 a Lineweaver—Burk plots of the substrate dependence in the
absence of IDE for the chymotrypsin-like activity of humans (cir-
cle), yeast wild type (cross) and yeast a-3AN mutant (asterisk) at pH
7.8 and 37 °C (buffer: 25 mM Tris—HCI, pH 7.8). Continuous lines
were obtained by non-linear least-squares fitting of data according to
Eq. (1), employing parameters reported in Table 1. b IDE-dependent
modulation of the chymotrypsin-like activity of h20S (circle), as
compared to y20S proteasome [wr (cross) and a-3AN mutant (aster-
isk)] on 50 pM LLVY-amc monitored through a fluorimetric assay.
Values are reported as relative activity, i.e., the activity of a specific
20S species at each IDE concentration vs that of the same 20S in

In this paper, data obtained through quantitative proteom-
ics and native gel analysis show that IDE predominantly
associates with proteasome particles, such as 20S and 268,
which display (at least) one of the two a-rings not involved
in the interaction with the 198 particle or other RPs (Fig. 1
and Fig. S1).
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the absence of IDE. ¢ IDE effect on the wr y20S and a-3AN mutant
activity was further examined by native gel electrophoresis. The com-
plexes were probed with 100 uM LLVY-amc. The Coomassie Bril-
liant Blue (CBB) staining of the gel is shown. The relative activity of
the 20S activity was quantified by densitometric analysis of the nega-
tive stain of the native gel normalized on the CBB staining for each
experimental condition. Values reported are the mean+SE of five
independent experiments in the case of the wt y20S and of three inde-
pendent experiments in the case of the a-3AN mutant. *Significantly
different from the control (p <0.001, one-way ANOVA, followed by
Tukey’s test, n=15 for wt y20S and n=9 for a-3AN mutant)

In addition, at an IDE concentration of 200 nM, that is
when the high-affinity inhibitory site to the a-3 subunit
should be fully occupied by IDE and the second activating
site is partially saturated (see Fig. 4), IDE likely competes
with h19S, enriching the pool of the free h20S. Therefore,
the IDE effect appears to induce a stabilization of h20S (see
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Fig.6 a Top-10 best-scoring poses obtained by docking of IDE on
h20S (IDE poses are represented as blue ribbons, proteasome o-3
subunit is shown in magenta). b Molecular surface of IDE colored
using electrostatic potential (red: <—1 eV/kT, blue:>+1.0 eV/KT).
¢ Close-up of the preferred binding site of IDE (residues showing
direct hydrogen bond or salt bridges interaction with the proteasome
a-3 subunit are labeled). d Overview of the best-scoring IDE-h20S
complex. IDE is indicated by ribbon with orange helices and blue
beta-sheets. 20S -3 subunits are shown in magenta, -2 subunits
(trypsin-like activity) in red, B-5 (chymotrypsin-like activity) in yel-
low and f-1 (caspase-like activity) in green

Fig. 2b), even though additional binding sites, such as with
the free 1985, even if not detected with the approaches here-
with described, cannot be ruled out.

Further, these data demonstrate that IDE directly interacts
with h20S, bringing about a modulation of its proteolytic
activity which is effective already over the nanomolar range,
indicating that this binding occurs under certain physiologi-
cal conditions.

This modulatory role is exerted through the bimodal
behavior of the IDE-linked dependence of h20S activity
(Fig. 4b), characterized by a decrease over the 5-30 nM

IDE concentration range, followed by an activation at
(IDE) >50 nM (see Figs. 3, 4a).

This bimodal behavior suggests the existence of two
binding sites for IDE on h20S, whose occupancy by IDE
induces different effects on its activity. A molecular mod-
eling approach has allowed to tentatively localize the higher-
affinity IDE binding site for h20S in the a-3 subunit, which
plays a crucial role in regulating the opening and the clos-
ing of the gate [47]. Therefore, the high affinity of IDE for
this binding site ('K ;pr=1.3 (+0.3)x 107 M, see Table 2)
indeed strongly supports the hypothesis that IDE could effi-
ciently modulate h20S gating mechanisms.

The bimodal modulation of the chymotrypsin-like activ-
ity is also observed in wt y20S (Fig. 5a, b), even though the
catalytic parameters as well as the IDE interaction param-
eters differ between human and yeast 20S (see Fig. 5a, b
and Table 2), likely reflecting slight structural differences
between the two particles. Besides confirming the remark-
able degree of conservation of IDE across evolution [31],
the similar IDE-linked behavior between human and yeast
20S proteasome indeed suggests that this feature is corre-
lated to a common type of structural change induced by IDE
binding. Conversely, in the yeast a-3AN mutant (which has
been considered to be “locked” in the “open” state) [47], the
first inhibitory effect is not observed (see Fig. 5b) showing
only an activation process at (IDE) > 30 nM, with an affinity
constant overlapping to that observed in the wr yeast 20S
(see Table 2).

The lack of an inhibitory effect on the a-3AN mutant can-
not be attributed to a lowered affinity of IDE for the C-ter-
minus of the a-3 chain, since this portion has been shown
not to be affected by the removal of the N-terminus [47].
Therefore, the lack of the inhibitory effect in the putative
presence of IDE binding (as suggested by the slight mobility
shift of the 20S in the presence of IDE 80 nM) might rather
be tentatively referred to the impossibility of the a-3AN
mutant to undergo the IDE-linked conformational change
toward a more “closed” state, which is instead taking place
in both human and yeast wt 20S.

Conversely, all three forms investigated (i.e., the human
20S, the yeast wr 20S and its mutant a-3AN) show that
(IDE) > 30 nM induces a recovery of (at least) two enzy-
matic activities of the 20S, suggesting that a second bind-
ing pocket of IDE indeed exists, even though at this stage
its topology cannot be structurally identified by molecular
docking.

However, it is very important to outline that the o-3
and a-4 subunits of the 20S are not directly involved in the
interface between the a-ring of h20S and the h19S parti-
cles (involved in the formation of the 26S) [46]. Hence, the
scenario depicted could be more complex at different IDE
concentrations depending on the real localization of the IDE
binding sites.
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Hence, the research herewith presented well fits in the
context of different studies which point to a wider contribu-
tion of IDE to the regulation of intracellular proteostasis, a
view supported, among the different research topics, by the
catalytic activity on amyloidogenic substrates, the “dead-
end chaperone” hypothesis and the modulation of the UPS
[25-30, 32, 65, 66].

Thus, dysregulation of IDE activity and expression could
contribute to protein misfolding diseases in different ways
spanning from catalytic to extracatalytic mechanisms.

Therefore, to investigate how IDE modulators alter its
biological properties and the interaction with the proteasome
possibly represent a step necessary to fulfill the unresolved
question regarding IDE biology [2, 22, 67].

Furthermore, it has long been debated whether the 20S
has a role in degrading proteins regardless of the ubiquitin
tag in vivo. Far from being a demonstration of a role of
IDE in regulating the activity and the composition of the
20S in vivo, this study opens to the perspective of a novel
mechanism of regulation of the 20S [51-56].

From a more pathophysiological standpoint, it is reason-
able to hypothesize that the oxidative stress, as well as other
stressors, which is reported both to affect the intracellular
abundance and distribution of IDE as well as to induce an
adaptation of the relative abundance of the proteasome
assemblies (i.e., an increase of the pool of free 20S at the
expense of the capped particles) could represent the meta-
bolic conditions during which the IDE-mediated effect on
the activity and composition of the proteasome assemblies
would be operative in vivo.
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