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SUMMARY

The specific roles that immunoproteasome variatag jm MHC class | antigen presentation are
presently unknown. To investigate the biochemicadpprties of different immunoproteasome
forms and unveil the molecular mechanisms of PA@R/i&y, we performedn vitro degradation of
full-length proteins by 20S, 26S and PAB&0S immunoproteasomes and analyzed the spectrum
of peptides released. Notably, PAP&0S immunoproteasomes hydrolyze proteins at theesa
low rates as 20S alone, in line with PA28 neithinglating nor preventing entry of unfolded
polypeptides into the core particle. Most imporgrbinding of PA2&p to 20S greatly reduces the
size of proteasomal products, while favoring thease of specific, more hydrophilic, and longer
peptides. Hence, PA28 may either allosterically modify proteasome actsites or act as a

selective 'smart’ sieve that controls the efflupducts from the 20S proteolytic chamber.



INTRODUCTION

The continual presentation of intracellular proteagments on MHC class | molecules is a process
that allows cytotoxic CD8T lymphocytes (CTLs) to eliminate cells that sysize foreign or
abnormal proteins (Pamer and Cresswell, 1998). Vdst majority of MHC class I-presented
peptides are generated during the degradation tfireng@roteins or defective ribosomal products
(DRIiPs) by the ubiquitin-proteasome system (UPS)ciRand Goldberg, 1999; Yewdell, 2001).
The active form of proteasome, which appears toratkg most cellular proteins, is the 26S
proteasome, a large proteolytic complex formed Hwy dssociation of the 19S regulatory particle
with the 20S proteasome (Voges et al., 1999). Istnoells, the proteolytic activity of the 20S
proteasome is mediated by three subunits of the particle:5, p2 andfl. However, lymphoid
cells and cells exposed to cytokines such asyFEXpress three alternative, homologous subunits
(B5I/LMP7, B2I/MECL-1, B1i/LMP2), which replace the constitutive actigesubunits in newly-
assembled immunoproteasome particles (Kloetzell 20the pivotal role of immunoproteasomes
in the generation of MHC class | ligands was rdgetémonstrated in transgenic mice lacking all
three proteasomal catalyfieimmune subunits (Kincaid et al., 2012).

Another INFy-inducible UPS component that affects MHC classitigen presentation is
PA28, a ring-shaped heteroheptameric complexf§3 (Sugiyama et al., 2013) that can bind to the
20S proteasome and dramatically enhance its alditgegrade short peptide substrates, but not
ubiquitin-conjugated proteins (Dubiel et al., 1988 et al., 1992). In addition, PA28 can also form
an asymmetric 26S hybrid complex (19S-20S-PA28k¢fdaet al., 2002; Hendil et al., 1998). The
effects of PA28 on antigen processing and Ché&sponses are still unclear and controversial
(Rechsteiner et al., 2000). Expression of P&A28 PA2&1[3 has been reported to enhance MHC
class I-presentation of some, but not all, antig&igs et al., 2002). Furthermore, cells lackihgst
complex have a reduced ability to generate cedatigens (Murata et al., 2001). Recent studies
have identified PA28 as the second most importd?® domponent for the production of MHC
class | ligands (de Graaf et al., 2011), althougheffects seem to be restricted to specific MHC
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class | alleles (Yamano et al.,, 2008). Additionakgveral studies have indicated that oxidized
proteins are preferentially degraded without uldigation by 20S immunoproteasomes (Orlowski
and Wilk, 2003) in a process that may be stimuldtedA28:3 (Li et al., 2011; Pickering et al.,
2010). A variety of biochemical actions have beeoppsed for PA28 (Rechsteiner et al., 2000;
Stadtmueller and Hill, 2011), and the crystal e of PA26 (PA28 homologue in trypanosomes)
in association with 20S yeast proteasomes has $aegad (Whitby et al., 2000). The binding of
PA26 was found to dilate the gated channel in tiéepsomer-ring through which substrates enter
(Groll et al., 2000) and products exit (Kohler bt 2001). Therefore, PA28 was predicted to lead to
attenuation of proteasomal processivity and consetgrelease of peptide products with a greater
mean length (Whitby et al., 2000), as occurs upalatibn of thex-gate (Kohler et al., 2001). A full
understanding of the molecular mechanism of PA2&viac would undoubtedly represent an
important achievement, especially in the light bé tobservation that mammalian cells contain
significant amounts of PA2B-20S immunocomplexes (Ahn et al., 1996; Hendil let 2998),
whose abundance further increases uponyNEmulation (Murata et al., 2001; Tanahashi et al.

1997).



RESULTS

Different immunoproteasome species exhibit distinct rates of peptide bond cleavage and
turnover of protein substrates.

In an attempt to further characterize the biochahpcoperties of different forms of IFfnduced
proteasomes, casein was incubated for several houts 26S, 20S and 20S-PAZB
immunoproteasomes in a buffer containing ATP and“\Mand the hydrolysis of the substrate was
measured by fluorescamine assay (Cascio et al.l;2Bsselev et al., 1999). Under these
experimental conditions, proteasome species arepledety stable and maintain their structural
integrity and biochemical properties for severalisoFig. S1A and Cascio et al., 2001; Kisselev et
al., 1999) As shown in Figures 1A and 1B, the rategenfheration of new amino group®re linear

for up to 6 hours, albeit widely different, for tlieree immunoproteasome species analyzed.
Specifically, 26S immunoproteasomes were foundetoegate around 10-fold more amino groups
than 20S immunoproteasomes (Fig. 1A). Surprisindl9S-PA28p complexes consistently
generated 3-fold more amino groups at each timet poan 20S particles alone (Fig. 1B). This was
unexpected, since PA28 has been described as i@atactof hydrolysis by the 20S particle of
small tri- and tetrapeptides (but not full-lengtltofeins) (Ma et al., 1992). In principle, the highe
generation rate of primary amino groups by P#R&ssociated 20S immunoproteasomes might
result from either accelerated protein breakdovdu@ed by the activator or from a modification in
the pattern of peptide products released (i.e. évdre overall rate of substrate consumption was
not increased). To discriminate between these twechanisms, we initially followed the
disappearance of undigested casein incubated foerae hours in the presence of 20S
immunoproteasomes alone or conjugated with PA2& &kperiment clearly demonstrated that the
presence of PA2§ does not modify the kinetics of substrate disappeze (Fig. 1C and D). The
lack of increased substrate consumption upon bindihPA2&p to the 20S core particle was
subsequently confirmed by assessing degradatiofluofescein isothiocyanate (FITC)-labeled

casein (Fig. 1E). In this assay, the fluorescemgpeas generated is directly proportional to theerat
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of turnover of the substrate, independently ofdharacteristics of the peptides produced. As shown
in Figure 1E, the rates of appearance of TCA-seldlolbbrescence were identical when FITC-casein
was degraded by either 20S or 20S-Pd®®articles, and nearly 6-fold lower compared t@sat
observed with 26S immunoproteasomes. We thus coedlthat the association of PA28 with 20S
immunoproteasomes does not alter the rate of caseir-1TC-casein hydrolysis. Accordingly, we
tested whether PA28 might modify the pattern of peptides generatednfrthese substrates,
presumably by increasing the frequency of cleavag&in the 20S core. Towards this end,
degradation products were separated by reverseeptasC and the chromatographic profiles were
compared. Remarkably, the peptides patterns weamatrcally different depending on whether
FITC-casein (Fig. 1F) was degraded by 20S, 20S daoarPA28 or 26S immunoproteasomes. In
particular, while some peptides were produced bth [0S and 20S-PA28 particles, albeit in
different amounts, several others were detecteg whien one of these two immunoproteasome
forms was used (Fig. 1F).

To confirm these findings, we performed similar d&@ation experiments with the 8 kDa
protein insulin-like growth factor 1 (IGF-1), aneth well characterized proteasomal model
substrate. Similar to what has been observed feeigathe rates of appearance of primary amino
groups were~8 and~2-fold higher, compared to 20S particles, for 26l dor 20S-PA28p3
immunoproteasomes, respectively (Fig. 2A and Bpdrtantly, even for IGF-1, enhanced levels of
peptide bond cleavage, induced by PA28, did notespond to increased rates of substrate

turnover, but rather to a higher frequency of céepavevents (Fig. 2C and D).

20S-PA28af complexes generate shorter peptide products than 20S and 26S
immunopr oteasomes.

Because the association of PAR8with 20S particles did not alter the rate of pioteydrolysis,
but rather modified the pattern of the peptidesdpoed, we investigated its effect on the size

distribution of proteasomal products. In fact, siriise observed increase in the rate of peptide bond
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cleavages does not result in enhanced substrateveen; it must be correlated with a reduction in
the average size of peptide products. To testypethesis, casein and IGF-1 were incubated with
20S, 20S-PA283 and 26S immunoproteasomes under conditions thsiirena linear rate of
peptide generation and that do not favor a secomde cof cleavage following release from
proteasomes (Cascio et al., 2001; Kisselev el 889). To assure such conditions, substrates were
present in large excess, and no more than 10%edhttial substrate was consumed (Fig. S2A and
B). After 6 hours, the peptides produced were sdpdr from the undigested substrate by
ultrafiltration through a 5 kDa membrane, derivatizwith fluorescamine and fractionated by HP
size exclusion chromatography (HP-SEC) with on-lithéorescence detection. This method
provides a quantitative measure of different présluas the intensity of the fluorescence signal
emitted by any peptide is the same and indeperafetd length (Berko et al., 2012; Kohler et al.,
2001). When analyzed by this method, peptides géeerfrom casein by 20S and 26S
immunoproteasomes were found to fall into a contimuwf size distribution ranging from 1 to 26
residues (Fig. 3A) that appeared to fit a log-ndrmiatribution, in agreement with previous
analyses of different substrates and proteasomeaespgCascio et al., 2001; Cascio et al., 2002;
Kisselev et al., 1999; Kohler et al., 2001). Sgealfy, the chromatographic profile of 20S particle
products was characterized by four broad peaks @Adeft panel), corresponding to lengths of 1-
2, 3-5, 11-13 and 17-20 residues. The generatiomebéctable amounts of products with a
molecular weight around 200 Da was unexpected sprogeasomes have not been found to
generate such small fragments. It is possible tthatanalytical approaches used previously either
excluded or imposed a strong bias against individoano acids and dipeptides, while the method
used herein can accurately separate and quantieéptedes between 1 and 30 residues long (Fig.
S2C). A similar size distribution was also obtairfed the products of 26S immunoproteasomes,
although in this case the peak of the longer fragm&as significantly reduced and a matching
increase was detected in the peaks correspondinigetshorter peptides (Fig. 3A right panel).

Consequently, both the mean and median length mtideeproducts were about 2 residues shorter
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for the 26S than for 20S immunoproteasomes (Tapleldwever, the size distribution of products
generated by 20S-PA@8 immunoproteasomes differed drastically from thabath 20S and 26S
particles (Fig. 3A). Specifically, the peak corresging to the longer products disappeared, the
peak of 11-13 residues long peptides was signifigareduced and the two peaks of shorter
fragments increased in size. Consequently, theitgnof PA2& to 20S proteasomes reduced the
mean and median sizes of peptide products by &@®at(Table 1).

Similar results were subsequently obtained fordize distributions of IGF-1 degradation
products (Fig. 3B). With this shorter substrateS 20munoproteasomes were found to generate the
same four broad peaks of products as already adddor casein, although in this case the two
central peaks were higher than the peaks of loagdr smaller fragments (Fig. 3B left panel).
Furthermore, with 26S patrticles the peak of 11-ifha acids was also strongly reduced (Fig. 3B
right panel), while with 20S-PA2 immunoproteasomes a major peak (corresponding-30 3
residues) was detected, and the peak of amino asidsdipeptides slightly increased in size
compared to 20S and 26S (Fig. 3B). Accordingly, thean and median length of products
calculated from these size distributions were highethe 20S than for 26S immunoproteasomes,
while 20S-PA283 products were characterized by lower mean andanedilues (Table 1).

To further analyze the relative distributions @ppdes of different sizes, we also plotted
these data as cumulative frequency curves (Fig. (B@®selev et al.,, 1999). The resulting size
distribution plots clearly showed that for both f@ia substrates no more than 10% of peptide
generated by the three forms of immunoproteasonae W8 to 10 residues long, which is the
appropriate length to bind MHC class | heterodimgfsig. 3C and Table 2). Importantly, the
association of PA283 with the 20S particles does not increase thigityacbut slightly reduces it
(Table 2). Moreover, casein products that mightvesen MHC class | antigen presentation after
appropriate trimming by aminopeptidases in the spft@r the ER represent 38%, 24% and 8% of

the total when the protein is degraded by 20S, 268 20S-PA283 immunoproteasomes,



respectively (Fig. 3C and Table 2). Similar resultse also obtained for IGF-1, although with this
smaller substrate higher production of peptidestehahan 8 residues were detected for all three

immunoproteasome species (Fig. 3C and Table 2).

M ass spectrometry of immunoproteasomal products.

To further define changes in the patterns of prigititat resulted from binding of PA@B to 20S
particles, and specifically to investigate in detae nature of the differences observed between
20S, 20S-PA283 and 26S immunoproteasomes, the indivighegtides generated from IGF-1 and
casein were analyzed by tandem mass spectrome®8yMBl). The MS analysis excluded peptides
with a length of up to 7 amino acids in order tanimize signals originating from small chemical
compounds. Although tandem MS does not provide tipasime information about the absolute
abundance of the peptides detected, their relaimeunts can be assessed by comparing the
corresponding ion intensities measured in sequekitaanalyses (Bantscheff et al., 2007; Old et
al., 2005). Therefore, we used ion intensities uardify the relative amount of single fragments
generated from IGF-1 and casein by more than omeumoproteasome species. By this approach,
90 different peptides from IGF-1 and 103 from caseiere unambiguously identified and
guantified (Fig. 4). These ranged in length froro 5 residues, and were derived from the entire
length of the proteins. Notably, the generatiosaie of the peptides required the removal of one
or two residues from the substrate, further demahisg that proteasomes can release products as
short as single amino acids and dipeptides. Mopbtantly, this analysis demonstrated that while
some peptides are generated exclusively by 20SPZ®Bu3 or 26S immunoproteasomes, several
others are produced in common by different immuatgasome forms, but in very different
amounts. In fact, even if some products are reteasabout the same level by two or even all three
proteasome species, many others are characterizetribing quantitative differences spanning
over 3 log values. Notably, the MS data reveal, ttegjardless of the clear differences in the oVeral

sizes distributions of products unveiled by SEGheaf the three immunoproteasome forms can
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preferentially enhance the generation of indiviquebtides that are 8 to 25 residues in length 4Fig
and Table S1). These results were also furtherirtoedl by the analysis of peptides generated by
the asymmetric 26S hybrid complex, namely prote&sosapped at one side by 19S regulatory
particle and by PA28 at the other (Cascio et 802 Hendil et al., 1998). In this case, MS analysi
revealed that hybrid particles generate some ofpetides produced in common by 26S and
PA283-20S from IGF-1, and also several of those releagegtifically only by one of the two
immunoproteasome forms (Table S2).

To check whether the differences in the sequengeasfucts revealed by MS analysis might
be, at least in part, predicted on the basis ofmioglifications of the three main proteasomal
peptidase activities induced by PA28, we assedseadimulatory effect on cleavage specificities of
20S particles. In this way, we found that the casgdie, although lower in absolute terms, is the
immunoproteasome peptidase activity that is enthntoe a higher extent by PA28, while
stimulation of chymotryptic and tryptic activitieppears lower and more dependent on the specific
sequence of the peptide used (Fig 5A). Of intetb#&,higher activation of the caspase-like agfivit
may help to explain the enhanced generation ofigeespivith an acidic residue at their C terminus
that we observed when IGF-1 and, to a lower extagein are degraded by 20S-Pa&R&articles
(Fig. 4 and Table S1). Furthermore, in an atteroptig¢fine the physiochemical parameters that
control the generation of longer products in thespnce of PA28, we calculated the hydropathy of
peptides exclusively (or preferentially) released 20S and PA2&-20S immunoproteasomes
(Table S3). As expected for products derived fram éxtremely hydrophilic proteins such as IGF-
1 and casein, both pools of peptides were charaeteby high average hydrophilicity. However,
hydrophilicity was significantly higher for peptisigenerated by PA28-20S immunoproteasomes
(Fig. 5B), suggesting that PA28 might allow prefei@ release of longer products that are

polar/charged from the proteolytic proteasomal dbam

11



DISCUSSION

The present study focused on immunoproteasomabdation of loosely folded, non-ubiquitinated
proteins as ubiquitinated proteins are not hydmdyby 20S and PA28-20S complexes (Dubiel et
al., 1992; Ma et al., 1992), most likely since thearticles lack the enzymatic activities necessary
to remove and/or to unfold polyubiquitin chainsttbtherwise would sterically block translocation
of substrates into the proteolytic chamber (Shabek Ciechanover, 2010; Yao and Cohen, 2002).
As a result, we found that unstructured polypepstides hydrolyzed at rates that are nearly 10-fold
higher by 26S compared to 20S immunoproteasomaes.fihding is consistent with the notion that
the free 20S patrticle is a relatively inactive peste, presumably since the N-terminal tails of its
subunits obstruct the two opposite axial poresutjowhich substrates access the internal catalytic
lumen (Groll et al., 2000). This autoinhibited st relieved when the 20S core particle binds to
activators such as 19S or PA28 that displace theriinal tails, thereby opening an axial channel
in the a ring (Kohler et al., 2001; Whitby et al., 2000)owever, the latency of unliganded 20S
proteasome is not absolute since, even in the absehartificial treatments that are known to
activate it (Coux et al., 1996), the 20S core phatilegrades proteins at detectable and reproducibl
rates, probably involving transient and/or only t@érchannel opening (Kohler et al.,, 2001).
Accordingly, atomic force microscopy (AFM) studieave shown that the-rings of the 20S
proteasome repeatedly switch between an open ahosed gate conformation and, importantly,
the relative abundance of the two conformers depesd the nature of their interaction with
ligands. In fact, the closed conformation predor@gaan control or inhibited 20S proteasomes,
while the open form prevails in the presence oftidepor protein substrates (Osmulski and
Gaczynska, 2000, 2002; Osmulski et al., 2009) réstengly, despite the fact that the open-channel
conformation of the gating residues induced by AlEpendent (i.e. 19S) and independent (i.e.
PA28) activators appears to be identical (Rabllgt2008), our data show that PAZB20S
immunocomplexes hydrolyze proteins at the sames hi@n 20S immunoproteasomes, and much

less efficiently than 26S immunoproteasomes. Waileone hand this result confirms the initial
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reports on the biochemical properties of PA28 (Nlale 1992), it appears difficult to reconcile
with the known role of the proteasomal gate in cwhihg accessibility of substrates into the lumen
of the 20S particle. In fact, opening of the axthbnnel by deletion of the N-terminal tails of
eukaryotic (Kohler et al., 2001) or archaeal (Bendf et al., 2003) proteasonmmakubunits results

in strong enhancement of the degradation ratesnédlded proteins, therefore suggesting that
unstructured substrates can freely access thenaltproteolytic chamber of the 20S particle simply
by passive diffusion thorough a fully open gate.light of these data, the inability of PA28 to
enhance hydrolysis rates of loosely folded proteésnsurprising. In fact, the crystal structure of
PA28: shows that the aqueous channel through the hepthase a diameter of 20 A at its
minimum, which is at least in principle wide enough passage of unfolded proteins (Knowlton et
al., 1997). However, the homolog-specific insentsspnt between helices 1 and 2, which are not
resolved in the crystal structure, most likely foaming-like collar on the upper, non-proteasome
binding surface of the PA28 heptamer. Although ssv&udies have shown that these loops do not
restrict passage of tri- or tetra- peptide fluorugesubstrates (Song et al., 1997; Zhang et a88)19
recent investigations have demonstrated that tlaeyhonder the transit of longer peptides, and
conceivably of proteins as well, through the PAR8rmel (Sugiyama et al., 2013).

Although PA2&3 does not enhance the rates of protein degradagoproteasomes, its
association with the 20S particle leads to profoahdnges in the patterns of peptides generated,
which greatly differ from those produced by 20S &6& immunoproteasomes. In fact, from both
protein substrates analyzed, 20S and 26S immuregsoines were found to release a continuum of
peptides with a size ranging from 1 to 26 residudf#)ough some classes of length clearly
predominate. Surprisingly, PA2B-20S immunoproteasomes display a reduced abilityeteerate
longer products that, in principle, might dependmuglifferent mechanisms. Conceivably, PA28
might stimulate additional rounds of hydrolysispoéviously-digested longer precursors. However,
reentry into the proteasome and further hydrolgéialready-released fragments seem statistically

less likely, since our degradation assays wereopadd under conditions that have previously been
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shown to allow generation of individual peptideslinéar rates for several hours (Cascio et al.,
2001; Kisselev et al., 1999). To this end, substveds always present in large excess and no more
than 10% of the protein was consumed at the enthedfincubation period, which ensures that
peptides analyzed are generated directly from tibstsate, and do not reenter the proteasome and
undergo cleavage in later rounds of proteolysikewise, it has been shown thatvitro peptides
released by proteasomes are further cleaved by thketeolytic particles at extremely low rates
(Saric et al., 2004), and they are therefore uhlike efficiently compete for degradation with
proteins, which are much more preferred as sulestréddolenc et al., 1998). Furthermore, if re-
uptake and further hydrolysis by 20S-PABGmmunoproteasomes of intermediate fragments did
occur, this would be expected to increase over tmdonger peptides are generated and their
concentration increases. Consequently, the kineficeew amino group generation would be most
likely exponential, rather than linear, since imediate fragments would be metabolized again
according to a double cut modality, which impliekease of three free amino groups each time that
a long precursor is further hydrolyzed (Dick et 41996). Finally, if intermediate products were
indeed generated, over time they should start topete with the protein substrates for hydrolysis
at proteasomal active sites, which in turn wouldseaa progressive decrease in the rates of protein
consumption, a phenomenon that was not observadadter prolonged incubation. As alternative
possibilities, PA28 might enhance generation ofrtgmoproducts by inducing conformational
changes in proteasomal active sites or by imposiegnstraint on the exit port that would have a
greater effect on longer fragments. These woulddbained inside the proteasomal proteolytic
cavity longer and therefore have an increased jibtyato be further cleaved. At the present,
neither of these two hypotheses can be controvdndedct, although crystallographic studies show
that association with PA26 does not induce strattanodification of proteasomal catalytie
subunits (Whitby et al., 2000), biochemical datdidates that proteasome proteolytic sites are
allosterically regulated (Harris et al., 2001; Lia¢, 2000, 2001) and that their modification le&aol

gate opening (Osmulski and Gaczynska, 2000, 20G2nuiski et al., 2009). Furthermore, an
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allosteric pathway linking the PA26 binding siteghathe active sites in th&. acidophilum 20S
proteasome has been recently described (RuschakKaynd2012). A model entailing PA2B in
which it acts by imposing a constraint on diffusioh longer products out of the hydrolytic
chamber, thus facilitating their further hydrolysis also consistent with our data. In this scemari
PA28 would primarily act as a sieve that retainggkr protein fragments inside the 20S proteolytic
chamber until they are cleaved to pieces small gmaw diffuse outside. Such a molecular
mechanism would be consistent with both detailettic analysis showing that PA28 exerts its
activating influence by enhancing bi-directional spage of short (3-4 residues) peptides
(Stohwasser et al., 2000) and with a previougtro/in silico study that identified one of the major
factors involved in the enhancement of double ¢fitiency induced by PA28 in a reduced efflux
of longer peptides out of the 20S particle (Misatal., 2008). Furthermore, it was recently shown
that a PA28p complex lacking the unstructured and highly molBik28x loops surrounding the
central pore of the heptameric ring cleaves sutestrlonger than a nonapeptide more efficiently
than wild type PA28. On these bases, it was hypmtbd that the flexible loops of PA28 might act
as gatekeepers that block the exit of longer peptfcbom the proteolytic chamber (Sugiyama et al.,
2013). Selectivity based exclusively on peptide siowever, cannot account for the global effects
of PA28 on the patterns of proteasome productsrebdein our study. In fact, quantitation of
products demonstrated that several individual peptwith a length of 8 to 23 residues are released
in much higher amounts by PA@820S than by 20S or 26S immunoproteasomes (TableA$1
present, the properties that might allow spectinger peptides to evade the constraint imposed by
PA28 towards their efflux are not completely cldaowever, the finding that products longer than
7 residues whose generation is strongly enhancegraeence of PA28 are, on average, more
hydrophilic than those preferentially released WS 2alone, suggesting that the passage of
polar/charged long peptides thorough PA28 mightalvered. In this model, PA28 would act as a
selective “smart” sieve that strictly controls tiet from proteasomes of products on the basis of

size and, presumably, sequence. As a result, &A2®uld promote preferential efflux from the
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20S proteolytic cavity of only a reduced numbemalividual peptides longer than 6-7 amino acids,
while the great majority of the other proteasonrabdpcts are retained inside where they are further
cleaved to smaller pieces before they diffuse datsin accordance with this model, the central
channel of PA28 ring is almost completely lined by charged or poksidues (Knowlton et al.,
1997), and is thus well suited for permitting tlesgage of water soluble peptides. Importantly, this
molecular model would also be consistent with ouindihgs on 19S-20S-PA28
immunoproteasomes. In this case, the absence lefaa difference in size distribution (Cascio et
al., 2002) argues that in hybrid proteasomes (68 canonical particles) the main route of exit of
peptides from the inner proteolytic chamber is tega by the 19S cap, while PA28 would exert its
major effect by allowing preferential sorting, tbhgh its central channel, of selected products.
Accordingly, hybrid particles were found to generabme of the peptides produced in common by
26S and PA2&3-20S from IGF-1, in addition to also several ofdbaeleased specifically by only

one of the two immunoproteasome forms.

Implicationsfor MHC class | antigen presentation.

The reasons why mammalian cells are equipped wftRrent immunoproteasome species and
whether these immunoproteasomal variants play speoles in the MHC-I antigen processing
pathway are presently unknown. Yet the vivo observation that their cellular levels greatly
increase following INF+ stimulation (Murata et al., 2001; Tanahashi eti97) strongly supports
their involvement in class | presentation. In thegard, the major findings of our study can be
summarized as follows.

1- For both protein substrates analyzed, only ~160Pqeptides generated by 20S and 26S
immunoproteasomes are 8-10 residues long, the ppat® length to bind MHC class |
heterodimers. Most importantly, association of P&R2&ith the ends of 20S immunoproteasomes
does not increase the fraction of 8-10 residueigeptgenerated, but reduces it to 6% of the total

for both substrates.
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2- The fraction of peptides longer than 10 amindsgovhich might serve in MHC class | antigen
presentation only after appropriate trimming by mopeeptidases in the cytosol or ER, is larger for
20S than for 26S immunoproteasomes; binding of BA28 the 20S particle dramatically reduces
the overall efficiency of generation of these longeoducts. We conclude, therefore, that PA28
does not act simply by expending the fraction at@asomal products that can be accommodated in
the groove of MHC class | molecules directly oeattimming.

From an immunological point of view, however, teguence and not only the length of
proteasomal products is a crucial parameter. Hetbm relative amounts of individual peptides
produced by more than one immunoproteasomal spgo@sIGF-1 and casein were quantified on
the basis of their ion intensity signal followinggaiencing using tandem mass spectrometry. This
analysis revealed striking quantitative differenagbich in several cases exceeded three orders of
magnitude, thus demonstrating that each immunogsoteal form possesses the capacity to
preferentially release individual peptides in tlamge of 8 to 25 residues. The outcome of this
selection process on MHC class | presentation ithdén amplified by the fact that overall the
absolute generation of longer peptides was reduped association with PA28, as shown by SEC

analysis.

SIGNIFICANCE

Our study demonstrates that in spite of their diffé general efficiency in generating products with
a size distribution appropriate to serve in MHCssla presentation, 20S, 26S and P&220S
immunoproteasomes possess the capacity to prodkadaseely, or at least in a preferential
manner, a subset of specific peptides. In thisrceghe finding that PA2& induces generation of

a certain number of peptides with an acidic C-tawmiis counterintuitive, since these products
cannot bind efficiently to MHC-I molecules (Kloetz2001; Pamer and Cresswell, 1998; Rock and
Goldberg, 1999). However, several of the remaimegtides do present the correct hydrophobic or

basic C-terminal anchor residue required for asgimei with the MHC-I groove. It seems plausible,
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therefore, that a substantial fraction of peptidegecifically released by PAZB-20S
immunoproteasomes might be critical in eliciting affective CTL response under different
pathophysiological conditions, especially if favayi a non-canonical, ubiquitin-independent,
proteolytic pathway (Orlowski and Wilk, 2003; Qiahal., 2006; Yuksek et al., 2009). In principle,
it is also possible that by promoting release a@egain number of peptides that cannot serve in
class | antigen presentation, PA28 might exertgulegory function aimed at blunting excessive
cytotoxic responses against antigens of self arifins preventing the risk of potentially harmful

autoimmune reactions.
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EXPERIMENTAL PROCEDURES

Protein purification, substrate degradations and peptide analysis

Purification of immunoproteasomes and PAR8casein and IGF-1 degradation and HPLC analysis
of peptide products were performed as previousbeuleed (Berko et al., 2012; Cascio et al., 2001,
2002; Song et al., 1997). More details are providedupplemental Experimental Procedures.
Heterodimeric PA28 (Fig S1C) was reconstituted frpuanified recombinant. and  subunits as
described (Song, et al., 1997) with minor modifmas. Briefly, equal volumes of proteins at a final
concentration of 0.1 mg/ml were preincubated inn2@ HEPES, pH 7.6, 20 mM NaCl, 1 mM
EDTA, 5 mM B-mercaptoethanol and 5% glycerol for 16 h at 4°@cdRstituted PA23
complexes were then purified by gel filtration onH&Prep Sephacryl-S200 HR column (GE
Healtcare, Piscataway, NJ, USA) (Fig. S1D) andfeee of any exo- or endoproteolytic activity.
PA283-20S immunoproteasomes were reconstituted by muehating 20S particles with 8-fold
molar excess of PA2@ at 37°C for 30 min in 20 mM HEPES, pH 7.6, 2 mMQVand were used
immediately for degradation experiments. Native BEA&owed almost complete conversion of
20S particles into doubly capped (PARR0S-PA28p3) 20S immunoproteasomes that are stable
throughout the entire degradation period (Fig. SFr analysis of peptide products, casein (470
uM) and denatured IGF-1 (90eM) were incubated with 20S (20 nM for IGF-1 and @@ for
casein), PA2&3-20S (20 nM for IGF-1 and 50 nM for casein) and 28®unoproteasomes (35
nM for both substrates) for 6 h at 37°C in 20 mMRHES, pH 7.6, 1.5 mM ATP, 3 mM MgCand

2 mM NaCl. To assay peptides generated during iproegradation, we measured the appearance
of new amino groups using fluorescamine. At the ehdhe incubation, peptide products were
separated from undegraded protein by ultrafiltratiorough a membrane with a 5 kDa cutoff, and
these samples were used for size exclusion chrgregtby and mass spectrometry. Consumption
of substrates at the end of the incubation neveeeded 10% (Fig. S2). FITC-casein (1) was
degraded by 20S, PA2B-20S and 26S immunoproteasomes (40 nM) for 6 h7a€ 3n 20 mM

HEPES, pH 7.6, 1.5 mM ATP, 3 mM MgCand 2 mM NaCl. At the end of the incubation,
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undigested FITC-casein was precipitated with 2%clgeric acid, and fluorescence in the
supernatant was measured (excitation, 490 nm; &m|ss25 nm). RP-HPLC analysis of peptides
generated by different immunoproteasome speciese vperformed using methods described
elsewhere (Cascio, et al., 2002). For size exatustoromatography, equal amounts of peptides
generated during degradation of casein and IGF+& Wephilized, resuspended in 0.1 M HEPES
pH 6.8 and separated on a polyhydroxy-ethyl aspadi@ column (0.46 x 20 cm, Poly LC,
Columbia, MD, USA). The mobile phase was 0.2 M3{&;, 25% acetonitrile pH 3.0 at a flow rate
of 0.125 ml/min. For each analysis, glof peptide solution was added to j0of fluorescamine
(0.3 mg/ml in acetone). The reaction was terminaféer 30 sec with 30l of H,O, and the sample
was immediately injected on the HPLC column. Theféscence of eluted material was monitored
continuously and a blank run (corresponding to tbhevas always subtracted. To determine the
apparent molecular mass of peptides eluted, thenmoolwas calibrated with 18 standard amino
acids and peptides in the 200-3500 Da range thdtblkean derivatized with fluorescamine in the
same manner as proteasomal degradation produiscBntrol studies showed that retention times
of these fluorescamine-derivatized products ar@lhigeproducible and linearly dependent on the
logarithm of their molecular weights (Fig. S2), afht recovery of amino acids and peptides of
different lengths is quantitative. Note that amamds and peptides eluting from the column are
bound to fluorescamine, whose molecular weight rbassubtracted to calculate the actual mass of
proteasomal products. Mean and median sizes ofdespgienerated by immunoproteasomes were
calculated from the distributions of products oial by SEC, assuming an average molecular
weight of 110 Da for each residue. Proteasome ghegxi activities were measured using specific
fluorogenic substrates in 20 mM Tris—HCI pH 7.5mM ATP, 2 mM MgC}, and 0.2% (w/v) BSA.
The fluorescence of released amc (excitation, 38f emission, 460 nm) was monitored
continuously at 37°C. Assays were calibrated ustagdard solutions of the free fluorophore, and

the reaction velocities were calculated from tlopes of the initial linear portions of the curves.
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M ass spectrometry of proteasomal products

Peptides generated by degradation of similar ansoointGF-1 by immunoproteasomes and casein
in two independent experiments were analyzed byMSIMS tandem mass spectrometry. Peptides
were captured on a C18 stage tip. The cleaneddesptvere separated on a nano HPLC system
(Proxeon, easy nLC) using a 5% to 40% linear grada¢ acetonitrile on a 15 cm micro column
(prepared in house, 75 pum inner diameter, filleth\8i um C18 reverse phase beads, Reprosil, Dr.
Maisch) and directly sprayed into the mass speatem(LTQ-Orbitrap or Q-Exactive, Thermo
scientific) using a proxeon ion source. Data waalyaed using version 1.3.0.5 of the MaxQuant
software package (Cox and Mann, 2008). Briefly, Hudftware uses MS/MS spectra for the
identification of peptides, while quantification péptides is derived from MS-spectra. The software
integrates the intensities over the entire rangeehftion, thus allowing highly accurate

guantification of peptides. The false discovergr@DR) was set to 1% of peptide levels.

Statistical analyses
To compare average measures of amino group gemergbrotein degradation and peptide
hydrophilicity, we adopted a Mann-Whitney test. drbars represent standard error of the mean

(SEM).
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FIGURE LEGENDS

Figure 1. Casein degradation by 20S, 26S and PA28af-20S immunopr oteasomes. Primary NH
generated by equimolar amounts of 20S and 489 or 20S and PA28-20S (B)
immunoproteasomes were quantified by fluorescaramtkeexpressed as fold change relative to the
amount released in 2 hours by 20S. The averagetof&independent experiments (£ SEM) is
shown. NH generation does not occur when the substrate ncabated alone, with only PAZ8

or in the presence d#-lactone. * P < 0.05; ** P < 0.01. See also Fig&® (C) Casein was
incubated as indicated in the figure, and the uratigl protein was separated by SDS-PAEE.
Densitometric quantification of the residual proteData are the average of 3 independent
experiments £+ SEM. NS, not significant. * P < 0.Q&) FITC-casein was incubated with
immunoproteasomes and generation of soluble floceree assessedF) FITC-casein was
degraded by immunoproteasomes and peptides analyefP-HPLC. See also Supplemental

Experimental Procedures.

Figure 2. IGF-1 degradation by 20S, 26S and PA28ap-20S immunoproteasomes. Degradation

of IGF-1 by 20S and 268\) or 20S and PAZ§3-20S (B) immunoproteasomes was performed as
described in Figure T'he average of 3 independent experiments (+ SElhasvn.* P < 0.05 (C)
IGF-1 was incubated as indicated, and the undedrpd&tein was separated by SDS-PAGE)
Densitometric quantification of the residual prateData are the average of 3 independent

experiments + SEM. NS, not significant. * P < 0.05.

Figure 3. Size distribution of peptides generated from casein and 1GF-1 by 20S, 26S and
PA28af-20S immunoproteasomes. Equal amounts of peptides generated during dedoadat
casein(A) and IGF-1(B) by 20S, 26S and PA&8-20S immunoproteasomes were reacted with
fluorescamine and immediately fractionated by HREESEimilar data were obtained in at least 4
independent experiment&C) The cumulative frequency curves of peptides geedritom casein
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and IGF-1 were obtained by transformation of datanf panels A and B. For each point, the
fraction of peptides with this and lower moleculaass was calculated, and each curve was
obtained by averaging the data from 4 independesperanents. See also Figure S2 and

Supplemental Experimental Procedures.

Figure 4. MS analysis of peptides generated from |GF-1 and casein degradation by 20S, 26S

and PA28af-20S immunopr oteasomes.

Peptides were identified by tandem mass spectrgniets/MS), and those produced by more than
one immunoproteasome species were quantified onb#ses of their ion intensity signal as
described in the Materials and Methods. Valuesimdécated as percentage of the highest ion
intensity signal for each single peptide set as%.0Wnderscored peptides whose generation
requires removal of only 1 or 2 residues at th@Nc-terminus of the substrate. See also Tables S1

and S2.

Figure 5. Maodifications in cleavage specificities of 20S immunoproteasomes induced by
PA28af. (A) Chymotryptic, tryptic and caspase activities of B4220S immunoproteasonveere
measured with different fluorogenic peptides andidated as fold change relative to the
corresponding activities of 20S particle alone.&Date the average of 3 independent experiments +
SEM. Below the graph the values (x SEM) of spectHictivity for the hydrolysis of each
fluorogenic substrate by PA2B-20S are reported. See also Supplemental Experinent
Procedures(B) The grand average of hydropathy (GRAVY) values peptides preferentially
released from IGF-1 and casein by 20S and BA2Z®S immunoproteasomes were calculated as

described in Table S3.
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Table 1. Mean Sizes of Peptides Generated by 2WSPA2&(3 and 26S

immunoproteasomes from IGF-1 and casein

Substrate Mean Median
20S IGF-1 7.3+0.10 5.9 +0.07
Casein 9.4+0.14 7.3+0.27

20S-PA2& IGF-1 4.9 £0.07 4.6 +0.04
Casein 4.8 +0.05 3.9 +0.07
26S IGF-1 6.0 £ 0.05 5.3+0.06
Casein 7.3+0.04 5.7+0.10

Mean sizes and median were calculated from theilalisions of products
obtained by size exclusion chromatography, assumamg average
molecular weight of 110 Da for each residue andwilees are averages
from five experiments + SEM.

29



Table 2. Size classes of peptides generated froRll@nd casein by
different forms of immunoproteasomes.

Fractions of peptides (%)

Substrate <8 a.a. 8-10 a.a. >10 a.a.
20S IGF-1 67 9 24
Casein 54 8 38
20S-PA283 IGF-1 89 6 5
Casein 86 6 8
26S IGF-1 78 9 13
Casein 66 10 24

Peptide lengths were calculated from the distrangi of products
obtained by size exclusion chromatography and grduip three size
classes: longer (>10 a.a.), shorter (<8 a.a.) drtheocorrect size (8-10
a.a.) to fit into the groove of MHC class-I molezsil
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