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Abstract 23 

By tying peptide fragments originally distant in parental proteins, the proteasome can generate 24 

spliced peptides that are recognized by cytolytic T lymphocytes. This occurs by 25 

transpeptidation involving a peptide-acyl-enzyme intermediate and another peptide fragment 26 

present in the catalytic chamber. Four main subtypes of proteasomes exist: the standard 27 

proteasome (SP), the immunoproteasome (IP) and intermediate proteasomes b1-b2-b5i (SIP) 28 

and b1i-b2-b5i (DIP). Here, we use a TMT-quantification approach to study the production of 29 

six spliced human antigenic peptides by the four proteasome subtypes. Peptides FGF-5172-176/217-30 

220, tyrosinase368-373/336-340 and gp10040-42/47-52, are better produced by the SP than the other 31 

proteasome subtypes. The peptides SP110296-301/286-289, gp100195-202/191or192 and gp10047-52/40-42 32 

are better produced by the IP and the DIP. The current model of proteasome-catalyzed peptide 33 

splicing suggests that the production of a spliced peptide depends on the abundance of the 34 

peptide splicing partners. Surprisingly, we found that despite the fact that reciprocal peptides 35 

RTK_QLYPEW (gp10040-42/47-52) and QLYPEW_RTK (gp10047-52/40-42) are composed of 36 

identical splicing partners, their production varies differently according to the proteasome 37 

subtype. These differences were maintained after in vitro digestions involving identical 38 

amounts of the splicing fragments. Our results indicate that the amount of splicing partner is 39 

not the only factor driving peptide splicing, and suggest that peptide splicing efficiency also 40 

relies on other factors such as the affinity of the C-terminal splice reactant for the primed 41 

binding site of the catalytic subunit.   42 

Key points 43 

• All four proteasome subtypes ( b1b2b5, b1ib2ib5i, b5i, b1ib5i) can splice peptides 44 

• Splicing efficiency by the four proteasome subtypes depends on the peptide sequence 45 

• Availability of the splice reactants is a factor controlling splicing efficiency 46 

• Affinity of the C-terminal splice reactant for the primed binding site seems key 47 
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Introduction  48 

Cytolytic T lymphocytes (CTL) are essential players of the adaptive immune response, because 49 

they can kill virally infected cells and tumor cells.  On the cell surface, CTL recognize peptides 50 

of 8-11 amino acids loaded onto MHC class I molecules (1). These peptides are mostly derived 51 

from the degradation of cellular proteins by the proteasome, a large multi-protease complex 52 

located in the cytosol. The 20S core of the proteasome is composed by four stacked heptameric 53 

rings, which constitute the catalytic chamber of the proteasome (2, 3). The two outer rings are 54 

made of seven structural alpha subunits (α1-7) while the two inner rings contain seven beta 55 

subunits (β1-7), three of which (β1, β2 and β5) are catalytically active.  56 

 57 

Originally, antigenic peptides produced by the proteasome and recognized by CTL were 58 

believed to solely derive from linear fragments of proteins. However, some years ago, this idea 59 

was challenged by the identification of several antigenic peptides, which were produced after 60 

splicing of two non-contiguous fragments of the parental protein (4-9). Peptide splicing was 61 

shown to occur in the catalytic chamber of the proteasome through a transpeptidation reaction 62 

(4). This reaction requires the production of an acyl-enzyme intermediate, composed of a 63 

peptide fragment bound to the proteasome through the N-terminal threonine of the catalytic 64 

subunit. This acyl-enzyme intermediate is subjected to a nucleophilic attack by the N-terminal 65 

amino group of another peptide fragment present in the catalytic chamber of the enzyme, 66 

leading to the production of a spliced peptide (4). This process involves the excision of the 67 

intervening sequence and the creation of a new peptide bond between the spliced fragments. So 68 

far, six human tumor antigenic peptides, recognized by cytolytic T lymphocytes, were found to 69 

be produced by peptide splicing (4-9). Four of these peptides contain peptide fragments that are 70 

spliced in the reverse order to that in which they occur in the parental protein (6-9). In addition, 71 

one of these peptides was shown to contain two aspartate residues resulting from post-72 
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translational deamidation of asparagine residues (7). While peptide splicing is a low efficiency 73 

process (4, 10, 11), the extreme sensitivity of CTL, which can recognize target cells presenting 74 

fewer than 10 MHC/peptide complexes (12) likely explains how such a low efficiency process 75 

is immunologically relevant and can elicit clinically meaningful CD8 T cell responses. It is for 76 

example the case for CD8 T cells isolated against a spliced tyrosinase peptide, which were used 77 

for adoptive cell transfer in a melanoma patient and were shown to induce dramatic and lasting 78 

tumor regressions   (7, 13). The recent developments of peptidomic approaches have led to the 79 

detailed characterization of peptides presented by the MHC class I molecules at the cell surface, 80 

based on the mass spectrometry analysis of peptides eluted from MHC molecules (14). Using 81 

this approach, several groups have tried to estimate the proportion of spliced peptides 82 

effectively expressed at the surface of cells (15-17). Because identification of spliced peptides 83 

using this approach is based on the development of very complex algorithms, estimation of the 84 

proportion of spliced peptides varies from 0.1% to up to 30% between the investigators and 85 

therefore remains an intense matter of debate (15-18, 19 , 20, 21). Overall, this confirms that 86 

isolation of CTLs remains a crucial step for the validation of spliced peptides.  87 

 88 

Based on their ability to cleave fluorogenic peptides and to degrade long precursor peptides, 89 

the proteasome catalytic subunits were shown to display cleavage specificities: β1 cleaves 90 

mostly after acidic residues (caspase-like activity), β2 after basic residues (trypsin-like activity) 91 

and β5 after hydrophobic residues (chymotrypsin-like activity) (22). In cells exposed to IFNγ 92 

and in some lymphoid cells, these three constitutive catalytic subunits can be replaced by their 93 

inducible counterparts β1i (LMP2), β2i (MECL1) and β5i (LMP7) to form the 94 

immunoproteasome (1). Because they contain alternative catalytic subunits, 95 

immunoproteasomes display a lower capase-like activity and higher trypsin-like and 96 

chymotrypsin-like activities than standard proteasomes (23, 24). Our group identified two 97 
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intermediate proteasome subtypes that have incorporated only one or two of the three catalytic 98 

subunits of the immunoproteasome: the single intermediate proteasome (SIP), which contains 99 

β1, β2 and β5i and the double intermediate proteasome (DIP), composed of β1i, β2 and β5i. 100 

These two intermediate proteasomes are present in normal tissues (human liver, kidney and 101 

gut), where they represent approximately 20 to 30% of the proteasome content. Intermediate 102 

proteasomes also represent half of the proteasome content of immature and mature dendritic 103 

cells (25). Although the role of intermediate proteasomes is not yet clear, their different 104 

catalytic activity leads to the production of a unique peptide repertoire, with some peptides 105 

being solely produced by one or the other of these proteasome subtypes. Identifying peptides 106 

that are efficiently processed by intermediate proteasomes SIP and DIP is of great interest for 107 

the development of immunotherapeutic cancer vaccines, as these two proteasome subtypes are 108 

shared between tumor cells and dendritic cells, which are instrumental to vaccination 109 

approaches. 110 

 111 

Analyzing proteasome digests performed with long peptide precursors, we previously observed 112 

that both the standard proteasome and the immunoproteasome are able to splice peptides, and 113 

that some spliced peptides are better produced by the standard proteasome, while others are 114 

better produced by the immunoproteasome (7, 26). Our results suggested that this was related 115 

to differences in cleavage specificity resulting in differential production of the fragments to 116 

splice. However, thus far the ability of intermediate proteasomes to produce spliced peptides 117 

has not been investigated. In this study, we compared the four different proteasome subtypes 118 

for their ability to produce the five different spliced peptides FGF-5172-176/217-220, sp110296-301/286-119 

289, Tyrosinase368-373/336-340, gp100195-202/191or192 and gp10040-42/47-52 against which we have 120 

previously isolated CTL clones. We used a tandem mass tag (TMT) labeling approach to 121 

quantitatively compare, by mass spectrometry, the fragments produced during in vitro 122 
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digestion. By studying the splicing of peptide RTK_QLYPEW and its reverse spliced 123 

reciprocal counterpart QLYPEW_RTK by the four proteasome subtypes, we show that the 124 

efficiency of peptide splicing does not only depend on the abundance of the peptide splicing 125 

partners.  126 

 127 

  128 
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Materials and methods 129 

Cell lines and CTL clones 130 

The HEK-293-EBNA clonal cell lines expressing different proteasomes subtypes were 131 

previously described (25). These cells were cultured in IMDM medium (ThermoFisher 132 

Scientific) supplemented with 10% FBS (Sigma Life Science), GlutaMAX (2mM L-alanyl L-133 

glutamine dipeptide, ThermoFisher Scientific),100 U/ml penicillin and 100 µg/ml streptomycin 134 

(ThermoFisher Scientific) (IMDM complete medium). 293-SIP were supplemented with 135 

hygromycin (600µg/ml) (Roche) and 293-DIP and IP were supplemented with both 136 

hygromycin (600µg/ml) and puromycin (5µg/ml) (Invivogen). WEHI 164 cl 13 cells were 137 

cultured in RPMI medium (ThermoFisher Scientific) supplemented with 5% FBS HyClone (GE 138 

Healthcare), GlutaMAX (2mM L-alanyl L-glutamine dipeptide) and 100 U/ml penicillin and 139 

100µg/ml streptomycin (ThermoFisher Scientific). Epstein-Barr transformed B cells LG2-EBV 140 

and CAN-EBV were grown in IMDM medium supplemented with 10% FBS, GlutaMAX 141 

(2mM L-alanyl L-glutamine dipeptide), 100U/ml penicillin and 100μg/ml streptomycin. The 142 

CTL clone 14 recognize the HLA-A32-restricted spliced peptide gp10040-42/47-52 143 

RTK_QLYPEW (4). CTL clone C2 recognizes the spliced peptide FGF-5172-176/217-220 144 

NTYAS_PRFK associated with HLA-A3 molecule (5). CTL clone DRN-7 recognizes the 145 

HLA-A3-restricted spliced peptides SP110 SLPRGT_STPK, SLPRGT_STPKR and 146 

SLPRGT_STPKRR (6). CTL 888 clone 62 recognize the HLA-A24 restricted spliced peptide 147 

Tytosinase368-373/336-340 IYMDGT_ADFSF (7). These four CTL were expanded by stimulation 148 

every 14 days with anti-CD3 OKT3 monoclonal antibody (10ng/ml) (BioXcell) and irradiated 149 

allogeneic PBLs and LG2-EBV cells (100Gy) (27). CTL clone M45-3B recognizes the HLA-150 

A3 restricted spliced peptide gp100195-202/191or192 RSYVPLAH_R (8). This CTL clone was 151 

propagated by stimulation every 14 days with 1µg/ml phytohemagglutinin (PHA) (Sigma 152 

Aldrich) using irradiated allogeneic PBMCs (100 Gy) and CAN-EBV cells. All CTLs were 153 
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cultured in IMDM (ThermoFisher Scientific) containing 10% human serum, rIL-2 (Proleukin 154 

sanofi) (150U/ml), and IDO inhibitor 1-methyl-L-tryptophan (200µM; Sigma Aldrich) (28).  155 

 156 

Transient transfection and antigen presentation of 293-SP, 293-SIP, 293-DIP and 293-IP 157 

cells  158 

Twelve hours before transfection, 293-SP, 293-SIP, 293-DIP and 293-IP were plated in 96 159 

wells plate (Corning) (30.000 cells/wells) in 100µl of IMDM complete medium. Cells were 160 

transfected using LT transit reagent (MIR2360, Sopachem) with 50ng of pcDNA3 plasmid 161 

encoding the appropriate HLA molecule and the indicated amount of pcDNA3 plasmid 162 

encoding the parental antigenic protein. Control cells were transfected with an empty pcDNA3 163 

and loaded or not with the appropriate antigenic peptide (1µM). Twelve hours after the 164 

transfection the relevant CTL was added (20.000 cells/wells) in 200µl of CTL medium. After 165 

an overnight co-culture the supernatants were collected to measure their TNF-β content using 166 

WEHI cells.  167 

 168 

Capture proteasome assay (CAPA) assay  169 

The CAPA assay was performed as previously described (29, 30). Briefly, 96-wells plate 170 

(Greiner) were coated for 2h at RT with the monoclonal antibody (mAb) MCP21 (5μg/ml) 171 

recognizing the proteasome subunit α2 (31), then, blocked for 1h with PBS containing 2% BSA 172 

(Roth). Cell pellets were lysed on ice at a cell density of 107 cells/ml of Tris-HCL 50mM NP40 173 

0,1% pH 7.5 (lysis buffer). The amount of proteins in the lysate was measured using a BCA 174 

protein assay kit (ThermoFisher Scientific) and protein concentration was adjusted to 4mg/ml 175 

using lysis buffer. 50μl of cell lysate were then added in each well and the plate were incubated 176 

overnight at 4°C. The plate was washed firstly in Tris-HCL 10mM NP-40 0.1% pH 7.5 then in 177 

Tris-HCL 10mM pH 7.5. After proteasome capture, 50μl of the indicated precursor peptide 178 
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were added at a concentration of 20μg/ml in Tris-HCL 10mM. Plates were then sealed with a 179 

plastic cover and incubated at 37°C. For each time point supernatants were collected (45μl) in 180 

protein LoBind tube (eppendorf) and digestions were stopped by the addition of 2μl 181 

trifluoroacetic acid 10%. All samples were lyophilized and resuspended in 20μl of water. 5μl 182 

of each digest were pulsed in 50μl X-vivo-10 serum-free medium (Lonza) onto the indicated 183 

EBV-B cells (40.000 cells per well). After 1 hour incubation at 37°C, CTL were added (20.000 184 

cells per well) in CTL medium containing IL2 (25U/ml). IFN-γ produced by the CTL was then 185 

measured by ELISA (29).  186 

 187 

Digestions of synthetic peptides by purified proteasomes and CTL assay 188 

Purification of 20S proteasome was performed as previously described (32, 33) using frozen 189 

pellets of 1 × 109 293 EBNA cells. Digestions of precursor peptides (>95% pure) were 190 

performed by incubating at 37°C in 20μl of phosphate buffer (KH2PO4 10mM pH 7,5)/ time 191 

point, 1μg of SP, SIP, DIP or IP/ time point with 5μg of RTKAWNRQLYPEWTEAQR 192 

(gp100); 7,5μg of NTYASAIHRTSTHFLPRFKQSEQP (FGF-5); 4μg of 193 

STPKRRHKKKSLPRGTASSR (sp110); 5μg of ADFSFRNTLEHNALHIYMDGTMSQV 194 

(Tyrosinase) or 5μg of RRGSRSYVPLAHSSSAFT (gp100)/ time point. Reactions were 195 

stopped at the indicated time point using 2μl trifloroacetic acid 10%. All samples were 196 

lyophilized and resuspended in 20μl of water. 5μl of each digest were pulsed in 50ul X-vivo-197 

10 serum-free medium (Lonza) onto the indicated EBV-B cells (20.000 cells per well). After 198 

1hour incubation at 37°C, CTL were added (15.000 cells per well) in CTL medium containing 199 

IL2 (25U/ml). After an overnight co-culture, IFN-γ produced by the CTL was measured by 200 

ELISA (29). 201 

In figure 7, 1μg of SP SIP DIP or IP/ time point with 1μg of RTKQLYPEWTEA, 202 

RTKQLYPEWTEAQR, QLYPEWRTKA and QLYPEWRTKAW. In figure 8, an equi-molar 203 
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concentration of each of the combined peptides was used with 1μg of SP SIP DIP or IP/ time 204 

point. A no-digestion control (No proteasome) was performed for each reaction. 205 

 206 

Peptide synthesis  207 

All precursor peptides were synthesized on solid phase using fluorenylmethoxycarbonyl 208 

(Fmoc) chemistry. Synthetized peptides were purified by reverse-phase HPLC to >95% purity 209 

and finally characterized by mass spectrometry. The lyophilized peptides were diluted to a final 210 

concentration of 20 mg/ml in DMSO and stored at -80°C. 211 

 212 

TMT peptide labeling  213 

10μl of each purified proteasome digestions (one half) were lyophilized and solubilized in 10μl 214 

of water. Five μl of 200 mM HEPES buffer (pH 8.5) and 2μl of 6-plex TMT (20μg/μl in ACN) 215 

(Thermo Fisher Scientific) were added to 2μl aliquots of digestions. The solution was gently 216 

mixed, centrifuged and incubated for 90 min without agitation at room temperature.  The 217 

labeled reaction was quenched by adding 1μl of 50% hydroxylamine and incubated for 30 min 218 

and were store at –80°C. Digestions with SP, SIP, DIP, IP and the no-digestion control (No 219 

proteasome) were labeled with TMT-126, TMT-127, TMT-128, TMT-129 and TMT-131 220 

(Figure 2-5) or TMT-130 (Figure 1), respectively.  221 

HPLC and Mass spectrometry 222 

For TMT analysis and epitopes detection (orbitrap) 223 

The digestions were analyzed by LC-MS/MS with an Ultimate 3000 RSLCnano system 224 

(ThermoFisher Scientific) connected in-line to an Orbitrap Fusion Lumos Tribrid mass 225 

spectrometer (ThermoFisher Scientific). Peptides was directly loaded onto a reversed-phase 226 

trap column (Acclaim PepMap100, 0.3 × 5 mm, C18, 5μm, 100 A, Thermo Scientific) at 227 
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10μl/min with aqueous solution containing 0.1% (v/v) trifluoroacetic acid and 2% ACN. After 228 

3 min, the trap column was set on-line in backflush mode with a reversed-phase analytical 229 

column (Acclaim PepMap RSLC, 0.075 × 250 mm, C18, 2 um, 100 A, Thermo Scientific). 230 

Solvent A was HPLC grade water with 0.1% (v/v) formic acid and solvent B was HPLC grade 231 

80% acetonitrile with 0.1% (v/v) formic acid. Separations were performed by applying a linear 232 

gradient of 4% to 45% solvent B over 40 min, followed by a linear gradient of 45% to 60% 233 

solvent B over 5 min, followed a washing step (10 min at 95% solvent B) and an equilibration 234 

step (15 min at 4% solvent B) at a constant flow rate of 300nL/min. 235 

For TMT analysis, intact peptides were detected in the Orbitrap at a resolution of 120,000 over 236 

a scan range 280-1500 m/z with an AGC target of 4 × 105 ions and a maximum injection time 237 

of 50 ms. A data-dependent procedure of MS/MS scans was applied for the top precursor ions 238 

with 15 s dynamic exclusion. The total cycle time was set to 3 s.  Precursor ions were 239 

accumulated with a 0.7 m/z isolation window and their HCD fragmentation was performed with 240 

normalized collision energy of 38. Fragment ions were transferred to the Orbitrap at a resolution 241 

of 50,000 with an AGC target of 5 × 104 ions and a maximum injection time of 50 ms. 242 

For the targeted quantification of epitopes, the mass acquisition method combined a full scan 243 

method (same parameters as above) with a PRM method. This PRM method employed an 244 

isolation of the target precursor ions on the basis of the theoretical masses of the epitope 245 

sequences (considering the charge states +2 or +3) with a 0.7m/z window. CID fragmentation 246 

was performed with a normalized collision energy of 35, and fragment ions were detected in 247 

the Orbitrap at a resolution of 50,000 with an AGC target of 5 × 104 ions and a maximum 248 

injection time of 50 ms.  249 
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Extended spliced peptides digestion (LTQ) 250 

The digestions were analyzed by LC-MS/MS using an Ultimate 3000 RSLC nanoHPLC system 251 

(ThermoFisher Scientific) coupled to an LTQ XL ion-trap mass spectrometer 252 

(ThermoFinnigan). Peptides were separated on a reversed-phase analytical column (50 cm 253 

µPAC C18, PharmaFluidics) with a 34 min linear gradient of 3%–52% ACN (0.1 % FA), 254 

followed by 6 min at 70% ACN (0.1 % FA), and 20 min reequilibration at 3% ACN (0.1 % 255 

FA), at a constant flow rate of 300 nL/min. 256 

MS analysis was performed on line with the mass spectrometer equipped with a 257 

nanoelectrospray source and operated in positive mode with default parameters and active 258 

automatic gain control. Mass spectra were acquired in a mode that alternated single MS scans 259 

(m/z 300–2,000) with MS/MS scans using low- energy collision-induced dissociation with 260 

relative collision energy of 35%.  261 

TMT-labeled peptide identification and quantification 262 

 263 
Peptide identifications were made using SearchGui 3.3.17 (34), which was set to use the  264 

X!Tandem, MS-GF+, OMSSA and Comet search engines. Precursor Tolerance was set at 7.0 265 

ppm and fragment tolerance at 20.0 ppm. Resulting search engine files were then harmonized 266 

and preprocessed using PeptideShaker 2.0.31(35). Project files were then exported to Reporter 267 

0.7.20 for relative TMT quantifications (https://compomics.github.io/projects/reporter.html).  268 

Peptides displayed in the figures were identified with 100% (figures 1,2 and 5), 90% (Figure 3) 269 

and 80% confidence (Figure 4) and originate, in most cases, from a single cleavage occurring 270 

either at one of the border or inside one of the peptide splicing partner.  Peptide identifications 271 

and quantifications were manually confirmed using the Thermo X-calibur 4.1.50.  272 
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Results 273 

Processing of spliced peptide FGF-5172-176/217-220 by the four proteasomes subtypes 274 

Several years ago, Hanada et al. showed that a human anti-tumor CD8+ T lymphocyte clone 275 

(CTL C2) isolated from a renal cell carcinoma patient recognized a peptide presented by HLA-276 

A3 and composed of two non-contiguous fragments of the FGF-5 protein. Production of this 277 

peptide required the removal of a 40 amino-acid sequence located between fragments NTYAS 278 

and PRFK, which compose the spliced peptide NTYAS_PRFK recognized by the CTL (5). 279 

We subsequently showed that production of this peptide was mediated by the proteasome in a 280 

transpeptidation reaction (11). To analyze the processing of this spliced peptide by the four 281 

proteasome subtypes, we used a set of engineered HEK-293 cells, which exclusively express 282 

either standard proteasomes (293-SP), single intermediate proteasomes β5i (293-SIP), double 283 

intermediate proteasomes β1iβ5i (293-DIP) or immunoproteasomes (293-IP). These cell lines 284 

were previously obtained by successive transfections of parental HEK-293 cells, which 285 

exclusively express the SP (hereafter called 293 SP), with strong expression vectors encoding 286 

the different inducible subunits. The overexpressed subunits completely replaced the 287 

endogenous subunits in the 20S proteasome particles, and LC–MS/MS analysis of proteasomes 288 

purified from the four cell lines 293-SP, SIP, DIP and IP confirmed that they contained 289 

exclusively SP, SIP, DIP and IP, respectively (25, 33). This occurs despite continued 290 

transcription of the genes encoding the constitutive subunits, because of the preferential and 291 

cooperative incorporation of inducible subunits into nascent proteasome particles, as 292 

determined from the study of immunoproteasome assembly (36). Moreover, the lack of 293 

incorporation of constitutive subunits in the proteasomes from lines 293-SIP, 293-DIP and 293-294 

IP appears to trigger their degradation, as a western blot of the total lysates did not show any 295 

trace of unincorporated subunits (33). These 293 cells were transiently transfected with plasmid 296 

constructs encoding the entire FGF-5 protein and HLA-A3. Transfected cells were then tested 297 
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for their ability to activate CTL C2. 293-SP stimulated CTL C2 much more efficiently than 298 

293-SIP, 293-DIP or 293-IP, suggesting that the standard proteasome produced the spliced 299 

peptide better than the three other proteasome subtypes (Figure 1A). To study in detail the 300 

processing of the FGF-5 peptide, we performed in vitro proteasome digestions using two 301 

different methods. The CAPA (capture proteasome assay) is a technique that involves the 302 

capture of proteasomes on a microplate using the α2-specific antibody MCP21 (29, 30) . 303 

Lysates originating from the four different HEK-293 cell lines were added to wells coated with 304 

MCP21. Plates were then extensively washed to remove unbound proteins and the synthetic 305 

precursor peptide NTYASAIHRTSTHFLPRFKQSEQP was added to the plate and digested 306 

by the captured proteasomes. Digestions were stopped at different time points and pulsed on 307 

HLA-A3+ cells. In agreement with the results of the transfection assay, digests performed with 308 

SP were much better recognized by CTL C2 than those obtained from SIP, DIP and IP (Figure 309 

1B). Similar results were obtained when the precursor peptide was digested with purified 20S 310 

proteasomes (Figure 1C). These results were in line with our previous results showing that SP 311 

better produced this FGF-5 spliced peptide than IP (26).  Degradation of the precursor peptide 312 

by purified proteasomes was estimated by mass spectrometry, and digests displaying similar 313 

rate of precursor degradation were analyzed by HPLC coupled to mass spectrometry (HPLC-314 

MS). Peptide fragments were quantified using a 6-plex TMT mass tag labeling approach in 315 

order to obtain quantitative information about the relative abundance of each peptide in the 316 

digests. Using this approach, peptides contained in each of the four digests were labeled with a 317 

given TMT mass tag. TMT tags are isobaric mass tags that contain defined isotopic substitutions 318 

in their mass reporter region, which can therefore be distinguished and quantified following 319 

MS/MS fragmentation. Similar amounts of the four labeled digests, displaying similar 320 

percentages of precursor degradation (Figure 1D top), were pooled together and loaded on the 321 

mass spectrometer in the same run. Upon MS/MS fragmentation, the mass reporter tags are 322 
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cleaved and their amount precisely quantified, enabling the precise comparison of the 323 

abundance of given peptides in each digest. Unfortunately, using this approach, we were not 324 

able to detect the NTYAS fragment, which composes the N-terminal part of the spliced peptide 325 

NTYAS_PRFK. However, the complementary fragment AIHRTSTHFLPRFKQSEQP could 326 

be found in digests made with SP, DIP and IP and to a much lesser extent in those made with 327 

SIP. Although we could not directly estimate the efficiency at which the acyl-enzyme 328 

intermediate involving NTYAS was produced, these results show that SP, DIP and IP (and to 329 

a lesser extent SIP) are able to produce the cleavage between S176 and A177, which is necessary 330 

for the production of the corresponding acyl-enzyme intermediate.  Interestingly, the other 331 

splice reactant PRFK, which composes the C-terminus of the antigenic peptide was much more 332 

abundant in the SP digest. This is likely due to the fact that in DIP and IP digests (and to a lesser 333 

extent in the SIP digest), the PRFK fragment is destroyed by an internal destructive cleavage, 334 

which occurs between F189 and K190 (fragments PRF, NTYASAIHRTSTHFLPRF and 335 

KQSEQP) (Figure 1D). Furthermore, two other destructive cleavages between A174 and S175 336 

(fragments NTYA and SAIHRTSTHFLPRFKQSEQP) and between Y174 and A175 (fragments 337 

NTY and ASAIHRTSTHFLPRFKQSEQP) were more intense in DIP/IP digests and in 338 

SIP/DIP/IP digests, respectively, and therefore impacted the production of the spliced peptide 339 

partner NTYAS (Figure 1D). Interestingly, the destructive cleavages Y174/A175 and F189/K190 340 

both occurred after large hydrophobic amino acids (Y and F). The improved ability of SIP, DIP 341 

and IP to produce these cleavages could therefore result from the presence of the β5i subunit, 342 

whose S1 pocket accommodates larger amino acids than that of the β5 subunit found in SP. In 343 

conclusion, our results suggest that the increased production of spliced peptide NTYAS_PRFK 344 

by the SP is related to the increased ability of the SP to produce the nucleophile peptide PRFK, 345 

combined with destructive cleavages inside the NTYAS splicing partner by the other 346 

proteasome subtypes.   347 
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 348 

Processing of spliced peptide SP110296-301/286-289 by the four proteasomes subtypes 349 

The spliced peptide SLPRGT_STPK is a minor histocompatibility antigen created by a 350 

polymorphism in the SP110 gene (6). This peptide is presented by HLA-A3 and recognized by 351 

CTL clone DRN-7 isolated from a myeloma patient after MHC-matched hematopoietic cells 352 

transplantation. This peptide is produced after excision of a 6 amino acids sequence and splicing 353 

of the fragments SLPRGT and STPK, which are assembled together in the reverse order to 354 

that of the parental protein (6). To study the processing of this peptide, we transfected HEK-355 

293 cells with plasmids encoding SP110 and HLA-A3. Transfected cells expressing IP were 356 

much better recognized by CTL DRN-7 than those expressing DIP or SIP. Cells expressing SP 357 

did not stimulate CTL DRN-7 at all (Figure 2A). In vitro digestions were then performed by 358 

incubating synthetic precursor peptide STPKRRHKKKSLPRGTASSR with immunocaptured 359 

or purified proteasomes obtained from the four HEK-293 cell lines. Digests were pulsed on 360 

HLA-A3+ EBV-B cells and tested for their ability to activate CTL DRN-7. As expected, IP 361 

digests stimulated CTL DRN-7 better than the DIP and SIP digests, while the SP digests barely 362 

induced a CTL response (Figure 2B and 2C). These results were in line with the results obtained 363 

in the cellular assay and with previous analyses showing that the IP better produced this peptide 364 

than the SP (26). 365 

Four digests with approximately similar percentages of precursor degradation were labeled with 366 

TMT, pooled and analyzed by HPLC-MS/MS. Fragment SLPRGT, which composes the N-367 

terminal part of the antigenic peptide was more abundant in the DIP and IP digests (Figure 2D). 368 

This fragment is produced by two different cleavages: a N-terminal cleavage between K296 and 369 

S297, which was more intense in the DIP and IP digests (as demonstrated by the quantification 370 

of peptides STPKRRHKKK and SLPRGTASSR) and a C-terminal cleavage occurring 371 

between T302 and A303, which was also more intense in the DIP and IP digests as reported by 372 
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fragment STPKRRHKKKSLPRGT. Two destructive cleavages were observed at S297/L298 and 373 

L298/P299. These destructive cleavages were stronger in the DIP digest, but not sufficient to 374 

decrease production of the N-terminal splice reactant SLPRGT by DIP when compared to SP 375 

and SIP. We detected STPK, STPKR and STPKRR, three fragments that could be used as 376 

splicing partners for the production of spliced peptide SLRGTSTPK, SLRGTSTPKR and 377 

SLRGTSTPKRR respectively. Although the natural peptide eluted from HLA-A3 molecules 378 

is SLPRGT_STPK, we previously observed that both peptides SLPRGT_STPKR and 379 

SLPRGT_STPKRR were also recognized by CTL DRN-7 (6).  Moreover, these extended 380 

spliced peptides might be further trimmed by the proteasome to produce the final antigenic 381 

peptide (8). Unfortunately, we could not detect, after TMT labeling, any of the spliced peptides 382 

SLPRGT_STPK, SLPRGT_STPKR or SLPRGT_STPKRR. While STPK is better 383 

produced by the SIP, DIP and IP, STPKR and STPKRR were more abundant in the IP digest, 384 

suggesting that the higher propensity of IP to produce the spliced peptide recognized by CTL 385 

DRN-7 might also be at least partly linked to its increased ability to produce the corresponding 386 

extended spliced peptides (Figure 2D). Overall, the increased ability of IP to produce the 387 

SP110-spliced peptide appears related to its increased propensity to produce both splicing 388 

partners when compared to the other proteasome subtypes, particularly the SP.  389 

 390 

Processing of spliced peptide tyrosinase368-373/336-340 by the four proteasomes subtypes 391 

The HLA-A24-restricted peptide IYMDGT_ADFSF is derived from tyrosinase and 392 

recognized by melanoma-infiltrating cytolytic T lymphocytes that induced dramatic and lasting 393 

tumor regressions after adoptive cell therapy (13). In addition to the reverse splicing reaction 394 

in the proteasome, processing of this peptide involves the deamidation of two asparagine 395 

residues (7). After transfection of the four HEK-293 cells with plasmids containing the cDNA 396 

encoding tyrosinase and HLA-A24, only 293-SP cells could stimulate the CTL (Figure 3A). In 397 
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agreement with this, only standard proteasomes incubated with the long peptide precursor 398 

ADFSFRNTLEHNALHIYMDGTMSQV could activate the CTL (Figure 3B and 3C). Digests 399 

corresponding to approximately 40% of precursor degradation were labeled with TMT and 400 

analyzed by HPLC MS/MS (Figure 3D). Peptide IYMDGT, which constitutes the N-terminal 401 

splicing partner could not be detected, even in digests obtained with standard proteasomes. 402 

However, fragment MSQV, which is released following cleavage of the peptide bond between 403 

T373 and M374 was more abundant in SP digests, suggesting that the SP better produced the acyl-404 

enzyme intermediate needed for the peptide splicing reaction. Production of the other splicing 405 

partner ADFSF was more effective in digests from SP and IP, as compared to SIP or DIP.  406 

Several internal cleavages were observed in both splicing partners.  In particular, cleavages 407 

between I368 and Y369 and between M370 and D371, which likely decreased the production of the 408 

acyl enzyme-intermediate required for the production of the antigenic peptide, were more 409 

intense in SIP, DIP and IP than in SP digests. However, a cleavage between D371 and G372 was 410 

more intensively produced by SP and SIP, likely because these proteasomes share the b1 411 

subunit, which is responsible for the caspase-like activity of the proteasome.  412 

Overall, these observations suggest that spliced peptide tyrosinase368-373/336-340 is better 413 

produced by the standard proteasome in part because the SP better produces the cleavage 414 

between T373 and M374, which is required for the production of the acyl-enzyme intermediate 415 

involving IYMDGT.  Again, destructive cleavages within peptide splicing partners likely also 416 

influence the peptide splicing reaction. However, our inability to detect IYMDGT prevents us 417 

from ruling out additional factors potentially involved.   418 

 419 

Processing of spliced peptide gp100195-202/191or192 by the four proteasomes subtypes 420 

Peptide RSYVPLAH_R is derived from the melanosomal protein gp100 and presented by 421 

HLA-A3 (8). In contrast to the previously described spliced peptides, which are produced by 422 
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the association of fragments of 3 to 6 amino acids, peptide RSYVPLAH_R results from the 423 

association of an 8-amino acid fragment with a single arginine residue. The production of this 424 

spliced peptide is a two-step process involving the reverse splicing of a peptide fragment 425 

containing at least three amino acids followed by the trimming of the C-terminally-extended 426 

spliced peptide to produce the final antigenic peptide (8). To compare the processing of this 427 

peptide, we co-transfected 293-SP, 293-SIP, 293-DIP and 293-IP cells with plasmids encoding 428 

gp100 and HLA-A3. Transfected 293-IP and 293-DIP cells were recognized by CTL M45-3B, 429 

while transfected 293-SIP and 293-SP cells were not or very poorly (Figure 4A). We then 430 

digested synthetic precursor peptide RRGSRSYVPLAHSSSAFT with plate-captured or 431 

purified proteasomes. When loaded onto HLA-A3+ target cells, the digests performed with IP 432 

and DIP were recognized by CTL M45-3B, whereas digests produced by SIP or SP were not or 433 

only slightly recognized (Figure 4B and 4C), confirming the results of the transfection assay. 434 

Four digests presenting a similar level of precursor degradation were labeled with TMT as 435 

above, pooled together and analyzed by HPLC-MS. In DIP and IP digests, we detected higher 436 

amounts of peptide RSYVPLAH, which composes the N-terminal part of the antigenic peptide 437 

recognized by the CTL. Production of RSYVPLAH is dependent on two different cleavages. 438 

A first cleavage between H202 and S203, which can be produced by all four proteasome subtypes 439 

as demonstrated by the quantification of the peptide RRGSRSYVPLAH and its 440 

complementary fragment SSSAFT (Figure 4D). The N-terminal cleavage between S194 and 441 

R195, which is required for the release of RSYVPLAH, can be detected in both the SP and IP 442 

digests (fragment RSYVPLAHSSSAFT). The increased production of the RSYVPLAH 443 

peptide by DIP and IP is likely due to the occurrence of a destructive cleavage between A201 444 

and H202 in the SP and SIP digests (as demonstrated by the increased production of peptides 445 

RRGSRSYVPLA and HSSSAFT). This destructive cleavage likely relies on the activity of 446 

subunit b1, which is found in both SP and SIP but not in DIP and IP. Indeed, although subunit 447 
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b1 is mainly linked to the caspase-like activity, it was suggested to display additional activities 448 

targeting small neutral amino acids (SNAAP) or branched amino acids (BRAAP) (37), 449 

activities that are enhanced by the presence of a proline residue in P3 (38). Note that the IP also 450 

makes another destructive cleavage, between Y197 and V198, which, however, does not limit its 451 

efficiency to produce the RSYVPLAH splicing partner.  452 

 453 

We previously showed that production of the spliced peptide RSYVPLAH_R does not occur 454 

through the splicing of a single arginine by transpeptidation (8). Rather, splicing of a longer 455 

peptide fragment leads to the production of a C-terminally extended spliced peptide that will 456 

then be further trimmed by the proteasome to produce the final spliced peptide. The arginine 457 

involved in the splicing reaction was previously shown to correspond to R191 or R192. 458 

Unfortunately, our experimental conditions did not allow us to detect any fragment containing 459 

R191 or R192. 460 

 461 

Altogether, our results suggest that the differential processing of spliced peptide 462 

RSYVPLAH_R can be explained by a greater capacity of the DIP and IP to produce 463 

RSYVPLAH, which composes the acyl enzyme intermediate. Although, we were unable to 464 

evaluate the role of the C-terminal spliced reactant, efficiency of the splicing reaction appeared 465 

to depend on the production of the RSYVPLAH-enzyme intermediate.  466 

 467 

Processing of spliced peptide gp10040-42/47-52 by the four proteasomes  468 

The HLA-A32-restricted spliced peptide derived from the melanoma differentiation antigen 469 

gp100 is recognized by an anti-tumor CTL clone isolated from a melanoma patient, and was 470 

the first spliced peptide shown to be produced by the proteasome in a transpeptidation reaction 471 

(4). Production of this spliced peptide RTK_QLYPEW involves the excision of four amino 472 
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acids and the splicing of the fragments RTK and QLYPEW by the proteasome (4). We 473 

assessed the processing of this spliced peptide by transfecting the four 293 cell lines 293-SP, 474 

293-SIP, 293-DIP and 293-IP with plasmids encoding gp100 and HLA-A32. Transfected cells 475 

were then tested for CTL recognition. After transfection, 293-SP were the most efficient at 476 

producing the peptide (Figure 5A), while 293-SIP, DIP and IP were barely recognized. We then 477 

digested peptide RTKAWNRQLYPEWTEAQR using immunocaptured proteasomes or 478 

purified proteasomes. Digests were then pulsed onto HLA-A32+ cells and tested for their ability 479 

to sensitize the CTL. In line with the cell transfection assay, the SP digest efficiently stimulated 480 

CTL14, while the IP digest did not and the SIP and DIP were in-between (Figure 5B and 5C).  481 

 482 

Digests produced with purified proteasomes and corresponding to approximately 40% of 483 

precursor degradation were labeled with TMT and analyzed by HPLC MS/MS (Figure 5D top). 484 

Fragment RTK, which composes the N-terminal part of the antigenic peptide, was present in 485 

all four proteasome digests, although slightly less in the IP digest, and slightly more in the SP 486 

and DIP digests(Figure 5D). The C-terminal splicing partner QLYPEW was found in all 487 

proteasome digests but was slightly more abundant in the SP digest. Two internal destructive 488 

cleavages were more intense either in the IP digest (Y49/P50) or in the SIP, DIP and IP digests 489 

(L48/Y49). The increased abundance of spliced peptide RTK_QLYPEW in the SP digest was 490 

confirmed by searching the digest for that peptide by MS/MS (Figure 6A). Increased production 491 

of spliced peptide RTK_QLYPEW by the SP might be partially explained by an increased 492 

abundance of the peptide QLYPEW in the SP digest. However, the amounts of QLYPEW 493 

were only modestly increased, so that this factor was unlikely to be the only explanation. 494 

Moreover, when we searched the digest for the presence of the reversed spliced peptide 495 

QLYPEW_RTK, which was previously described by Epstein et al (9), we surprisingly found 496 

that this peptide, which involves the same splicing partners as RTK_QLYPEW, was produced 497 
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in an opposite manner by the four proteasome subtypes, being preferentially processed by the 498 

DIP and the IP (Figure 6B). This indicates that the splicing efficiency does not solely depend 499 

on the abundance of the splicing partners but also relies on additional factors.  500 

 501 

Differential splicing of reciprocal spliced peptides gp10047-52/40-42 and gp10040-42/47-52  502 

We then explored whether differential splicing of these two peptides could potentially be 503 

explained by the fact that the splicing reaction might use C-terminal splice reactants whose size 504 

is longer than the minimal C-terminal splicing partner. C-terminally-extended spliced peptides 505 

would be preferentially produced by one proteasome subtype and would then be further cleaved 506 

by that proteasome to produce the final antigenic peptide.  507 

 508 

Three peptides starting with QLYPEW and extended at their C-terminus were detected in the 509 

digests: QLYPEWTE, QLYPEWTEA and QLYPEWTEAQR (Figure 5D). Peptide 510 

QLYPEWTEAQR was found in all digests, while slightly more in SIP. Fragments 511 

QLYPEWTEA and QLYPEWTE were highly released by the standard proteasome, but not 512 

by the other proteasome subtypes. In line with the presence of QLYPEWTEA only in the SP 513 

digest (Figure 5D), the corresponding extended spliced peptide RTK_QLYPEWTEA was 514 

solely produced by the SP (Figure 7A). In addition, just as SIP was the most efficient at 515 

producing the QLYPEWTEAQR peptide (Figure 5D), SIP was also the most efficient at 516 

producing the extended spliced peptide RTK_QLYPEWTEAQR (Figure 7A). So, the 517 

increased production of the final antigenic peptide RTK_QLYPEW by SP and SIP (Figure 518 

6A) might result from a better production of the spliced extended peptide fragments 519 

RTK_QLYPEWTEAQR or RTK_QLYPEWTEA, which would be further trimmed by these 520 

proteasomes to release the final antigenic peptide. Such phenomenon was previously shown to 521 

be involved in the production of the peptide RSYVPLAH_R (8). To verify whether SP and 522 
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SIP are able to produce the final trimming step, we incubated the extended peptides 523 

RTK_QLYPEWTEA and RTK_QLYPEWTEAQR with SP and SIP, respectively, and we 524 

could detect the final spliced peptide RTK_QLYPEW in both digests (Figure 7B). Likewise, 525 

when analyzing the spliced reactants potentially involved in the production of the reverse 526 

spliced peptide QLYPEW_RTK, from the long precursor peptide, we observed that increased 527 

production of the peptide by DIP and IP might be explained by an increased production of two 528 

extended spliced reactants, RTKA and RTKAW (Figure 5D). Again, the corresponding 529 

extended spliced peptides QLYPEW_RTKA and QLYPEW_RTKAW were also more 530 

abundant in the DIP and IP digests (Figure 7C), and the final trimming could be produced by 531 

both DIP and IP (Figure 7D). However, we also observed that digestion of extended peptides 532 

RTK_QLYPEWTEA, RTK_QLYPEWTEAQR, QLYPEW_RTKA and 533 

QLYPEW_RTKAW with their respective proteasome subtypes induced major destructive 534 

cleavages (Figure 7B and 7D). These cleavages likely impair the production of the final spliced 535 

peptides from these extended precursors, suggesting that trimming of extended spliced 536 

precursors is not the principal mechanism involved and that other parameters likely regulate 537 

the splicing reaction itself. 538 

 539 

Another explanation for the differential production of these two spliced peptides could be that, 540 

in a given proteasome subtype, the C-terminal splicing partner interacts more readily with the 541 

primed binding site (i.e. the site accommodating the amino acids located downstream of the 542 

cleavage site) of the catalytic subunit carrying the acyl-enzyme intermediate, thereby 543 

facilitating the splicing reaction. To test this hypothesis, we performed in vitro digestions with 544 

pairs of peptides incubated with proteasomes.  Because the first step of the splicing reaction is 545 

based on the production of the acyl-enzyme intermediate, we used the extended peptide 546 

fragment RTKAWNR, in order to produce the acyl-enzyme intermediate required for the 547 
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splicing of the RTK_QLYPEW peptide. Because most of the acyl-enzyme intermediates end 548 

up being hydrolyzed while only a minority undergo peptide splicing, we postulated that the 549 

amount of acyl-enzyme intermediate RTK bound to the proteasome catalytic subunit was 550 

directly proportional to the amount of fragment RTK released by hydrolysis.  We therefore 551 

measured the amount of RTK released in the course of digestion (Figure 8A). Digestion times 552 

were chosen so as to obtain similar releases of fragment RTK and consequently similar 553 

amounts of acyl-enzyme intermediate RTK in the digests. Furthermore, at the start of the 554 

digestion, we added identical amounts of the C-terminal spliced reactant QLYPEW, which 555 

remained stable in the course of the digestion (Figure 8A). So in the conditions of this assay, 556 

equal amounts of both peptide splicing partners were present in the digests, so as to rule out 557 

potential influence of the amount of splicing partners available in the reaction. Production of 558 

the spliced peptide was then measured by mass spectrometry and in a T-cell assay, after pulsing 559 

the digests on HLA-A32+ cells (Figure 8A). Interestingly, we observed that in conditions where 560 

the amount of acyl-enzyme intermediate RTK and QLYPEW peptide were roughly the same, 561 

SP and SIP were much more efficient at producing the spliced peptide when compared to DIP 562 

and IP. We then performed a similar experiment to evaluate the production of the reciprocal 563 

spliced peptide QLYPEW_RTK (Figure 8B). We digested peptide QLYPEWTEAQR, 564 

adjusted the digestion times so as to obtain similar amounts of QLYPEW-enzyme 565 

intermediates, and added identical amounts of C-terminal splice reactant RTK. We observed 566 

that, despite the presence of similar amounts of splice reactants in the four digests (Figure 8B), 567 

the IP was much more efficient at producing spliced peptide QLYPEW_RTK when compared 568 

to the other proteasome subtypes (Figure 8B). These results are in line with the differential 569 

processing observed for the two spliced peptides (RTK_QLYPEW being better produced by 570 

SP and SIP and QLYPEW_RTK being better processed by the IP (Figure 6)). Therefore, in 571 

conditions where the amount of splicing partners are identical, splicing efficiency varies 572 
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according to the proteasome subtype. This suggests that the splicing reaction might be 573 

influenced by the ability of the nucleophile peptide to interact with the primed binding site of 574 

the catalytic subunit, where the C-terminal splice reactant likely binds during the peptide 575 

splicing reaction.  576 
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Discussion 577 

Understanding the rules dictating the establishment of the MHC I peptide repertoire is key to 578 

the development of cancer immunotherapy based on vaccination. This can help defining the 579 

most efficient vaccination modality to use for a given target antigen. In that sense, the ability 580 

of intermediate proteasomes to process tumor antigens is valuable, as these proteasomes are 581 

present in significant amounts in both tumors and dendritic cells, which are instrumental to the 582 

vaccination approach. Therefore, such intermediate-proteasome-dependent antigens can be 583 

efficiently targeted by vaccines encoding full-length proteins, which might be more efficient 584 

than single epitope vaccines as they can trigger responses to multiple tumor antigens. 585 

 586 

Some years ago, proteasomes were shown to produce antigenic peptides by splicing of peptide 587 

fragments originally distant in the parental protein (4-9). Here, we studied the production of six 588 

spliced peptides (4-9) by the four proteasome subtypes. We confirmed previous results obtained 589 

by our laboratory (26) showing that the standard proteasome produces better peptides FGF-5172-590 

176/217-220 (Figure 1), tyrosinase368-373/336-340 (Figure 3) and gp10040-42/47-52 (Figure 5 and 6A), 591 

while the immunoproteasome processes the SP110296-301/286-289 better than the standard 592 

proteasome (Figure 2). The poor processing of the peptides FGF-5172-176/217-220, gp10040-42/47-52 593 

and tyrosinase368-373/336-340 by IP and intermediate proteasomes suggests that vaccine strategies 594 

using these antigens should bypass processing by dendritic cells, which mostly contain these 595 

proteasomes. In contrast, the immunoproteasome and DIP process peptides SP110296-301/286-289 596 

(Figure 2), gp100195-202/191or192 (Figure 4) and gp10047-52/40-42 (Figure 6B). This suggests that, in 597 

the frame of cancer immunotherapy, both peptides gp100195-202/191or192 and gp10047-52/40-42 could 598 

be targeted by vaccines based on full-length constructs, which require processing by dendritic 599 

cells. In particular, this might be important for the design of full-length vaccines based on viral 600 
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vectors or mRNA, which are known to produce CD8+ T cell responses and might therefore be 601 

key to the design of efficient immunotherapeutic vaccines (39, 40).   602 

 603 

The most unexpected observation of our study is the fact that two reciprocal spliced peptides 604 

RTK_QLYPEW and QLYPEW_RTK, which result from the splicing of the very same 605 

fragments in the reciprocal orientations, are produced by the four proteasome subtypes in a 606 

totally opposite manner: peptide RTK_QLYPEW is better produced by the standard 607 

proteasome while peptide QLYPEW_RTK is more efficiently produced by the IP and the DIP. 608 

This suggests that splicing efficiency does not solely depend on the amount of the peptide 609 

splicing partners found in the digest, but might also be ruled by other constraints. In line with 610 

this, other groups previously observed that, in vitro, splicing could also take place between 611 

splicing partners released from minor cleavages (10, 41). To investigate this further, two 612 

hypotheses were foreseen. First, we envisioned the possibility that the C-terminal splice 613 

reactant might be extended by a few amino acids at its C-terminus. This would lead to a C-614 

terminally extended spliced peptide, which would then need to be further cleaved by the 615 

proteasome to produce the final antigenic peptide, as previously observed for peptide 616 

RSYPLAH_R (8). We did detect extended versions of the spliced peptides in the relevant 617 

digests and confirmed the ability of the relevant proteasome to trim those extended peptides. 618 

However, we also observed major destructive cleavages inside the extended spliced precursor 619 

peptides suggesting that this mechanism does not entirely account for the production of the 620 

spliced peptides.  621 

Another mechanism to explain the differential processing of peptides RTK_QLYPEW and 622 

QLYPEW_RTK by the various proteasome subtypes could be that the efficiency of the 623 

splicing reaction varies according to the splicing partners and the proteasome subtype involved. 624 

Whether peptide splicing follows specific rules is a matter of intense debate (10, 41, 42). Based 625 
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on the fact that peptide splicing occurs by transpeptidation and involves the nucleophilic attack 626 

of an acyl-enzyme intermediate by a peptide present in the proteasome chamber, it is expected 627 

that splicing efficiency depends on the speed of the reaction, which is linked to the 628 

concentration of both splicing partners. Surprisingly, Mishto and others previously observed 629 

that in in vitro digests, peptide splicing often relies on minor proteasome cleavages (10, 41), 630 

suggesting that proteasome-catalyzed peptide splicing might obey specific rules that depend on 631 

the nature of the peptide involved in the peptide splicing reaction. Only a few studies 632 

investigated the biochemical constraints of proteasome-catalyzed peptide splicing. Berkers et 633 

al. digested pairs of peptides in which they sequentially modified one amino acid either in the 634 

acyl-enzyme intermediate or in the sequence of the C-terminal splice reactant. Splicing of the 635 

fragment was quantified by measuring the ability of the spliced peptide to bind to HLA-A2 in 636 

a fluorescence polarization assay. Although the results were limited to the HLA-A2 allele, their 637 

work suggested that splicing mostly depends on the sequence of the N-terminal reactant and on 638 

the concentration of the C-terminal reactant (42). Mishto et al. also suggested that a longer 639 

retention time of the N-terminal reactant at the non-primed site in the catalytic subunit might 640 

be compulsory for the peptide splicing reaction (10). More recently, another group studied the 641 

20S standard proteasome splicing efficiency after digestion of 25 polypeptides of different 642 

lengths (41). Using a MS-based de novo sequencing approach they identified and characterized 643 

forward and reverse spliced peptides obtained after digestion with standard proteasome and 644 

determined specific splicing signatures based on the length and sequence of splice reactants.  645 

 646 

To date, no specific rules have been defined regarding the ability of the different proteasome 647 

subtypes to splice peptides. Surprisingly, our experiments showed that when incubating peptide 648 

RTKAWNR and QLYPEW with SP, SIP, DIP or IP, in conditions in which a similar level of 649 

RTK hydrolysis occurred (and therefore similar amounts of RTK acyl-enzyme intermediate 650 
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were produced), spliced peptide RTK_QLYPEW was produced by SP and SIP but not by DIP 651 

or IP, even though similar amounts of the C-terminal splice reactant were available for the 652 

reaction (Figure 8). In a remarkable mirror image, when we similarly incubated peptides 653 

QLYPEWTEAQR and RTK in conditions where the amount of QLYPEW and RTK 654 

remained identical between the four proteasome subtypes, the spliced peptide QLYPEW_RTK 655 

was mostly produced by the IP (Figure 8). These results suggest that the ability of a C-terminal 656 

reactant to splice is influenced by the type of proteasome involved, likely through differences 657 

in the amino acid composition and/or structure of the catalytic pockets found in those 658 

proteasomes. By essence, transpeptidation involves the nucleophilic attack of an acyl-enzyme 659 

intermediate by a C-terminal peptide reactant found in the proteasome chamber. In order to 660 

perform the nucleophilic attack, the C-terminal peptide reactant has to localize in close vicinity 661 

to the acyl-enzyme intermediate. Previously, it was suggested that peptide splicing might be 662 

facilitated by the existence of a nucleophile binding site (site δ), distinct from the primed 663 

binding site, that would be located in close vicinity to the catalytic N-terminal threonine and 664 

would be occupied by the C-terminal splice reactant. However, no clear evidence for the 665 

existence of such an alternative binding site was put forward thus far, and it is likely that the C-666 

terminal splice reactant rather binds to the primed binding site of the catalytic subunit harboring 667 

the acyl-enzyme, and is therefore adequately positioned for the nucleophilic attack. Binding of 668 

the C-terminal splice reactant to the primed binding site is likely influenced by the nature of the 669 

amino acids lining that site. In agreement with this, we previously showed that the peptide 670 

causing the nucleophilic attack on the acyl-enzyme intermediate must comprise at least 3 amino 671 

acids in order to give rise to a spliced peptide, suggesting that the C-terminal splice reactant 672 

must indeed be sufficiently long to properly bind to the primed binding site (8). The increased 673 

ability of the SP and SIP to produce the spliced peptide RTK_QLYPEW is likely linked to the 674 

presence of the β1 subunit found in the SP and the SIP but not in the DIP or the IP. On the other 675 
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hand, increased production of peptide QLYPEW_RTK by IP likely depends on the presence 676 

of the β2i subunit found in IP but not in SP, SIP or DIP. If one admits that the β1 (for 677 

RTK_QLYPEW) and β2i (for QLYPEW_RTK) subunits are the catalytic subunits where the 678 

splicing reaction takes place, it follows that, in conditions where the amount of acyl-enzyme 679 

intermediates are identical, increased splicing is likely related to an increased availability of the 680 

C-terminal splice reactant at the primed binding site of that catalytic subunit as a result of an 681 

increased affinity of the nucleophile for that site.  682 

 683 

It is important to note however that splicing of peptide RTK_QLYPEW might rather require 684 

the trypsin-like activity of the β2 or the β2i subunit (and not the β1 subunit) for the production 685 

of the acyl-enzyme intermediate involving RTK. Likewise, production of the spliced peptide 686 

QLYPEW_RTK likely relies on the chymotrypsin-like activity of the β5 or the β5i subunit. 687 

Thus, the catalytic subunits that favor peptide splicing do not appear to correspond to those 688 

expected to produce the acyl-enzyme intermediate. One explanation might be that incorporation 689 

of the β1i or the β2 subunit induces a modification of the structure of the primed binding site 690 

of the β2 or β5i subunit, respectively, thereby impairing the binding of the QLYPEW and RTK 691 

peptides. Alternatively, incorporation of the β1i or the β2 subunit could partly prevent peptides 692 

QLYPEW and RTK from reaching the primed binding site of the catalytic subunit harboring 693 

the acyl-enzyme intermediate, thereby decreasing the local concentration of these peptides at 694 

the splicing site. This could happen if the C-terminal spliced reactants preferentially interacted 695 

with β1i or β2, rather than with the primed binding site of the catalytic subunit where peptide 696 

splicing takes place. Both models suggest that affinity of the C-terminal splicing partner for the 697 

primed site of the catalytic subunit harboring the acyl-enzyme might be another factor 698 

determining the efficiency of peptide splicing.  699 
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Crystallographic analysis of yeast proteasome bound to the inhibitor homobelastosin C  helped 700 

defining the primed binding sites of subunits β5 and β5i, and showed striking differences in 701 

their sequence and structure. Similar differences were later observed by comparing the crystal 702 

structure of murine constitutive and immunoproteasomes  (43, 44). The putative primed binding 703 

sites of β1 and β2 were modeled based on that of subunit β5. Analysis of their crystal structure 704 

in murine proteasomes revealed that the overall structure of the β2 and β2i primed sites 705 

appeared identical, while the primed site of β1i was shortened when compared to that of β1 706 

(44). In both cases, however, the primed sites exhibited significant sequence differences that 707 

might affect their potency to interact with peptides. A better definition of the primed binding 708 

site of the catalytic subunits of the four proteasome subtypes might, in the future, help to better 709 

understand the origin of these differences in splicing efficiency.    710 

 711 

Finally, although the role of the N-terminal splicing partner was not directly investigated here, 712 

it is another crucial parameter to take into account, since it will define which of the three 713 

catalytic subunits will be involved in the formation of the acyl-enzyme intermediate and 714 

consequently the nature of the primed site to which the C-terminal splice reactant will bind. 715 

The affinity of the N-terminal splicing partner for the non-primed site of the catalytic pocket 716 

could also play a role in the splicing reaction, but in the experiments reported here, we 717 

suppressed this effect by controlling the amount of N-terminal splicing partner produced.   718 

 719 

Altogether our results suggest that efficiency of a splicing reaction depends on several 720 

parameters among which (1) the amount of peptide fragments available for the splicing reaction 721 

including extended fragments that may be subsequently trimmed, (2) internal destructive 722 

cleavages that could destroy these fragments or the spliced peptide itself and (3) the affinity of 723 
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the C-terminal splice reactant for the primed binding site of the catalytic subunit.  It is likely 724 

the conjunction of these parameters that modulates the production of spliced peptides.  725 
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Figure Legends 900 

Figure 1. Impact of the four proteasome subtypes on the processing of spliced peptide 901 

FGF-5172-176/217-220 NTYAS_PRFK. (A) Presentation of spliced peptide NTYAS_PRFK by 902 

293-EBNA cells expressing different proteasome subtypes. Cells were transfected with HLA-903 

A3 and the indicated amount of plasmid encoding the FGF-5. As control, cells were pulsed with 904 

1μM NTYAS_PRFK peptide. FGF-5-specific CTL clone C2 was added and TNF production 905 

was measured after 16h co-culture. Error bars show standard deviations of duplicate samples. 906 

One representative out of three experiments is shown. (B,C) Detection of peptide 907 

NTYAS_PRFK in digests obtained by incubating precursor peptide 908 

NTYASAIHRTSTHFLPRFKQSEQP with immunocaptured proteasomes (CAPA assay) (B) 909 

or purified 20S proteasomes (C). Digests were loaded on HLA-A3+ CAN-EBV cells and the 910 

FGF-5 specific CTL C2 was added. IFN-γ was measured after an overnight co-culture. Error 911 

bars show standard deviations of duplicates. One of three representative experiments is shown. 912 

In (C), recognition by the CTL of digests displaying about 50% of precursor degradation 913 

(quantified in D) is shown. (D) Quantitative analysis of the fragments present in the 210-min 914 

SP digest, the 90-min SIP and DIP digests and the 120-min IP digest, representing about 50% 915 
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of precursor degradation. Digests were differentially labeled with TMT, pooled together and 916 

the relative abundance of the precursor peptide and the fragments that are relevant for the 917 

production of the antigenic peptide was evaluated by HPLC-MS/MS.  918 

 919 

Figure 2. Impact of the four proteasome subtypes on the processing of spliced peptide 920 

SP110296-301/286-289 SLPRGT_STPK. (A) Presentation of spliced peptide SLPRGT_STPK by 921 

293-EBNA cells expressing different proteasome subtypes. Cells were transfected with HLA-922 

A3 and the indicated amount of plasmid encoding SP110. As control, cells were pulsed with 923 

1μM SLPRGT_STPK peptide. SP110-specific CTL DRN-7 was added and TNF production 924 

was measured after 16h co-culture. Error bars show standard deviations of duplicate samples. 925 

One representative out of three experiments is shown. (B,C) Detection of peptide 926 

SLPRGT_STPK in digests obtained by incubating precursor peptide 927 

STPKRRHKKKSLPRGTASSR with immunocaptured proteasomes (CAPA assay) (B) or 928 

purified 20S proteasomes (C). Digests were loaded on HLA-A3+ CAN-EBV cells and the 929 

SP110-specific CTL DRN-7 was added. IFN-γ was measured after an overnight co-culture. 930 

Error bars show standard deviations of duplicates. One of three representative experiments is 931 

shown.  In (C), recognition by the CTL of digests displaying about 50% of precursor 932 

degradation (quantified in D) is shown. (D) Quantitative analysis of the fragments present in 933 

the 480-min SP, SIP and IP digests and the 300-min DIP digest, corresponding to about 50% 934 

of the precursor degradation. Digests were differentially labeled with TMT, pooled together 935 

and the relative abundance of the precursor peptide and the fragments that are relevant for the 936 

production of the antigenic peptide was evaluated by HPLC-MS/MS.  937 

 938 

 939 
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Figure 3. Impact of the four proteasome subtypes on the processing of spliced peptide 940 

tyrosinase368-373/336-340 IYMDGT_ADFSF. (A) Presentation of spliced peptide 941 

IYMDGT_ADFSF by 293-EBNA cells expressing different proteasome subtypes. Cells were 942 

transfected with HLA-A24 and the indicated amount of plasmid encoding tyrosinase. As 943 

control, cells were pulsed with 1μM IYMDGT_ADFSF peptide. Tyrosinase-specific CTL 888 944 

cl62 was added and TNF production was measured after 16h co-culture. Error bars show 945 

standard deviations of duplicate samples. One representative out of three experiments is shown. 946 

(B,C) Detection of peptide IYMDGT_ADFSF in digests obtained by incubating precursor 947 

peptide ADFSFRNTLEHNALHIYMDGTMSQV with immunocaptured proteasomes (CAPA 948 

assay) (B) or purified 20S proteasomes (C). Digests were loaded on HLA-A24+ LG2-EBV cells 949 

and tyrosinase-specific CTL 888 cl62 was added. IFN-γ was measured after an overnight co-950 

culture. Error bars show standard deviations of duplicates. One of three representative 951 

experiments is shown.  In (C), recognition by the CTL of digests displaying about 40% of 952 

precursor degradation (quantified in D) is shown. (D) Quantitative analysis of the fragments 953 

present in the 60-min SP and IP digests and the 90-min SIP and DIP digests, corresponding to 954 

about 40% of the precursor degradation. Digests were differentially labeled with TMT, pooled 955 

together and the relative abundance of the precursor peptide and the fragments that are relevant 956 

for the production of the antigenic peptide was evaluated by HPLC-MS/MS. 957 

 958 

Figure 4. Impact of the four proteasome subtypes on the processing of spliced peptide 959 

gp100 R195-202/191or192 RSYVPLAH_. (A) Presentation of spliced peptide RSYVPLAH_R by 960 

293-EBNA cells expressing different proteasome subtypes. Cells were transfected with HLA-961 

A3 and the indicated amount of plasmid encoding gp100. As control, cells were pulsed with 962 

1μM RSYVPLAH_R peptide. Gp100-specific CTL clone M45-3B was added and TNF 963 

production was measured after 16h co-culture. Error bars show standard deviations of duplicate 964 
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samples. One representative out of three experiments is shown. (B,C) Detection of peptide 965 

RSYVPLAH_R in digests obtained by incubating precursor peptide 966 

RRGSRSYVPLAHSSSAFT with immunocaptured proteasomes (CAPA assay) (B) or purified 967 

20S proteasomes (C). Digests were loaded on HLA-A3+ CAN-EBV cells and the gp100-968 

specific CTL M45-3B was added. IFN-γ was measured after an overnight co-culture. Error bars 969 

show standard deviations of duplicates. One of three representative experiments is shown. In 970 

(C), recognition by the CTL of digests displaying about 50% of precursor degradation 971 

(quantified in D) is shown. (D) Quantitative analysis of the fragments present in the 240-min 972 

SP and SIP digests and the 30-min DIP and IP digests, corresponding to about 50% of the 973 

precursor degradation. Digests were differentially labeled with TMT, pooled together and the 974 

relative abundance of the precursor peptide and the fragments that are relevant for the 975 

production of the antigenic peptide was evaluated by HPLC-MS/MS. 976 

 977 

Figure 5. Impact of the four proteasome subtypes on the processing of spliced peptide 978 

gp10040-42/47-52 RTK_QLYPEW. (A) Presentation of spliced peptide RTK_QLYPEW by 979 

293-EBNA cells expressing different proteasome subtypes. Cells were transfected with HLA-980 

A32 and the indicated amount of plasmid encoding gp100. As control, cells were pulsed with 981 

1μM RTK_QLYPEW peptide. Gp100-specific CTL clone 14 was added and TNF production 982 

was measured after 16h co-culture. Error bars show standard deviations of duplicate samples. 983 

One representative out of three experiments is shown. (B,C) Detection of peptide 984 

RTK_QLYPEW in digests obtained by incubating precursor peptide 985 

RTKAWNRQLYPEWTEAQR with immunocaptured proteasomes (CAPA assay) (B) or 986 

purified 20S proteasomes (C). Digests were loaded on HLA-A32+ LG2-EBV cells and gp100-987 

specific CTL 14 was added. IFN-γ was measured after an overnight co-culture. Error bars show 988 

standard deviations of duplicates. One of three representative experiments is shown. In (C), 989 
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recognition by the CTL of digests displaying about 40% of precursor degradation (quantified 990 

in D) is shown. (D) Quantitative analysis of the fragments present in the 120-min SP, 90-min 991 

SIP and DIP digests and the 190-min IP digest, corresponding to about 40% of the precursor 992 

degradation. Digests were differentially labeled with TMT, pooled together and the relative 993 

abundance of the precursor peptide and the fragments that are relevant for the production of the 994 

antigenic peptide was evaluated by HPLC-MS/MS. 995 

 996 

Figure 6. MS/MS detection of the reciprocal spliced peptides RTK_QLYPEW and 997 

QLYPEW_RTK in proteasome digests. MS/MS detection of RTK_QLYPEW (A) or 998 

QLYPEW_RTK (B) in the digests of figure 5D. 999 

 1000 

Figure 7. Production of RTK_QLYPEW and QLYPEW_RTK from extended spliced 1001 

peptide precursors. (A) MS/MS detection of RTK_QLYPEWTEA and 1002 

RTK_QLYPEWTEAQR in the digests of figure 5D. (B) MS detection of the indicated 1003 

peptides in digests of precursor peptides RTKQLYPEWTEA and RTKQLYPEWTEAQR by 1004 

SP and SIP respectively (60-min digests). (C) MS/MS detection of QLYPEWRTKA and 1005 

QLYPEWRTKAW in the digests of figure 5D. (D) MS detection of the peptides 1006 

QLYPEW_RTK and QLYPEW in digests of precursor peptides QLYPEWRTKA and 1007 

QLYPEWRTKAW by DIP and IP (60-min digests). 1008 

 1009 

Figure 8. Splicing efficiency of RTK_QLYPEW and QLYPEW_RTK. (A) Quantification 1010 

of RTK and QLYPEW in SP, SIP, DIP and IP digests (90-min SP and DIP, 30-min SIP and 1011 

210-min IP) performed with peptide pair RTKAWNR + QLYPEW. Digestion times were 1012 

chosen so that release of fragment RTK was similar between the four digests. Digests were 1013 

differentially labeled with TMT, pooled together and the relative abundance of RTK (top 1014 

panel), QLYPEW (mid-high panel) and RTK_QLYPEW (mid-low panel) was evaluated by 1015 
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HPLC-MS/MS. The digests were also loaded on HLA-A32+ LG2-EBV cells and CTL 14 was 1016 

added. IFN-γ was measured by ELISA after overnight co-culture (bottom panel). (B) 1017 

Quantification of QLYPEW and RTK in SP, SIP, DIP and IP digests (240-min SP, 60-min 1018 

SIP, 360-min DIP and 210-min IP) performed with peptide pair QLYPEWTEAQR + RTK. 1019 

Digestion times were chosen so that release of fragment QLYPEW was similar between the 1020 

four digests. Digests were differentially labeled with TMT, pooled together and the relative 1021 

abundance of QLYPEW (top panel), RTK (middle panel) and QLYPEW_RTK (bottom 1022 

panel) was evaluated by HPLC-MS/MS.  1023 
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