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Abstract 

PA28γ is a nuclear activator of the 20S proteasome that, unlike the 19S regulatory particle, stimulates hydrolysis of 

several substrates in an ATP- and ubiquitin-independent manner and whose exact biological functions and molecular 

mechanism of action still remain elusive. In an effort to shed light on these important issues, we investigated the 

stimulatory effect of PA28γ on the hydrolysis of different fluorogenic peptides and folded or denatured full-length 

proteins by the 20S proteasome. Importantly, PA28γ was found to dramatically enhance breakdown rates by 20S 

proteasomes of several naturally or artificially unstructured proteins, but not of their native, folded counterparts. 

Furthermore, these data were corroborated by in cellulo experiments with a nucleus-tagged myelin basic protein. Finally, 

mass spectrometry analysis of the products generated during proteasomal degradation of two proteins demonstrated that 

PA28γ does not increase, but rather decreases, the variability of peptides that are potentially suitable for MHC class I 

antigen presentation. These unexpected findings indicate that global stimulation of the hydrolysis of unfolded proteins 

may represent a more general feature of PA28γ and suggests that this proteasomal activator might play a broader role in 

the pathway of protein degradation than previously believed. 
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Introduction 

 The vast majority of intracellular proteins in eukaryotic cells are hydrolyzed by the 26S proteasome, a large (2.4 

MDa) multimeric protease abundantly expressed in the nucleus and cytosol [1]. The 26S proteasome is composed of the 

20S core particle, which in its internal cavity harbors the proteolytic sites and the 19S regulatory particle, which used for 

recognition, unfolding, and translocation of protein substrates within the protease [2]. The 20S proteasome is the central 

core of this proteolytic macromolecular machine, has a cylindrical structure with a molecular weight of ~700 kDa, and is 

formed by four overlapping rings of seven subunits each. The two outer rings are constituted of α subunits, and the two 

inner ones of β subunits [3]. The catalytic active sites of the constitutive 20S proteasomes are located on the β1, β2, and 

β5 subunits. However, under the stimulus of γ-interferon or other pro-inflammatory cytokines, new catalytic subunits are 

synthesized (β1i, β2i, and β5i) which replace those constitutive in so-called newly assembled 20S immunoproteasomes, 

which are optimized to generate the antigenic peptides (or epitopes) that are presented on the cell surface in association 

with MHC class I complexes [4]. In general, proteasomes can cleave any peptide bond except those at the C-terminus of 

proline; peptidase activities defined by fluorogenic substrates recognize three cleavage specificities: trypsin-like (i.e. 

hydrolysis after basic residues), chymotrypsin-like (i.e. hydrolysis after hydrophobic residues,), and caspase-like (i.e. 

after acidic residues) [5]. 

 Another important family of 20S proteasome regulators is that of the ATP- and ubiquitin-independent PA28 

activators (also called 11S, REG or PMSE), which in vertebrates is formed by three highly homologous subunits α, β, 

and γ [6]. The crystal structure of PA26 (a homologue of PA28 in Trypanosoma brucei) clearly reveals that binding with 

the activator determines the opening of the gate, formed by the N-terminal tails of the α subunits, which normally occludes 

the access to (and exit from) the internal proteolytic cavity [7]. It is generally assumed that this represents the main 

molecular mechanism of action of all the other members of this class of proteasome activators [8]. Accordingly, opening 

of the gate, although with a related but different molecular mechanism, has also been described for a PA28 homolog 

present in Plasmodium falciparum, whose structure in association with the homospecific 20S particle has recently been 

solved. Interestingly, in this case PA28 was found to bind 20S asymmetrically, strongly engaging subunits on only one 

side of the core particle [9]. However, strong evidence indicating that PA28 may also act through long distance allosteric 

modifications of proteasomal proteolytic sites has been recently reported [10-12]. 

 PA28 α and β form a heteroheptameric ring with a subunit stoichiometry of 4α3β [13] present in both the nucleus 

and cytosol of mammalian cells and whose formation is highly induced by γ-interferon [14]. PA28αβ in vitro strongly 

stimulates hydrolysis of short peptides by all three peptidase activities of 20S proteasomes, but not of full-length proteins, 

regardless of whether they are ubiquitinated, properly folded, or completely denatured [15-18]. However, a specific 
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function of PA28αβ, predominantly in association with the immunoproteasome in promoting the degradation of oxidized 

proteins, has been also described, which may indicate that it plays a role in adaptive responses to stressful conditions [19-

24].  In vivo PA28αβ exerts a clear action of stimulation of MHC class I antigen presentation, although this activity is 

restricted to only some epitopes [25]. On the contrary, PA28γ forms homoheptameric rings that are located exclusively 

in the nucleus and which are not induced (and even reduced) by γ-interferon [26]. PA28γ was initially reported to 

exclusively enhance the trypsin-like activity of proteasomes [27, 28], but additional data indicates that it can also stimulate 

the other two (i.e. chymotrypsin- and caspase-like) peptidase activities [29-31]. Importantly, PA28γ was shown to 

increase degradation of some full-length proteins through both direct and indirect mechanisms [32]. Specifically, the list 

of proteins that are directly targeted by PA28γ towards proteasomal degradation in an ATP- and ubiquitin-independent 

process includes the oncogenic proteins steroid receptor coactivator SRC-3 [33], HCV core protein [34], pituitary tumor-

transforming 1 PTTG1 [35], cyclin-dependent kinase inhibitors p21 [36], p16, and p19 [37]. PA28γ has also been shown 

to strongly reduce the stability of the tumor suppressor p53 through an indirect mechanism of stimulus involving 

ubiquitination by the ubiquitin-ligase MDM2 and subsequent ubiquitin- and ATP-dependent 26S proteasome degradation 

[38]. The exact biological functions of PA28γ have not yet been fully elucidated, although this proteasome activator is 

clearly involved in the regulation of several essential cellular pathways, including cell growth and proliferation [39], 

transition from G to S phase in the cell cycle [40], inhibition of apoptosis [41], chromosomal stability [42], nuclear 

dynamics through modulation of the number and size of various nuclear bodies, including Cajal bodies (CBs) [43], nuclear 

speckles [43], promyelocytic leukemia protein bodies [44], cellular response to DNA double-strand breaks [45], 

autophagy inhibition [46], spermatogenesis [31], neoplastic transformation [47-49] , and MCH class I antigen presentation 

[50, 51]. Since in previous studies we demonstrated that heteroheptameric PA28αβ profoundly modifies the size and 

composition of amino acid sequences of products generated during proteasomal degradation of unfolded proteins without, 

however, affecting the overall rates of substrate hydrolysis [18], the present study was undertaken to determine whether 

similar biochemical behavior is also shared by the homolog PA28γ. 
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Materials and Methods 

Proteins purification 

Recombinant PA28γ and PA28αβ was expressed in E. coli and purified as described previously [30, 52]. Human 

20S proteasome was purified from extracts of HeLa cells (Ipracell, Mons, BE) using classic chromatographic procedures 

as reported [30]. All preparations were free of contaminant endo- and exo-proteolytic activities that may interfere with 

proteasomal degradation experiments. PA28γ- and PA28αβ-20S proteasomes were reconstituted by preincubating 20S 

particles with a 6-fold molar excess of PA28γ at 37°C for 30 min in 20 mM HEPES, pH 7.5, and were used immediately 

for degradation experiments. 

 

Peptidase assays and kinetic analysis 

Peptidase activities of 20S proteasomes were measured using specific fluorogenic substrates (Bachem, Bubendorf, 

CH) at concentrations between 100 and 200 µM in 20 mM Tris–HCl pH 7.5, 0.2% BSA as previously described [53]. 

Briefly, the fluorescence of released amc (excitation, 380 nm; emission, 460 nm) was monitored continuously at 37°C 

with a Carry Eclipse spectrofluorometer (VARIAN, Palo Alto, CA, USA). Assays were calibrated using standard 

solutions of the free fluorophore, and reaction velocities were calculated from the slopes of the initial linear portions of 

the curves. Substrate consumption at the end of incubation never exceeded 1%. Kinetic parameters of the PA28γ-20S 

complexes were calculated by assessing reaction velocities at different activator concentrations. The best-fit was 

performed using GraphPad prism (version 5) software through nonlinear-regression for enzyme kinetics. 

 

Protein degradation and analysis of peptide products 

 Degradation of β-casein, IGF-1, MBP and α-lactalbumin were performed as previously described [18, 54]. 

Reduction and carboxymethylation of IGF-1 and α-lactalbumin to ensure denaturation and prevent sulfhydryl bond 

formation were performed according to published methods [55]. To study the kinetics of substrate degradation using 

fluorescamine, casein (710 μM), IGF-1 (830 μM), MBP (85 μM), and α-lactalbumin (307 μM) were incubated with 20S 

and PA28γ-20S proteasomes (20 to 80 nM depending on the substrate) in 20 mM HEPES, pH 7.5. Epoxomicin (Enzo 

Life Sciences, Farmingdale, New York) was used at a final concentration of 20 µM. To assay peptides generated during 

protein degradation, at the indicated time points peptide products were separated from undegraded protein by 

ultrafiltration through a membrane with a 3 kDa cut-off (Pall Corporation, NY, USA), and the appearance of new amino 

groups was measured using fluorescamine [55]. Consumption of the substrate at the end of the 8-hr incubation never 

exceeded 10%. Degradation of IGF-1 (400 μM), MBP (90 μM), and α-lactalbumin (260 μM) by 20S and PA28-20S 
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proteasomes (120 nM for IGF-1 and α-lactalbumin, 5.6 nM for MBP) for electrophoretic analysis was performed at 37°C 

in the same buffer described previously. At 0, 4, 8 and 12 h aliquots were taken, the undegraded protein was separated on 

a 12% (for MBP) or 18% (for IGF-1) SDS-PAGE gel, and densitometric analysis of Coomassie-stained bands was 

performed with a VersaDoc 1000 Imaging System (Bio-Rad Laboratories, Hercules, CA, USA) using Quantity One 

software (Bio-Rad Laboratories, Hercules, CA, USA). For HP-size exclusion chromatography of β-casein products, 

peptides generated during an 8 hr hydrolysis reaction were isolated by ultrafiltration using both 3 and 10 kDa cut-off 

membranes (Pall Corporation, NY, USA), which gave very similar results in terms of size distribution of proteasome 

products. After that, equal amounts of peptides were diluted in 0.1 M HEPES, pH 6.8, and separated on a polyhydroxy-

ethyl aspartamide column (0.46 x 20 cm, Poly LC, Columbia, MD, USA) using an HP1100 HPLC (Hewlett-Packard, 

Palo Alto, CA, USA) equipped with a fluorometer. The mobile phase was 0.2 M Na2SO4, 25% acetonitrile (pH 3.0; 

adjusted with phosphoric acid) at a flow rate of 0.125 ml/min. For each analysis, 20 μl of peptide solution was added to 

16 μl of fluorescamine (dissolved 0.3 mg/ml in acetonitrile). The reaction was terminated after 30 sec with 22 μl of H2O, 

and the sample was immediately injected on the HPLC column. The fluorescence of eluted material was monitored 

continuously and a blank run (corresponding to time 0 hr of the degradation reaction) was always subtracted. To determine 

the apparent molecular mass of peptides eluted, the column was calibrated with 19 standard amino acids and peptides in 

the 75-3500 Da range that had been derivatized with fluorescamine in the same manner as proteasomal degradation 

products. Prior control studies showed that retention times of these fluorescamine-derivatized products are highly 

reproducible and linearly dependent on the logarithm of their molecular weights, and that recovery of amino acids and 

peptides of different lengths is quantitative [18]. Note that amino acids and peptides eluting from the column are bound 

to fluorescamine, whose molecular weight must be subtracted to calculate the actual mass of proteasomal products. Mean 

and median sizes of peptides generated by 20S and PA28γ-20S proteasomes were calculated from the distributions of 

products obtained by SEC, assuming an average molecular weight of 110 Da for each residue. 

 

Liquid chromatography–tandem MS (LC–MS/MS) analysis 

Samples from the 20S -/+ PA28γ 6 hour degradation experiments containing approximately 5 (for IGF-1) and 

30 (for MBP) pmol NH2/µl were loaded onto a StageTipsµC18 column [56]; peptides were eluted in 40 μl 80% acetonitrile 

in 0.1% formic acid. The acetonitrile was allowed to evaporate in a Speed-Vac, and samples were then resuspended in 10 

µl of eluent A (see composition below) for nLC-MS/MS analysis. Two microliters of each sample were injected as 

technical replicates into a nLC–ESI–MS/MS quadrupole Orbitrap QExactive-HF mass spectrometer (Thermo Fisher 

Scientific). Peptide separation was achieved using a linear gradient from 95% solvent A (2% ACN, 0.1% formic acid) to 
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50% solvent B (80% acetonitrile, 0.1% formic acid) for 23 min and from 60 to 100% solvent B for 2 min at a constant 

flow rate of 0.25 µl/min on a UHPLC Easy-nLC 1200 (Thermo Scientific) connected to a 25-cm fused-silica emitter with 

an inner diameter of 75 µm (New Objective, Inc. Woburn, MA, USA), packed in-house with ReproSil-Pur C18-AQ 1.9-

µm beads (Dr. Maisch Gmbh, Ammerbuch, Germany) using a high-pressure bomb loader (Proxeon, Odense, Denmark). 

MS data were acquired using a data-dependent top-15 method for HCD fragmentation. Survey full-scan MS spectra (300–

1750 Th) were acquired in the Orbitrap at a resolution of 60,000, an AGC target of 1x10e6, and an IT of 120 ms. For HCD 

spectra, the resolution was set to 15,000 at m/z 200, with an AGC target of 1e5, an IT of 120 ms, an NCE of 28% and an 

isolation width of 3.0 m/z. 

 

Data processing and analysis 

 For quantitative proteomics analysis, raw data were processed with MaxQuant (ver. 1.6.0.16) and searched 

against a database containing the sequence of the IGF-1 and MBP + contaminant fasta included in MaxQuant. No enzyme 

specificity was selected, and there were no differences between I and L. The mass deviation for MS/MS peaks was set at 

20 ppm, and the peptide false discovery rate (FDR) was set at 0.01. The list of identified peptides was filtered to eliminate 

contaminants. Statistical analyses were performed with Perseus (ver. 1.6.2.3) considering the peptide intensity; 

normalization based on the Z-score and imputation was applied. Significant peptides were determined with a t-test, 

Benjamini Hochberg correction, and FDR<0.05. Only significant peptides were used for supervised hierarchical 

clustering analysis. MS data as raw files, peptides identified with relative intensities and search parameters have been 

deposited to the ProteomeXchange Consortium via the PRIDE [57] partner repository with the dataset 

identifier PXD029248.  

 

MBP expression in cellulo 

The gene coding for MBP isoform (transcript variant 1) containing in its sequence a nontraditional PY-Nuclear 

Localization Signal (NLS) was purchased from Origene and insert in pCMV6-Entry eukaryotic expression plasmid. The 

A375 (ATCC, nCRL-1619) human melanoma cells and the derivative clone A375 Crispr knockout for PA28γ have been 

described in detail [51]  and were cultured according to ATCC’s protocol. Once a month, mycoplasma contamination in 

cell cultures was assessed using the Venor®GeM OneStep mycoplasma detection kit (Minerva biolabs). Cells were used 

within four weeks after thawing (~10 passages) and were transfected with 1 μg of plasmid DNA along with 2 μl of 

JetPrime according to the manufacturer’s protocol (Ozyme). Importantly, no difference in growth rates was observed 

between WT A375 and A375 Crispr cells. For Western Blots, cells were lysed in RIPA buffer supplemented with 
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CompleteTM Protease Inhibitor (Roche, #11697498001) and centrifuged at 16 000xg for 20 min at 4°C. Protein 

concentration of the supernatant was determined by BCA-assay using the PierceTM BCA Protein Assay Kit (Thermo 

Fisher Scientific). 15 µg of proteins were denatured for 10 min at 95°C in 1X Laemmli Sample Buffer containing 2.5% 

β-mercaptoethanol. Proteins were loaded on 4-15% acrylamide gels and run at 100 V in 1X TGS Buffer. Proteins were 

then transferred onto PVDF membranes using a Trans-Blot Semi-Dry Transfer Cell (Bio-Rad). Membranes were blocked 

for 1 hour with 5% milk solution and incubated with primary antibody overnight at 4°C. The day after the blot was 

incubated with a secondary antibody coupled with HRP for 1h at RT. An anti-β-actin antibody (Santa Cruz, #sc47778) 

coupled with HRP was used as a loading control. Depending on the experiment, the following primary and secondary 

antibodies were used: anti-Myc-tag (9B11) mouse mAb (Cell Signaling, #2276), anti-PA28γ recombinant rabbit mAb 

(Thermo Fisher Scientific, #700180), anti-p21 Waf1/Cip1 (12D1) rabbit mAb (Cell Signaling, #2947), anti-β-actin 

antibody coupled with HRP (Santa Cruz, #sc47778), polyclonal swine anti-rabbit immunoglobulins/HRP (Dako, #P0217) 

and polyclonal rabbit anti-mouse immunoglobulins/HRP (Dako, #P0260). 

 

Statistical analyses 

 To compare average measurements of generation of amino group and protein degradation and expression levels, 

we adopted a non-parametric Mann-Whitney test. 
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Results 

PA28γ differently affects 20S proteasome peptidase activities 

 In a preliminary effort aimed at better characterizing the exact biochemical properties of PA28γ activator, we 

assessed its effects on the hydrolysis of a panel of short fluorogenic peptides specifically designed to probe endopeptidase 

activities. To perform these (and the following) experiments, we utilized a recombinant protein expressed in E. coli and 

purified to homogeneity as described in the Materials and Methods. Importantly, size exclusion chromatography of the 

final preparation demonstrated complete conversion of the PA28γ monomer into a stable high molecular weight complex 

of apparent MW of ~200 kDa, consistent with that of a heptameric ring (Supplementary Figure 1A). Initially, we showed 

that of the 12 fluorogenic peptides tested (four designed to probe chymotrypsin-like, CT-L, two caspase-like, C-L, and 

six trypsin-like T-L, endopeptidase activities), all were cleaved by human 20S particles although at greatly divergent 

rates, as expected for substrates that differ in both length and amino acid composition (Supplementary Table 1). Next, we 

investigated the effect of increasing concentrations of PA28γ on degradation rates of these proteasomal substrates. As 

shown in Supplementary Figure 2, a strong dose-dependent acceleration of the rate of hydrolysis reactions could be 

observed for 10 peptides, and this stimulation involved substrates cleaved by all three proteasome active sites. 

Consequently, the maximal specific activity of 20S particles completely activated by PA28γ (i.e. 20S bound at both side 

with a PA28γ ring) varied from ~2 to ~450 nmol of peptide cleaved per min/mg of enzyme depending on the substrate 

(Table 1). Interestingly, however, the extent of this PA28γ-dependent stimulation (compared to the basal activity of 20S 

in absence of the activator) was not constant, but ranged between 4- and 18-fold, and unexpectedly differed strongly even 

between peptides cleaved by the same proteasomal active site (Table 1). Furthermore, careful analysis of the mechanism 

of 20S activation with increasing amounts of PA28γ showed a kinetic trend consistent with a rectangular hyperbola, with 

a concentration of the activator in the nanomolar range required to fully activate picomolar concentrations of proteasome 

(Supplementary Figure 2). Of note, the non-sigmoid shape of the activation kinetics of hydrolysis of the fluorogenic 

peptide indicates the absence of cooperative binding between the two PA28γ molecules that associate with the two 

opposite ends of the 20S particle. In contrast with these results, hydrolysis by proteasomal trypsin-like activity of two 

dipeptides (LR and FR), unlike that of a third one which is very similar (RR), was completely unaffected by the presence 

of high concentrations of PA28γ (Supplemetary Figure 3A). Of note this took place when all three peptides were tested 

at a concentration (i.e. 100 μM) at which the catalytic sites of the 20S are not saturated by the substrate, and therefore 

below Vmax (Supplementary Figure 3B). 

 

PA28γ enhances rates of peptide bond cleavage in the full-length protein β-casein  
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 If on the one hand short fluorogenic peptides represent useful tools to investigate the biochemical properties of 

proteasomal peptidase sites, on the other hand their hydrolysis only roughly mirrors the complex process of degradation 

of real, physiological substrates of proteasomes, which in vivo mainly degrade proteins rather than short polypeptides [58, 

59]. For this reason, we decided to investigate the effect of PA28γ on degradation of full-length proteins. To this end, we 

initially chose β-casein, widely used for biochemical studies as a proteasome substrate, which has little tertiary structure 

and thus does not require artificial denaturation to be degraded at detectable rates by 20S particles [55, 60-63]. As shown 

in Figure 1A, the rates of appearance of new amino groups, generated as a consequence of the hydrolysis of peptide bonds 

in the protein and assessed by means of fluorescamine, were linear for up to 8 hr for both proteasome species analyzed 

(i.e. 20S and PA28γ-20S). Moreover, as demonstration of the absolute dependence on the proteasome of the hydrolysis 

reaction, NH2 generation was completely absent in the presence of the more specific proteasome inhibitor epoxomicin 

(Figure 1A) and when the substrate was incubated alone or with only PA28γ (Supplementary Figure 4A and B). More 

importantly, however, the PA28γ-20S particles reproducibly released 3-fold more NH2 at each time point than unligated 

20S (Figure 1A). This finding was surprising because PA28γ has generally been reported to be able to stimulate 

proteasomal degradation of small peptides, but only very few full-length proteins [32, 64] and, to the best of our 

knowledge, not for β-casein. 

 

Association of PA28γ with 20S does not affect size distribution of products generated during hydrolysis of casein 

Theoretically, the higher rate of generation of primary amino groups by PA28γ-20S proteasomes might be caused 

by either enhanced substrate hydrolysis induced by the activator or, alternatively, by a significant reduction of size 

distribution of peptide products generated (i.e., even in the absence of modifications in the rates of β-casein consumption), 

as in the case of the homolog PA28αβ [18]. To discriminate between these two alternatives, we analyzed the size 

distribution of products generated during hydrolysis of casein by 20S and PA28γ-20S particles using an HP-size exclusion 

chromatographic method that allows linear separation and accurate quantification of peptides in the range of 1 to 30 

residues (Supplementary Figure 5). 

In particular, the protein was degraded at linear rates and under conditions ensuring that peptides released by 

proteasomes do not re-enter the degradative particle, and therefore not subjected to a second round of hydrolysis (i.e. the 

substrate was present in large excess and not more than 10% was degraded at the end of the incubation) [54]. When 

analyzed by this approach, peptides generated from casein by the 20S and PA28γ-20S proteasomes were found to fall 

into a continuum of size distribution ranging from 1 to 30 residues (Figure 1B) that appeared to fit a lognormal 

distribution, which is in agreement with previous analyses of different substrates and proteasome species [61, 63, 65]. 
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Specifically, the chromatographic profile of 20S proteasome products was characterized by a large peak that culminates 

at the size of 2-3 residues with a small shoulder corresponding to less than 3% of the total fluorescence signal eluting 

from the column) in correspondence of sizes between 30 to 16 residues (Figure 1B). Of interest, a nearly superimposable 

profile was also detected for peptides generated by PA28γ-20S particles (Figure 1B). In this case, the only minor 

differences in size distribution involved a reduction of about two-thirds in the minor peak of larger (>16) residues 

accompanied by a small, but reproducible, shift towards a high molecular weight of the peak of the main products when 

PA28γ associated with 20S particles (Figure 1B). Moreover, if samples fractionated by SEC-HPLC were not normalized 

by the amount of peptides generated, but equal volumes of degradation reaction carried out with equimolar amounts of 

enzymes (i.e. 20S and PA28γ-20S proteasomes) were analyzed, the profile of the peak of PA28γ-20S products did not 

change. This is in good agreement with the kinetic data shown in Figure 1A, and its height and area are increased about 

3-fold (data not shown). As a result, the means of product lengths calculated from HPLC size distributions were the same 

(4 residues) for 20S and PA28γ-20S proteasomes and the medians (~3 residues) were also very similar (Figure 1C). 

 

PA28γ but not PA28αβ consistently stimulates hydrolysis of different unfolded proteins by the 20S proteasome 

To assess whether the unexpected finding that PA28γ is able to promote proteasomal degradation of the naturally 

disordered substrate β-casein might imply a more general, and so far unrecognized, property of this activator, we 

challenged its role in degradation of several unrelated, unfolded proteins by the 20S particle. To this end we utilized 

another natively unfolded substrate, myelin basic protein (MBP), and two chemically denatured proteins, insulin-like 

growth factor 1 (IGF-1) and α-lactalbumin. As shown in Figure 2, the rates of peptide bond cleavage by the 20S 

proteasome were dramatically enhanced for all three substrates in the presence of PA28γ. Furthermore, as for β-casein, 

the dependence on the proteasome of the hydrolysis reaction was demonstrated by the absence of NH2 generation in the 

presence of epoxomicin (Figure 2) or when the substrates were incubated alone or only with PA28γ (Supplementary 

Figure 6). Moreover, the absolute specificity for unfolded proteins of the PA28γ-induced proteolytic stimulation was 

unambiguously shown by directly comparing the rates of proteasomal hydrolysis of chemically unfolded IGF-1 and α-

lactalbumin with those of their native, folded counterparts. In fact, rates of proteasomal hydrolysis of folded IGF-1 and 

α-lactalbumin were nearly undetectable (data not shown) and only minimally affected by the presence of PA28γ, in 

striking contrast with what observed for their corresponding denatured forms (Figure 3). 

Further direct and unequivocal evidence of the enhancement of proteins turnover rates induced by PA28γ was 

subsequently obtained by following the disappearance of undigested substrates incubated for several hours in the presence 
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of 20S proteasome alone or conjugated with PA28γ. These experiments clearly demonstrated that the presence of PA28γ 

strongly accelerates the kinetics of full-length unfolded proteins hydrolysis by the 20S proteasome (Figure 4). This result 

appears even more remarkable in light of the fact that, in parallel experiments, PA28αβ was unable to activate denatured 

protein degradation (Figure 4), in accordance with what has already been published for other full length substrates [15, 

16, 18]. Moreover, as demonstration of the absolute dependence on the proteasomes of the hydrolysis reaction, 

disappearance of substrate was completely prevented when PA28γ-20S particles were inhibited by epoxomicin or when 

the substrates were incubated alone (Supplementary Figure 7). 

 

PA28γ modifies the patterns of peptides produced by 20S proteasome during hydrolysis of full-length proteins 

 In order to understand the modifications in the 20S proteasome proteolytic properties induced by the binding of 

PA28γ, the peptides generated from IGF-1 and MBP were analyzed by tandem mass spectrometry (MS/MS). By this 

approach, 171 and 279 individual peptides were identified from IGF-1 and MBP, respectively, ranging in length from 8 

to 25 residues (shorter products were eliminated to reduce false-positive identification) and are listed in the Supplementary 

Table 2. Importantly, this analysis allowed accurate identification of products with the correct size to potentially bind 

(directly or after trimming by aminopeptidases) to MHC class I heterodimers, and therefore is of particular interest to 

evaluate the possible role of PA28γ in the context of cell-mediated immune responses. 

 Through this experimental approach, we also demonstrated that some peptides are exclusively released by one 

of the two proteasomal forms (i.e. 20S or PA28γ-20S particle). Remarkably, and somewhat unexpectedly (see 

Discussion), in the range of lengths taken into consideration, almost all the peptides generated in a specific way by only 

one form of proteasome were released by the 20S particle, while very few were produced exclusively in the presence of 

PA28γ (Supplementary Table 2). Thereafter, our analysis focused on more detailed characterization of the peptides 

generated in common by both 20S and PA28γ-20S particles. To this end, the relative amount of each product was assessed 

by comparing the corresponding ion intensities measured in sequential MS/MS analyses, according to a method we have 

validated previously [18, 51]. Briefly, ion intensities were used to quantify the relative amounts of single fragments 

generated from IGF-1 and MBP by 20S proteasome alone or when associated with PA28γ. The results of this analysis are 

shown in Figure 5 and show that several peptide products are released in vastly different amounts by the 20S and PA28γ-

20S particles. In this case, the association with PA28γ was also found to cause a consistent reduction in the number of 

individual peptides released in greater quantities during degradation of IGF-1 and MBP by the 20S proteasome. 

Furthermore, to investigate the modifications in the cleavage specificities caused by the association of PA28γ with the 
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20S particle, we analyzed the relative frequency of the amino acids present on the two sides (positions from P4 to P4') of 

the peptide bonds, whose hydrolysis generated the peptides quantified by MS/MS. To analyze this, we compared the 

amino acid sequences involved in the generation (both at the N and at the C-ter) of peptides produced in greater amounts 

by 20S alone or by PA28γ-20S (Figure 5). Although limited to peptides longer than 7 residues, this analysis did not 

highlight any enrichment of basic amino acids in the P1 position in the presence of PA28γ (Supplementary Figure 8), in 

good agreement with the data obtained with fluorogenic peptides, which show that PA28γ does not stimulate only tryptic 

20S activity.  

 

PA28γ regulates intracellular level of MBP 

 To verify if what was observed in vitro was also reflected in cellulo, we took advantage of a particular isoform 

of MBP that has been shown to contain a nontraditional PY-Nuclear Localization Signal (NLS) in its sequence that allows 

its transport and accumulation at the nucleus [66]. The expression of the protein (carrying a Myc-tag to facilitate its 

detection by western blot) was ectopically induced from a plasmid in eukaryotic cells characterized by different levels of 

PA28γ expression. Specifically, we utilized the A375 human melanoma cell line, which expresses high basal amounts of 

PA28γ, and its derivative Cas9-A375 PA28γ-knockout line (A375 Crispr), obtained by the CRISPR/Cas9 system and 

characterized in detail previously [51]. As expected, the A375 Crispr clone shows no detectable amounts of PA28γ, 

regardless of whether MBP is present (Figure 6A). Crucially, when expressed in parallel in the two different clones (i.e. 

A375 WT and A375 Crispr), MBP accumulates over time to much higher levels in cells that do not express PA28γ 

compared to those expressing it. This effect is evident within 24 hours after transfection, but becomes very strong after 

48 hours (Figure 6B and Supplementary Figure 9). As independent demonstration that PA28γ-dependent proteasomal 

activity is impaired in A375 Crispr cells, the intracellular amounts of p21, a well characterized PA28γ-20S proteasome 

substrate, were similarly increased in these cells (Figure 6C). To the best of our knowledge, this is the first time that the 

cellular levels of MBP have been shown to be dependent on the activity of PA28γ. Although the biological relevance of 

this observation needs still to be investigated in greater detail, this in cellulo data confirm the findings of our in vitro 

experiments. 
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Discussion 

 To shed light on the molecular mechanism of PA28γ activity, we initially assessed the effect of PA28γ on the 

hydrolysis of a panel of different fluorogenic short peptides (2-4 amino acids long) thus probing all three 20S proteasome 

active sites. Although initial reports indicated that PA28γ exerts its stimulatory effect only towards 20S trypsin-like 

activity [27, 28], subsequent studies also described strong activation of the other two proteasomal peptidase activities 

both in vitro [29, 30] and in vivo [31]. In accordance with these latter findings, our study showed that hydrolysis rates of 

10 fluorogenic substrates were highly enhanced when PA28γ associated with the 20S particle. Importantly, this 

stimulatory effect was not restricted to tryptic activity, but clearly affected chymotryptic and caspasic proteasomal 

cleavage specificities. Moreover, the extent of 20S activation varied between 4- and 18-fold, with no clear preference for 

a proteasome catalytic site or a specific substrate size.  

 The most surprising finding of our study, however, arises from experiments characterizing the effects of PA28γ 

on the hydrolysis of several naturally or chemically unstructured proteins. It is known that, by virtue of the absence of 

tightly folded higher order structures, denatured proteins freely diffuse inside the proteolytic cavity of latent 20S particles, 

whose axial pores, through which substrates access the internal catalytic lumen and products exit from the particle, are 

obstructed by the N-terminal tails of the α subunits [67]. However, the latency of the 20S core particle not associated with 

activators (i.e. 19S, PA28, PA200) is not complete, because, even without artificial conditions that result in its activation 

[3], the 20S proteasome can degrade full-length proteins [18, 60], likely because of transitory and/or only limited gate 

opening [61]. Accordingly, when unfolded substrate proteins were incubated with 20S proteasomes the rates of 

appearance of new amino groups, generated as a consequence of hydrolysis of the peptide bonds in the substrate, were 

linear for up to 8 hours. The same linearity was also evident when substrates were degraded by PA28γ-20S particles, but 

in this case an impressive higher generation of new amino groups (varying between 3- and 10-fold, depending on the 

substrate) systematically took place at each time point. Crucially, this enhanced release of primary amino groups by 

PA28γ-20S proteasomes might result from either accelerated substrate hydrolysis caused by the activator or by a 

significant reduction in the size distribution of the peptide products generated, as in the case of the homolog PA28αβ [18]. 

Analysis of the size distributions of proteasomal products released during degradation of β-casein in the presence and 

absence of PA28γ, however, clearly disproves the second hypothesis. In fact, the chromatographic profiles of 20S and 

PA28γ-20S proteasome products appear nearly superimposable and, accordingly, the means and medians of product 

lengths are almost the same (4 and ~3 residues). 
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 Since binding of PA28γ does not significantly modify the size distribution of peptide products released from 

casein by 20S proteasomes, it is therefore clear that the higher generation rates of NH2 groups seen in Figure 1A must be 

truly indicative of an accelerated casein breakdown induced by the activator. Direct evidence that PA28γ strongly 

stimulates the rates of unfolded protein hydrolysis by 20S proteasome was obtained by monitoring the disappearance of 

undigested substrates in time-course in vitro degradation kinetics reactions. Such experiments unambiguously showed 

that binding of PA28γ transforms relatively latent proteases such as free 20S into an extremely active proteolytic enzyme 

that hydrolyzes unfolded proteins at greatly accelerated rates. Importantly, the stimulatory activity of PA28γ appears 

restricted only towards unfolded substrates, as shown by its inability to sustain degradation of native IGF-1 and α-

lactalbumin. This last observation is not totally unexpected, since, unlike the 19S activator, PA28γ lacks the ATPase 

activity necessary to denature tightly folded higher order structures in protein substrates to allow access to the internal 

proteolytic cavity of the 20S degradative particle. In line with these in vitro findings, a nucleus-targeted isoform of MBP 

has been shown to accumulate over time at much higher levels in a melanoma cell line knocked out for PA28γ compared 

to the parental one that markedly expresses the activator. Although the biological relevance of this observation needs 

further investigation, this data is in agreement with the results of our in vitro experiments, and strongly suggests that 

PA28γ promotes proteasomal degradation of MBP in vivo. 

 Of note, several studies have demonstrated that PA28γ is able to increase in vitro and in vivo hydrolysis by 20S 

particles of some specific proteins such as SRC-3, p21, p16, p19, PTTG1, and HCV core protein [33-37]. Although all 

these proteins share the same characteristic of being completely or in large part intrinsically unstructured [64, 68, 69], it 

is generally believed that some very specific, yet to be identified, features in their amino acid sequence or in their residual 

folded structure may be responsible for their recognition and interaction with PA28γ [32]. Therefore, the enhanced 

degradation of these proteins induced by PA28γ is generally seen as an exception rather than as the normal consequence 

of an intrinsic feature of this proteasomal activator. On the contrary, the finding that proteasomal degradation of several 

totally unrelated proteins, which differ in terms of molecular weight, amino acid composition, and chemical properties 

(e.g. isoelectric point and hydrophobicity), but share the same absence of folded structures, is potently improved by 

PA28γ. This strongly suggests that stimulation of hydrolysis of unstructured proteins might represent a more general 

property of this activator. This molecular model appears even more reinforced by the observation that PA28γ does not 

enable 20S degradation of the folded counterparts of the denatured proteins. In view of the fact that several analyses 

indicate that a substantial fraction of eukaryotic proteome is composed of proteins which are completely or in large part 

intrinsically unstructured [70], and whose degradation seems to involve ubiquitin-independent mechanisms [71], it is 

therefore reasonable to speculate that PA28γ might play a much more significant and broad role in the pathway of protein 
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breakdown than previously believed. Further in vivo studies, possibly with selective inhibitors of PA28γ that are currently 

underway (O. Coux and S. Apcher, unpublished data) will be required to clarify this important point. 

The present data are even more surprising in the light of results we obtained previously in a similar investigation 

characterizing the biochemical functions of PA28αβ [18]. In that study, PA28αβ was found to strongly reduce the mean 

and median sizes of proteasome products and to profoundly modify the sequences of peptides released without, however, 

increasing the overall rates of protein substrate breakdown. Therefore, the biochemical effects on protein degradation by 

20S particles of PA28γ and PA28αβ seems to be rather opposed. Since PA28γ and PA28α and β share a high degree of 

homology, the molecular reasons underlying these differences in biochemical properties are likely to rely on the few 

divergent regions, namely the so-called homologue-specific inserts that connect helix 1 with helix 2 and which are not 

resolved in the X-ray structure of PA28α, presumably because they are flexible [6]. Furthermore, recent phylogenetic 

analyses indicate that PA28γ is most similar to the common ancestor of the PA28 activator family, and most likely retains 

its original functions, while PA28α and PA28β appeared later and evolved very rapidly to perform new tasks related to 

the γ-interferon inducible MHC class I system [72], although their role in adaptive responses to stressful conditions (e.g. 

oxidative stress) also seems very likely [19-24]. Moreover, biochemical characterization of a PA28γ homolog in 

Dictyostelium discoideum led to the conclusion that PA28γ-20S proteasomes could represent early unique nuclear 

proteases of eukaryotic cells [73]. On the basis of these considerations, one would be tempted to speculate that PA28γ 

could have maintained the ancient property of promoting degradation of unstructured long polypeptides and proteins, 

while the phylogenetically more recent PA28α and β lost the ability to stimulate protein hydrolysis to gain a more 

pronounced capacity to modify the spectrum of peptides released by proteasomes in a functional way to favor MHC class 

I antigen presentation. This hypothesis is corroborated by the results of mass spectrometry analysis of products in our 

study. In fact, the association of PA28γ with the 20S proteasome determines an evident reduction in the variability of 

peptide products that are potentially available for class I presentation, while PA28αβ activity is always correlated with 

enhancing the diversity of proteasomal products, in a way that makes it more likely that an appropriate CTL response is 

elicited [18, 74, 75]. 
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Figure Captions 

Fig. 1 Increased rates of peptide bond cleavage and size distribution of peptides generated during hydrolysis of casein by 

PA28γ-20S proteasomes. A β-casein was incubated with 20S and PA28γ-20S proteasomes and the amino groups released, 

as a consequence of the degradation of the substrate, were measured with the fluorescamine at the indicated time points. 

Data are the average of three independent experiments (four for time 8 hr) ± SEM. Appearance of amino groups was 

totally abrogated in presence of 20 µM of the highly specific proteasome inhibitor epoxomicin. *** P <0.001. B Equal 

amounts of peptides generated during degradation of casein by 20S and PA28γ-20S proteasomes were reacted with 

fluorescamine and immediately fractionated by HP-SEC. Data are representative of four independent experiments. C 

Mean and median peptide sizes generated by 20S and PA28γ-20S proteasomes from casein were calculated using the 

product distributions obtained by HP-SEC, assuming an average molecular weight of 110 Da for each residue. Values are 

the average of four experiments (±SEM)   

 

Fig. 2 Increased rates of peptide bond cleavage during hydrolysis of different unfolded proteins by PA28γ-20S 

proteasomes. MBP, IGF-1, and α-lactalbumin were incubated with 20S and PA28γ-20S proteasomes and the amino 

groups released were measured with the fluorescamine as in Figure 1. Data are the average of three to six independent 

experiments ± SEM. *** P <0.001 

 

Fig. 3 PA28γ promotes proteasomal degradation of unfolded proteins but not of their native counterparts. Native and 

denatured IGF-1 (upper panel) and α-lactalbumin (lower panel) were incubated with PA28γ-20S proteasomes and the 

amino groups released, as a consequence of the degradation of the substrate, were measured with fluorescamine at the 

indicated time points. Data are the average of three to five independent experiments ± SEM. *** P <0.001 

 

Fig. 4 Enhanced rates of MBP, IGF-1, and α-lactalbumin proteasomal hydrolysis induced by PA28γ but not by PA28αβ. 

MBP A, IGF-1 B, and α-lactalbumin C were incubated as indicated in the figure, and the undegraded protein was 

separated by SDS-PAGE. Note that in the MBP gel the bands corresponding to enzymes cannot be appreciated since they 

were used at lower concentrations (see Materials and Methods for further details). D Densitometric quantification of the 

residual protein. Data are the average of three to four independent experiments (±SD). *** P <0.001 

 

Fig. 5 MS/MS differential analysis of peptides generated during hydrolysis of IGF-1 and MBP by 20S and PA28γ-20S 

particles. Heatmap comparison of the abundance of significant peptides generated after 6 hours of proteasomal 
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degradation of IGF-1 and MBP in the 20S (biological and technical replicates of samples designated A, B, and C) and 

PA28γ-20S (biological and technical replicates of samples designated 1, 2, and 3) samples. Samples were analyzed by 

nLC-MS/MS and processed by MaxQuant against the database IGF-1 or MBP + contaminant sequences. Differences and 

similarities in peptide intensities (normalized to the Z-score) are shown; green indicates decreased levels, and red indicates 

increased levels. Data were obtained from supervised hierarchical clustering analysis by applying a t-test, Benjamini 

Hochberg correction, and a p-value of 0.05 

 

Figure 6 Knockout of PA28γ results in accumulation of a nucleus-targeted MBP isoform in cell. A The expression of 

PA28γ was assessed by western blotting in A375 and A375 Crispr melanoma cells. The intensity of each band was 

normalized to that of the corresponding β-actin band, and the value related to that of the control (A375 expressing MBP) 

set as one. Experiments were performed in triplicate and data are expressed as mean ± SE. B Expression levels of MBP 

was assessed by WB with an anti-Myc-tag antibody, and data are presented as in (A). C Expression of p21 was verified 

by WB and indicated as in (A). * P <0.05 

Supplementary Fig. 1 Purified PA28γ and PA28αβ elute from Sephacryl S-200 gel filtration column as a complex of 

apparent molecular weight of about 200 kDa.  ̴150 µg of the final preparation of PA28γ A and PA28αβ B were analyzed 

by size exclusion chromatography on a calibrated Sephacryl S-200 column. The final preparation of PA28αβ consists of 

a heteroheptameric complex containing both the α and β subunits C and is able to strongly enhance the chymotryptic 

activity of 20S proteasome at picomolar concentrations D 

 

Supplementary Fig. 2 Effects of increasing concentrations of PA28γ on the hydrolysis of different fluorogenic substrates 

by 20S peptidase activities. Proteasome chymotrypsin-like A, tryptic-like B, and caspase-like C activities were probed 

with the indicated fluorogenic peptides in the presence of increasing concentrations of PA28γ and expressed as fold 

activation compared to the activity of 20S alone.  R2 ≥ 0.9 in all cases 

 

Supplementary Fig. 3 PA28γ is unable to stimulate proteasomal degradation of two tryptic substrates. A Hydrolysis 

rates of 100 µM Z-LR-amc and Z-FR-amc were assessed in the presence of increasing concentration of PA28γ and 

displayed as in Figure 1. B Specific activities of 20S proteasomes were assessed at 100 and 250 µM concentrations of 

each substrate. * P <0.05 
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Supplementary Fig. 4 Absolute dependence on proteasome proteolytic activity of β-casein hydrolysis. NH2 generation 

was completely absent when the substrate was incubated alone A or with only PA28γ B 

 

Supplementary Fig. 5 Calibration curve for the polyhydroxyethyl aspartamide size exclusion column using 

fluorescamine-derivatized amino acid and peptide molecular weight standards. The typical peak width of these amino 

acids and peptides was 0.7 min 

 

Supplementary Fig. 6 Absolute dependence on proteasome proteolytic activity of MBP, IGF-1, and α-lactalbumin 

hydrolysis. NH2 generation was completely absent when the substrates were incubated alone (left panels) or with only 

PA28γ (right panels) 

 

Supplementary Fig. 7 Absolute dependence on the proteasome proteolytic activity of MBP, IGF-1, and α-lactalbumin 

hydrolysis. MBP A, IGF-1 B, and α-lactalbumin C were incubated alone or in the presence of PA28γ-20S proteasomes 

inhibited by 20 µM epoxomicin and analyzed as in Figure 4 

 

Supplementary Fig. 8 Relative frequencies of amino acids surrounding the peptide bonds preferentially hydrolyzed by 

the 20S and PA28γ-20S proteasomes. Logos sequences were generated using WebLogo 3 (available at 

http://weblogo.threeplusone.com/), and refer to the cleavage sequences (Positions from P4 to P4 ') of the peptides 

generated in greater amounts by PA28γ-20S (left) and 20S proteasome (right) during the hydrolysis of IGF-1 and MBP. 

The colors of amino acids are based on their chemical properties: Polar (G, S, T, Y, C) green, Neutral (Q,N) purple, Basic 

(K,R,H) blue, Acidic (D,E) red, Hydrophobic (A,V,L,I,P,W,F,M) black 

 

Supplementary Fig. 9 Knockout of PA28γ results in accumulation of MBP in cells. The expression of nucleus-targeted 

MBP was assessed with a specific antibody by western blotting in A375 and A375 Crispr melanoma cells, and β-actin 

was used as a loading control. At 24 hours post-transfection, accumulation of MBP can be noted which becomes 

increasingly evident after 48 hours  
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  Maximum stimulation of 20S activities by PA28γ 

Proteasomal 
activity 

Substrate Fold 
20S maximum specific activity 

(nmol peptide cleaved /mg * min) 

Chymotrypsin-like 

Suc-LLVY-amc 18,2 223,7 

Suc-LY-amc 4,3 62,6 

Suc-GGL-amc 3,8 368,6 

Suc-AAF-amc 6,7 264,1 

Caspase-like 
Suc-YVAD-amc 10,2 29,0 

Suc-DEVD-amc 6,7 7,0 

Trypsin-like 

Bz-VGR-amc 7,3 444,6 

Z-ARR-amc 4,3 134,8 

Boc-LRR-amc 16,5 411,0 

Z-RR-amc 6,1 1,9 

    

Table 1 PA28γ kinetic parameters. Maximum PA28γ stimulation of 20S proteasome peptidase 

activities was calculated as described in the Materials and Methods from the curves shown in 
Supplementary Figure 2. 
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Proteasomal 
activity 

Substrate 
20S specific activity 

(nmol peptide cleaved /mg 20S * 
min) ± SE 

+  Epoxomicin 

Chymotrypsin-like 

Suc-LLVY-amc 12,27  ±  0,76 0 

Suc-LY-amc 16,29  ±  1,43 0 

Suc-GGL-amc 95,90  ±  2,62 0 

Suc-AAF-amc 40,10  ±  0,79 0 

Caspase-like 
Suc-YVAD-amc   3,76  ±  0,53 0 

Suc-DEVD-amc   1,05  ±  0,04 0 

Trypsin-like 

Z-FR-amc   0,69  ±  0,03 0 

Z-LR-amc   0,64  ±  0,03 0 

Z-RR-amc   0,36  ±  0,02 0 

Bz-VGR-amc 60,94  ±  3,23 0 

Z-ARR-amc 33,93  ±  1,50 0 

Boc-LRR-amc 24,97  ±  0,79 0 

    
Supplementary Table 1 20S proteasome specific activities. 20S proteasome specific activities 
were assessed as described in the Materials and Methods with a panel of fluorogenic peptides 
to probe each proteasomal cleavage specificity. Data are the means of three to five independent 

measurements ± SEM. 
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