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Abstract

The proteasome plays an essential role in the immune responses of vertebrates. By degrading
intercellular proteins from self and non-self, the proteasome produces the majority of the peptides
that are presented to cytotoxic T cells (CTL). There is accumulating evidence that the C-terminal, in
particular, of CTL epitopes is cleaved precisely by the proteasome, whereas the N-terminal is
produced with an extension, and later trimmed by peptidases in the cytoplasm and in the
endoplasmic reticulum. Recently, three publicly available methods have been developed for
prediction of the specificity of the proteasome. Here, we compare the performance of these
methods on a large set of CTL epitopes. The best method, NetChop at www.cbs.dtu.dk/Services/
NetChop, can capture ~70% of the C-termini correctly. This result suggests that the predictions can
still be improved, particularly if more quantitative degradation data become available.

Introduction

Proteasomes are multisubunit proteases that play a central
role in the degradation of proteins in the cell (1). Some
degradation products of the proteasome are taken up by the
transporter associated with antigen processing (TAP) and
transferred into the endoplasmic reticulum. Here they can
associate with newly synthesized MHC class | molecules.
Recognition of such MHC-peptide complexes on the cell
surface by activated cytotoxic T lymphocytes (CTL) is essen-
tial for the cellular immune responses (2).

The proteasome has at least three different catalytic
activities: trypsin-like (i.e. cleavage after basic amino acids),
chemotrypsin-like (i.e. cleavage after large, hydrophobic
amino acids) and peptidyl-glutamyl-peptide-hydrolyzing
activity (i.e. cleavage after acidic amino acids) (3). Since the
overall enzymatic activity is the result of an interaction between
these catalytic subunits, the cleavage-inhibiting or -enhancing
motifs are quite complex. In the presence of IFN-y, the three
catalytic subunits of the proteasomes of vertebrates are
replaced by their homologous subunits to form an ‘immuno-
proteasome’ (4). The cleavage specificity of the constitutive
proteasome and the immunoproteasome seems to be different
(5,6), a factor that further increases the complexity of the
enzymatic activity of the proteasome.

Due to the involvement of the proteasome in the generation
of antigenic peptides it is of general interest to obtain
additional insight into the specificity of the proteasome, and
to predict which peptides will be generated from both
pathogenic and human proteins. At the moment three
proteasome cleavage prediction methods are publicly avail-
able on the Internet: PAProC (www.paproc.de) developed at
Tabingen University (7,8), MAPPP (www.mpiib-berlin.mpg.de/
MAPPP/) developed at the Max-Planck Institute in Berlin (9,10)
and NetChop (www.cbs.dtu.dk/services/NetChop/) devel-
oped at the Center for Biological Sequence analysis at the
Technical University of Denmark (11).

PAProC is a method for predicting cleavages by human
proteasomes as well as wild-type and mutant yeast protea-
somes. The influences of different amino acids at different
positions are assessed using a stochastic hill-climbing algo-
rithm (7) based on the experimentally in vitro verified cleavage
and non-cleavage sites (8).

MAPPP is a method that combines proteasome cleavage
prediction with MHC-binding prediction. FragPredict is the
part of the MAPPP package that deals with the proteasome
cleavage prediction. FragPredict consists of two algorithms.
The first algorithm uses a statistical analysis of cleavage-
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enhancing and -inhibiting amino acid motifs to predict poten-
tial proteasome cleavage sites (9). The second algorithm,
which uses the results of the first algorithm as an input,
predicts which fragments are most likely to be generated. This
algorithm is based on a kinetic model of the 20S proteasome
(10) and it takes the time-dependent degradation into
account.

NetChop is a neural network-based method trained on MHC
class | ligands generated by the human proteasomes. Every
MHC ligand has to be generated by the proteasome, therefore
the rationale behind using MHC class | ligands is that these
ligands bear the closest resemblance to naturally processed
in vivo cleavage products. However, as some of the products
of the proteasome would not bind MHC molecules, MHC class
| ligands represent only a subset of in vivo cleavage products.
The MHC class | ligands used to develop NetChop were
compiled from public databases (11). There are two versions
of NetChop available, 1.0 and 2.0. The later version is trained
with a data set that is 3 times larger.

The aim of this study is to compare the performance of the
three publicly available methods mentioned above. Since
there is increasing evidence that antigenic peptides result
from proteasome cleavage especially at the C-terminal end
[see, e.g. (12-15)], we test all the methods on a set of publicly
available MHC Class | ligands. We are concerned primarily
with the ability of the methods (i) to predict correctly the C-
terminal of a ligand and (ii) not to predict major cleavage sites
within the ligand. We excluded N-terminal cleavage analysis,
because the majority of the T cell epitopes are trimmed at their
N-terminal by other peptidases, e.g. in the endoplasmic
reticulum (15).

We find that the method developed using MHC class |
ligands, i.e. NetChop, predicts CTL epitope boundaries more
accurately than the methods based on in vitro degradation data.

Methods

Performance measurement

We require that a proteasome cleavage prediction method
should be able to identify the C-terminal of any natural MHC
class | ligand without predicting major cleavage sites within
the ligand. Thus, for each ligand we test whether (i) the
proteasome cleavage prediction methods can predict the C-
terminal cleavage correctly and (ii) the same methods do not
predict a cleavage site within the epitope (i.e. all positions
except the C-terminal residue) which is more likely than at the
C-terminal.

The predictions originate from scores that are compared
with a threshold and they are classified as follows:
True positive (TP): if the prediction at the C-terminal, P, is
above the threshold.
False negative (FN): if P is less than the threshold.
True negative (TN): if no cleavages are predicted within the
epitope (excluding the C-terminal residue) or if the predicted
cleavage sites within the epitope are less likely than at the C-
terminal (i.e. less than P and the threshold).
False positive (FP). if there is at least one predicted cleavage
site within the epitope which is more likely than at the C-
terminal (i.e. higher than F).

We use the following performance measures to compare
NetChop, PAProC and MAPPP:
Sensitivity = TP/(TP + FN)
Specificity = TN/(TN + FP)

TP x TN — FN x FP

cC =
/N FN)(TN + FP) (TP + FN)(TP + FP)

The sensitivity gives the percentage of C-terminal cleavages
that are predicted correctly and the specificity gives the
percentage of epitopes with no major predicted cleavage sites
(i.e. cleavage sites that are more likely than at the C-terminal)
within the epitope. The correlation score, CC, is a measure of
how well a method performs bothin positive (i.e. true cleavage
sites) and in negative (i.e. true non-cleavage sites) examples.

Results

Organization of test data set

We focus on the prediction of the specificity of the human
proteasome, and therefore we use only peptides associated
with HLA-A and HLA-B molecules from the SYFPEITHI data-
base (16) to test various methods. In October 2001 there were
977 unique ligands associated with 120 different HLA-A and
HLA-B molecules in the SYFPEITHI database. These ligands
are either known T cell epitopes or are naturally processed
peptides eluted from MHC molecules. We discarded ligands
<8 or >12 amino acids. We also excluded ligands that had
already been used for developing NetChop 1.0 or 2.0. The
source protein for each ligand was searched for in the
SWISSPROT database (17). When an epitope was found in
several homologous proteins, homologous proteins were
aligned and the most representative protein was chosen
unless some additional information about the source protein
could be deduced from the original paper. Only epitopes
originating from human proteins or from possible human
pathogens were included in the data set. The resulting set of
402 peptides contained homologous ligands. In order to
prevent possible biases in the analysis, the homologous
ligands were excluded using the FASTA (18) and Hobohm-1
algorithms (19). The final set used in our analysis consisted of
249 unique ligands from 135 proteins. The process is
described in Fig. 1. The list of ligands is given in Appendix
A. Excluding overlapping epitopes, we tested each method on
231 ligands.

Comparison of the methods predicting cleavage by the
human proteasome

We use three performance measures to compare the publicly
available methods for predicting proteasome cleavage. The
formal definitions of these measures are given in Methods.
Since there is accumulating evidence that the C-termini of
MHC ligands are cleaved precisely by the proteasome, each
method should be able to predict the C-terminal of HLA
ligands as possible cleavage sites. The sensitivity measure
gives the percentage of cleavage sites predicted at the C-
terminal of 231 MHC ligands. Note that while all three methods
can predict proteasome cleavage sites, only FragPredict can
predict fragments generated by the proteasome. In order to
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HLA ligands in SYFPEITHI database
977

Excluding ligands used for training NetChop 1.0 & 2.0
776

Excluding ligands shorter than 8 and longer than 12 aa
766

Excluding ligands with unknown source protein
402

Homology reduction
249 peptides (135 proteins)

Fig. 1. Diagram summarizing the compilation of the data set used in
this study.

be able to compare the FragPredict method with the other two
methods, we use only the prediction of cleavage sites from
FragPredict. For FragPredict and NetChop, which produce the
probability scores of cleavage for each position in a protein
sequence, we used a threshold of 0.5 to classify the predic-
tions, i.e. any position in the sequence with a predicted
probability >0.5 is considered as a predicted cleavage site.
PAProC does not allow the use of a threshold value for
predictions; we assume that the sites with corresponding
‘+++’, ‘++ and ‘+  values produced by this method are
predicted cleavage sites. The performance measures of the
methods for this data set are given in Table 1. FragPredict is
able to predict most of the C-termini as cleavage sites,
followed by NetChop 2.0. In contrast, PAProC and NetChop
1.0 predict much fewer of the MHC ligand C-termini residues
as cleavage sites.

An effective prediction method should also be capable of
identifying non-cleavage sites (i.e. sites that are not likely to be
used by the proteasomes). When the MHC ligands are used as
a test set for proteasome cleavage predictions, it is hard to

Comparing predictors of proteasome cleavage 783

Table 1. The performance of three publicly available
methods for the prediction of proteasomal cleavage sites
deduced from natural human MHC class | ligands

Method N Sensitivity Specificity CC

PAProC 217 45.6 30.0 -0.25
FragPredict 231 83.5 16.5 0.00
NetChop 1.0 231 39.8 46.3 -0.14
NetChop 2.0 231 73.6 42.4 0.16

N corresponds to the number of natural MHC ligands tested.
PAProC requires a flanking region (six positions to the left and four
positions to the right of a cleavage site); 14 of the ligands are found
at the beginning, or end, of their source protein and could therefore
not be analyzed by PAProC. For each ligand, the C-terminal residue
should be predicted as a cleavage site. Sensitivity shows the
percentage of correct predictions out of N true cleavage sites.
Specificity shows the percentage of N MHC ligands that are
predicted as not containing any major cleavage sites. A threshold
value of 0.5 was used to classify cleavage and non-cleavage sites.
The definitions of the measures are given in Methods. Sensitivity and
specificity are in percentages.

define which sites are really non-cleavage sites. Many CTL
epitopes contain minor cleavage sites [see, e.g. (20,21)].
Nevertheless, an epitope should not contain a major cleavage
site, i.e. a cleavage site that is more likely than the cleavage
site at the C-terminal. Therefore, one can assume that if a
method does not predict any major cleavage sites within an
epitope, it is able to classify non-cleavage sites correctly. In
other words, an incorrect prediction of a non-cleavage site (i.e.
a false positive) is one where at least one internal position
within an epitope has a probability of cleavage higher than
both the threshold and the probability of the cleavage at the C-
terminal. Following this definition, the total number of true non-
cleavage sites becomes the same as the number of epitopes.
The specificity measure in Table 1 gives the percentage of the
MHC ligands with no major predicted cleavage sites within the
ligand. NetChop 1.0 is the most successful method in
classifying non-cleavage sites, followed by NetChop 2.0 and
PAProC. FragPredict predicts many major cleavage sites
within ligands that would make them highly unlikely MHC
ligands. The performance of this method does not change
much when we use the full FragPredict package (i.e. including
the fragment prediction method): 11% of MHC ligands are
predicted to stay intact during the protein degradation (using
the suggested value of P > 0.9). There are other ways of
measuring the performance on non-cleavage sites and we
have tried many of them, e.g. one can assume that each
position within a ligand should have a cleavage probability
lower than the threshold. In all cases, the ordering of the
methods according to their success in classifying non-cleav-
age sites correctly did not change (results not shown).

The correlation coefficient (CC) is a measure of how well a
method performs both on positive (i.e. true cleavage sites) and
negative (i.e. true non-cleavage sites) examples. CC = 0
corresponds to random prediction and CC = 1.0 represents
100% correct prediction. A negative CC value means that the
predictions are not correlated with the real values. Only
NetChop 2.0 has a positive CC (see Table 1). This suggests
that NetChop 2.0 generates the most reliable predictions.
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Table 2. The performance of three publicly available
methods for the prediction of proteasomal cleavage sites
identified by in vitro degradation studies

Method Sensitivity Specificity CcC

PAProC 46.4 64.7 0.10
FragPredict 721 41.4 0.12
NetChop 1.0 34.4 91.4 0.31
NetChop 2.0 57.4 76.4 0.32

A threshold of 0.5 was used for FragPredict and NetChop to
classify cleavage and non-cleavage sites

Different threshold values can be used in FragPredict and
NetChop to classify positions as predicted cleavage sites or
predicted non-cleavage sites. When a low threshold is used
the methods predict more cleavage sites (and vice versa for a
high threshold). We investigate the performance measure-
ments of both methods at the standard threshold of 0.5 and at
the threshold when the methods reach a maximum correlation
coefficient. However, varying the threshold did not change the
ranking of the methods according to their performance (results
not shown).

The better performance of NetChop may be due to the fact
that it was trained using MHC ligands. MHC ligand data reflect
not only proteasome specificity, but they also reflect a
combined specificity of the proteasome, TAP and MHC.
Thus, it cannot be ruled out that NetChop captures this
combined specificity and thus performs best when the C-
termini of MHC ligands are used for proteasome cleavage
predictions. To see if this is the case we also tested all three
methods on in vitro degradation data generated by the human
proteasome. We collected such data from the literature (see
Appendix B) excluding the data used to develop PAProC
and FragPredict. The results shown in Table 2 confirm that
NetChop is able to capture the specificity of the proteasome
better than the other methods.

Conclusion

We found that NetChop, an artificial neural network trained
with MHC class | ligands, predicts the C-terminal of CTL
epitopes more reliably. This is mainly because NetChop can
predict the non-cleavage sites better than any of the other
methods (see Table 1). There are two possible explanations
for this. First, artificial neural networks are much more non-
linear than the other two methods. Thus they might capture the
complex specificity of the proteasome better. Second, both
PAProC and FragPredict are based on very limited set of
in vitro degradation data, whereas NetChop is trained on a
larger data set, i.e. with MHC class | ligands.

The C-termini of MHC ligands represent only a subset of
cleavage sites occurring during in vivo degradation because
not all cleavages would result in protein fragments that can be
transferred to the endoplasmic reticulum and can bind to an
MHC class | molecule. Thus, the use of MHC ligands to
develop a method that can predict proteasome cleavage has
been the subject of much criticism (H. Margalit, pers.
commun.). However, here we demonstrate that the C-termini

of MHC ligands might even represent the specificity of the
in vivo degradation better than the in vitro cleavage maps.
Degradation data derived from in vitro experiments probably
overestimate in vivo degradation, because the methods
based on this type of data, e.g. FragPredict, predict that
most of the MHC ligands in our data set will be destroyed due
to major cleavage sites within the ligands.

Even the best method could predict only 73% of the C-
termini of natural MHC class | ligands correctly. Moreover, only
42% of the natural MHC ligands are predicted to remain intact.
The stochastic nature of degradation (22) and the differences
between the immunoproteasome and the constitutive protea-
some are just two of many reasons that can explain the poor
performance. The use of quantitative data, i.e. concerning not
only the cleavage sites used, but also how often a certain site
is used, improves the prediction results significantly (C.
Kesmir et al., unpublished). Thus, it should be possible to
improve on current prediction methods when more quantita-
tive data become available.

In a separate study we found that NetChop 2.0 can correctly
discriminate the C-termini of natural MHC ligands from the rest
of the protein (results not shown). Thus, NetChop can
discriminate the regions that are most likely to be presented
to T cells across a protein. This creates a promising future
perspective to identify the immunogenic regions in the
pathogenic and the human genomes.
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Appendix A

Table 3. The list of peptides (including the flanking regions) used in our study

QVPLRPMTYKAAVDLSHFLKEKGGLEGLIHSQ
PAATLEEMMTACQGVGGPGHKARVLAEAMSQ
EAIRFIGRAMADRGLLRDIKAKTAYEKIL
LLGMLMICSAAENLWVTVYYGVPVWKDATT
VLEWRFDSRLAFHHVARELHPEYFKNC
MELAALCRWGLLLALLPPGAAST
THTVPIYEGYALPHAILRLDLAGRDLTDY
TAPPAHGVTSAPDTRPAPGSTAPPAHGV
TALLKIEGVYARDETEFYLGKRCAYVYKA
QAPSNRVMIPATIGTAMYKLLKHSRVRAY
VFDNKFHIIGAVGIGIAVVMIFGMIFSMI
LVVSFVVGGLAVILPPLSPYFKYSVMINKATP
LAAGWPMGYQAYSSWMYSYTDHQTTPTFV
YGGISLLSEFCRVLCCYVLEETSVMLAKR
GGIGRFYIQMCTELKLSDYEGRLIQNSLT
CGIAVGTTIVDADKYAVTVETRLIDERAA
IGKMRYVSVRDFKGKVLIDIREYWMDPE
EELFDFLHARDHCVAHKLFNNLK
ATLCSALYVGDLCGSVFLVGQLFTFSPRR
DVDNASLARLDLERKVESLQEEIAFLKKL
VIDTLTCGFADLMGYIPLVGAPLGGAARA
SALSEGATPQDLNTMLNTVGGHQAAMQML
YLEYRQVPDSDPARYEFLWGPRALAETSY
IVKNIDDGTSDRPYSHALVAGIDRYPRK
RDYFEEYGKIDTIEIITDRQSGKKRGFGF
KEALLDTGADDTVLEEMNLPGKWKPKMIG
YARKRSAHTNDVKQLTEVVQKVSTESIVI
IKKQLGSLVSDYCNVLNKEFTAGSVEITLR
LVKTGTITTFEHAHNMRVMKFSVSPVVRV
ATLYCVHQRIEIKDTKEALDKIEEEQNKS
AMKAYINKVEELKKKYGI
RGRERFEMFRELNEALELKDAQAGKEPGG
LVKLWYQLEKEPIVGAETFYVDGAASRETK
AQQNNVEHKVETFSGVYKKLTGKDVNFEF
QLEKEPIVGAETFYVDGAANRETKLGKAGYV
GHQAAMQMLKETINEEAAEWDRVHPVHAGP
VCMFLASKLKETSPLTAEKLCIY TDNSIKP
PSLRILYMTDEVNDPSLTIKSIGHQWYWTY
FIMESGAKGCEVVVSGKLRGQRAKSMKFV
EGQELSDEDDEVYQVTVYQAGESDTDSF
KTTDGYLLRLFCVGFTKKRNNQIRKTSY A
SLDKLKEVKEFLGENISNFLSLAGNTYQLT
AIKWEYVVLLFLLLADARVCSCLWMMLLI
GPLLVLQAGFFLLTRILTIPQSLDSWWTS
MPAWGALFLLWATAEATKDCPSPCTC
EFGATVELLSFLPSDFFPSVRDLLDTVSAL
SGWGSIEPEEFLTPKKLQCVDLHVISNDVC
VPNSDPPRYQFLWGPRAYAETTKMKVLEF
QQYRNWFLKEFPRLKSKLEDNIRRLRAL
LDIRQGPKEPFRDYVDRFYKTLRAEQASQE
RAFTEEGAIVGEISPLPSLPGHTDEDVKN
HHNLLVCSVSGFYPGSIEVRWFRNGQEEK
TVLIKSLRSGHDPRAQGTL
KNTMMRKAIRGHLENNPALEKLLPHIRGN
DLNTMLNTVGGHQAAMQMLKETINEEAAE
PHHERCSDSDGLAPPQHLIRVEGNLRVEYLD
DARMQAIQNAGLCTLVAMLEETIFWLQEI
IKARAACRAAGLQDCTMLVCGDDLVVICE
NSASILPEMEGLSEFTEYLSESVEVPSPF
LLVPFVQWFVGLSPTVWLSVIWMMWYWGPS
AMPHLLVGSSGLSRYVARLSSNSRIINHQ
VPVKLKPGMDGPKVKQWPLTEEKIKALVE
VGGVYLLPRRGPRLGVRATRKTSERSQPR
PPVLQPIQVMGQGGSPTAMAASAVTQAPT
RPQDVKFPGGGQIVGGVYLLPRRGPRLGV
NRFGMDKIYEGQVEVTGDEYNVESIDGQPG
IGYSEKDRFQGRFDVKIEVKS
DAVKVTLGPKGRNVVLDKSFGSPTITKDG
LIVTRIVELLGRRGWEALKYWWNLLQYWSQ
IFHKDLCQAQGVALQTMKQEFLINLVKQK
SAGATVGIMIGVLVGVALI
EEIWEELGVMGVYDGREHTVYGEPRKLLTQ
YYAMLAKTGVHHYSGNNIELGTACGKY YRV
MNHLGNVKYLVIVFLIFFDLF
TLPALSTGLIHLHQNIVDVQYLYGVGSSI

NEF_HVIPV
GAG_HVIBR
VNUC_INBAA
ENV_HVI1S3
NEF_HVIBR
ERB2_HUMAN
ACTB_HUMAN
MUCI_HUMAN
R35A_HUMAN
BRL1_EBV
CD9_HUMAN
NI9M_HUMAN
EBN3_EBV
VIEI_HCMVA
VNUC_IAPUE
OMIE_CHLTR
P15_HUMAN
UCRH_HUMAN
POLG_HCV1
VIME_HUMAN
POLG_HCV1
GAG_HVIBR
MAG1_HUMAN
RL27_HUMAN
ROA2_HUMAN
POL_HVIRH
POL_HV1U4
BRL1_EBV
EF2_HUMAN
GAG_HVIBR
ACBP_HUMAN
P53_HUMAN
POL_HVIBR
RS7_HUMAN
POL_HV1A2
GAG_HVIBR
CGD2_HUMAN
COX2_HUMAN
RS3_HUMAN
MDM2_HUMAN
RS3A_HUMAN
APL1_HUMAN
POLG_HCV1
VMSA_HPBVW
GPIX_HUMAN
CORA_HPBVJ
KLK3_HUMAN
MGBI_HUMAN
APL1_HUMAN
GAG_HVIBR
VNS1_IAMAN
HB2F_HUMAN
HA2Q_HUMAN
RLAO_HUMAN
GAG_HVIBR
P53_HUMAN
IE63_EBV
POLG_HCVI1
MAPB_HUMAN
VMSA_HPBVI]
DPOL_HPBVJ
POL_HVIBR
POLG_HCVH
EBN4_EBV
POLG_HCVH
RL5_HUMAN
ATNB_HUMAN
CH60_YEREN
ENV_HVIBR
FETA_HUMAN
CEAS_HUMAN
MAG4_HUMAN
RL30_HUMAN
TRAP_PLAFA
POLG_HCV1

WQKLETFWAKHMWNFISGIQYLAGLSTLP
TKILEPFRSQHPDIVIYQYMDDLYVGSDL
ATPPGSVTVPHPNIEEVALSTTGEIPFYG
RPPPGRRPFFHPVGEADYFEYHQEGGPDGEP
EFIWMCMTVRHRCQAIRKKPLPIVKQRRW
IKGGRHLIFCHSKKKCDELAAKLVALGIN
TLIGANASFSIALNFPGSQKVLPDGQVIWV
GYIKGIVKDITHDPGRGAPLAKVVFRDPYR
EAFSKNLKLGIHEDSTNRRRLSELLRYHTSQ
FLLSLRGAGAIKADHVSTYAAFVQTHRPT
SVGLGKVLIDILAGYGAGVAGALVAFKIM
PAAEHRLREEILAKFLHWLMSVYVVELLR
TRVESENKVVILDSFDPLVAEEDEREISV
WDVLKGSRVSILFGHENRVSTLRVSPDGT
RPILSPLTKGILGFVFTLTVPSERGLQRRR
PVGEIYKRWIILGLNKIVRMYSPTSILDIRQ
FQNLQVIRGRILHNGAYSLTLQGLGISWL
SSIVYEAADAILHTPGCVPCVREGNASR
AELELAENREILKEPVHGVYYDPSKDLIAE
DLTFLARSALILRGSVAHKSCLPACVYGP
GPLCIRMDQAIMDKNIILKANFSVIFDRLE
LRGTKALTEVIPLTEEAELELAENREILK
VQGACRAIRHIPRRIRQGLERILL
GVVAGGGVALIRAASAITAAGLKGDNEDQ
GVDIRHNKDRKVRRKEPKSQDI
KISKGANPVEIRRGVMLAVDAVIAELKKQ
AIGCVRNLKQIVDCLTEMYYMGTAITTCE
LHPDKWTVQPIVLPEKDSWTVNDIQKLVG
KQGQGQWTYQIYQEPFKNLKTGKYARTRGA
LNAWVKVVEEKAFSPEVIPMFSALSEGATPQ
IGVGAYGTVYKARDPHSGHFVALKSVRVPNG
IPYWDWRDAEKCDICTDEYMGGQHPTNPN
ANIQEFAGCKKIFGSLAFLPESFDGDPAS
CGHEALTGTEKLIETYFSKNYQDYEYLIN
LWDQSLKPCVKLTPLCVTLNCTNVNGTAV
QVRIKPGSANKPKDELDYENDIEKKICK
VAAGMNPMDLKRGIDKAVIAAVEELKKLS
KGKGDKAQIEKRIQEIIEQLDVTTSEYEK
EDQKIGIEIIKRTLKIPAMTIAKNAGVEG
FSVPLDEDFRKYTAFTIPSINNETPGIRYQ
GKRTEQGKEVLEKARGSTYGTPRPPVPKP
KYAMQLEITILIVIGILILSVILYFIFCR
NLPGCSFSIFLLALLSCLTVPASAHQVRNS
SYLKGSSGGPLLCPAGHAVGIFRAAVCTR
SAHFPGFGQSLLFGYPVYVFGDCVQGDWC
TPGTQSPFFLLLLLTVLTVVTGSGHASST
EVCNDQVDLYLLMDCSGSIRRHNWVNHAV
LNLTTMFLLMLLWTLVVLLICSSCSSCPL
YKCVDRLDKVLMIIPLINVTFIISSDREV
RDGNNEDNEKLRKPKHKKLKQPGDGNPDP
QFLSLQCLQALYVDSLFFLRGRLDQLLRH
MLLSVPLLLGLLGLAVAEPA
MMRKLAILSVSSFLFVEALF
NNQGNGQGHNMPNDPNRNVDENANANNAV
MVDGTLLLLSSEALALTQT
RHMQDAEMFTNAACMALNIWDRFDVFCTL
ATMEELQREINAHEGQLVIARQKVRDAEK
NWMTETLLVQNANPDCKTILKALGPAATL
QPGYPWPLYGNEGLGWAGWLVSPRGSRPN
VGTLEEIIDDNHAIVSTSVGSEHYVSILS
ALINVSANCPNHFEGHYQYKSIPVEDNHK
DKTVALWDLRNLKLKLHTFESHKDEIFQV
PPWQAGILARNLVPMVATVQGQNLKYQEFF
TKILEPFRKQNPDIVIYQYMDDLYVGSDL
VLKITFTKNNQFQALLQYADPVSAQHAK
IWGKTPKFKLPIQKETWETWWTEYWQATWI
TSSSPQPKKKPLDGEYFTLQIRGRERFEM
QEQIGWMTSNPPIPVGDIYKRWIILGLNK
KMPATSRPTAPPSGKGGNYPVQQIGGNYT
MKQQAGIGILLALTTAICWGAL
VHFKNTRETAQAIKGMHIRKATKYLKDVT
VQNIQGQMVHQAISPRTLNAWVKVVEEKAFS
DRFYKTLRAEQASQEVKNWMTETLLVQNA
ATRDGKLPATQLRRHIDLLVGSATLCSALY
QAAADTGHSSQVSQNYPIVQNIQGQMVHQ

POLG_HCV1
POL_HV1U4
POLG_HCV1
EBNI_EBV
EBN4_EBV
POLG_HCV1
PM17_HUMAN
RLS_HUMAN
HS9B_HUMAN
HA2Q_HUMAN
POLG_HCV1
TERT_HUMAN
POLG_HCV1
GBB5_HUMAN
VMTI_IAPUE
GAG_HVIBR
ERB2_HUMAN
POLG_HCVI1
POL_HVIBR
VNUC_IAPUE
VNSI1_IAPUE
POL_HV1A2
ENV_HVIBR
CH60_YEREN
RL18_HUMAN
CH60_HUMAN
FAFY_HUMAN
POL_HVIBR
POL_HVIBR
GAG_HVIBR
CDK4_HUMAN
TYRO_HUMAN
ERB2_HUMAN
MYPR_HUMAN
ENV_HVIMA
CSP_PLAFA
CH60_YEREN
CH60_HUMAN
CH60_HUMAN
POL_HVIBR
EBN3_EBV
E311_ADEO3
POLG_HCVHS
POLG_HCVI1
TAT_HTL1A

CSP_PLAFA
MAPE_HUMAN
CRTC_HUMAN
CSP_PLAFA
CSP_PLAFA
HLAE_HUMAN
OMIE_CHLTR
NCAP_HANTV
GAG_HVIBR
POLG_HCVTW
PRS4_HUMAN
DUSI_HUMAN
RBB7_HUMAN
PP65_HCMVA
POL_HVIBR
PTB_HUMAN
POL_HVIBR
P53_HUMAN
GAG_HVIMA
GAG_SIVSP
YHBE_ECOLI
RL17_HUMAN
GAG_HVIBR
GAG_HVINS
POLG_HCV1
GAG_HVIBR

312
249
117

134
297
247
116

120z 1snbny L¢ uo 1senb Aq 9£9€59/18////S L/21oIHe/Wwiul/Wod dno olwepeoe//:sdiy wolj papeojumoqg



Comparing predictors of proteasome cleavage 787

SCHAASNPPAQYSWFVNGTFQQSTQELFIP CEA5_HUMAN 258 AYRPPNAPILSTLPETTVVRRRGRSPRRRTP CORA_HPBVJ 131
YKNRVASRKCRAKFKQLLQHYREVAAAK BZLF_EBV 180 TSVPAAPPPASTNRQSGRQPTPLSPPLRD VMSA_HPBVJ 75
GISIKLQEEERERRDNYVPEVSALDQEI RS17_HUMAN 67 KTCPVQLWVDSTPPPGTRVRAMAIYKQSQ P53_HUMAN 139
NNTRKSIRIQRGPGRAFVTIGKIGNMRQAH ENV_HVIBR 306 NGKRLEPNWASVKKDLISYGGGWRLSAQW POLG_DEN3 1534
SAPLPPHTTERIETRSARHPWRIRFGAPQ POLS_RUBVT 254 PKMFAKGTEITHAVVIKKLNEILQARGKK IF38_HUMAN 315
EGSDTITLPCRIKQIINMWQKVGKAMYAP ENV_HVIH2 409 QLQAQHLSHATHGPPVQLPPHPSGLQPP TLE3_HUMAN 127
LRSLCLFSYHRLRDLLLIVTRIVELLGRRGW ENV_HVIBR 765 HHCKLTQVLNTHYVAPRRLLLTGTPLQNK SN24_HUMAN 889
GGELDRWEKIRLRPGGKKKYKLKHIVWASR GAG_HVIBR 9 YPYRLWHYPCTINYTIFKIRMYVGGVEH POLG_HCV1 611
MHGRLVTLKDIVLDLQPPDPVG VE7_HPV11 1 VPLAHSSSAFTITDQVPFSVSVSQLRALDG PM17_HUMAN 198
PPSQASSGQARMFPNAPYLPSCLESQPAI WTI_HUMAN 116 ALEGFDKADGTLDSQVMSLHNLVHSFLNG TYR2_HUMAN 350
VSTVQCTHGIRPIVSTQLLLNGSLAEEEV ENV_HVIA2 245 FQPLHTVMRETLFIGSHVVLRELRLNVTT VGLH_EBV 410
SGCPERLASCRPLTDFDQGWGPISYANGSG POLG_HCV1 450 GCLLDRKAVGTPAGGGFPRRHSVTLPSSK TISB_HUMAN 33
LNQSVEINCTRPNNNTRKSIRIQRGPGRAF ENV_HVIBR 293 PGFQALSEGCTPYDINQMLNCVGDHQAAM GAG_HV2BE 172
QEEEEVGFPVRPQVPLRPMTYKAALDISHFL NEF_HVIA2 65 QEILDLWIYHTQGYFPDWQNYTPGPGIRYPLT ~ NEF_HVI1A2 1
QKIETAFLMARRARSLSAERYTLFFDLVSSG EBN4_EBV 233 EPRGSDIAGTTSTLQEQIGWMTNNPPIPVG GAG_HVIBR 229
ELEVECATQLRRFGDKLNFRQKLLNLISK APR_HUMAN 20 KNQVAMNPTNTVFDAKRLIGRRFDDAVVQSD  HS7C_HUMAN 56
GSDSPTLDNSRRLPIFSRLSISDD TISB_HUMAN 315 PAGLKKKKSVTVLDVGDAYFSVPLDEDFR POL_HVIBR 264
GGLEGLIHSQRRQDILDLWIYHTQGYFPDW NEF_HVIPV 95 IAKITPNNNGTYACFVSNLATGRNNSIVK CEA5_HUMAN 642
QNPVPVGNIYRRWIQLGLQKCVRMYNPTNI GAG_HV2D2 250 PVSPGDQLPGVFSDGRVACAPVPAPAGPI EBN3_EBV 349
RLIVFPDLGVRVCEKMALYDVVTKLPLAV POLG_HCV1 2578 PGRGEPRFIAVGYVDDTQFVRFDSDAASQ 1A01_HUMAN 39
MRVKEKYQHLWRWGWRWGTM ENV_HVIH2 1 INEEAAEWDRVHPVHAGPIAPGQMREPRGS GAG_HVIBR 204
MRVMAPRALLLLLSGGLALT 1IC11_HUMAN 1 LHGMDDPEREVLEWRFDSRLAFHHVARELH NEF_HVIBR 170
QLQARILAVERYLKDQQLLGIWGCSGKLI ENV_HVIBR 580 TMVAGAVWLTVMSNTLLSAWILTAGFLIFL LMP2_EBV 432
VGNIVQSCNPRYSIFFDYMATHRSLTKI EBN3_EBV 104 TITDDVRVQEVPKLKVCALRVTSRARSRI RL18_HUMAN 84
VDDLRAIAEESDEEEAIVAYTLATAGVSSSDS VIEI_HCMVA 368 VLDVGDAYFSVPLDKDFRKYTAFTIPSINN POL_HV1A2 263
HYREVAAAKSSENDRLRLLLKQMCPSLDV BZLF_EBV 199 FPSTAQAQAAVQGPVGTDFKPLNSTPATT 7207_HUMAN 286
SGGDPEIVTHSFNCGGEFFYCNSTQLFNS ENV_HVIH2 365 EQTRSKAGLLVSDGGPNLYNIRNLHIPEV RRP1_IAPUE 581
PGYAGMLGNSSHIPQSSSYCSLHPHERLS ITF2_HUMAN 236 TEARDLHCLLVTNPHTDAWKSHGLVEVAS G45B_HUMAN 112
EKVTWTEAAGSIRDGVRAYTALHYLSHLS QORL_HUMAN 115 KKKYKLKHIVWASRELERFAVNPGLLETS GAG_HVIBR 25
GGSGTYCLNVSLADTNSLAVVSTQLIMPGQ PM17_HUMAN 560 GKWSKSSVIGWPTVRERMRRAEPAADGV NEF_HVILW 3
TVKTNSVPNMSLDQSVVELYTDTAFSWSV OMIE_CHLTR 167 LAAMLRQLAQYHAKDPNNLFMVRLAQGLT PSD2_HUMAN 741
SSTQASLEIDSLFEGIDFYTSITRARFEEL HS71_HUMAN 276 TPPLITDYREYHTDTTVKFVVKMTEEKLA TP2A_HUMAN 950
SAGHTVSGFVSLLAPGAKQNVQLINTNGSWH  POLG_HCV1 391 LGFLQRTDLSYIKSFVSDALGTTSIQTPW EBN3_EBV 148
LSISSCLQQLSLLMWITQCFLPVFLAQPPSG CTGI_HUMAN 147 FPVIFSKASEYLQLVFGIEVVEVVPISHLY MAG2_HUMAN 147
STLPGNPAIASLMAFTAAVTSPLTTSQTL POLG_HCV1 1779 PQPPICTIDVYMIMVKCWMIDSECRPRFRE ERB2_HUMAN 942
SLTSAQSGDYSLVIVTTFVHY ANFHNYFV VGLH_EBV 215 DVGAGVIDEDYRGNVGVVLFNFGKEKFEV DUT_HUMAN 183
WGVLAGIAYFSMVGNWAKVLVVLLLFAGV POLG_HCV1 353 FLTLSILDRYYTPTISRERAVELLRKCLE PSB2_HUMAN 137
RCALGVFRKFSRFPEALRLALMLNDMELV PSD2_HUMAN 250 KKFIRHQSDRYVKIKRNWRKPRGIDNRV RL32_HUMAN 17
TMESSTLELRSRY WAIRTRSGGNTNQQRA VNUC_IAPUE 373 DPASRELVVSYVNVNMGLKIRQLLWFHIS CORA_HPBVO 78
AYLTLAKHTISSDYVIPIGTYGQMKNGSTPM TYRO_HUMAN 136 MSWRGRSTYYWPRPRRYVQPPEMIGPM GGE4_HUMAN 1
PAHLLQDDISSSYTTTTTITAPPPGVLQN ACOD_HUMAN 2

The peptides are shown in boldface. The SWISSPROT accession number of the proteins and the start position follow the sequence.

Appendix B

Table 4. Samples of peptide degradation by the human constitutive proteasome in vitro

Cleavage map Reference
DYWQNIYATPGPGVRIWWAPLITRGWACYIKLWAPVEPDK 20
TGSTAVIPYGSFKHWADTIRLQ 21
MNGDYDAF*ARRYPTVAGHAYQIPEKIQUKYAYFDYDIAKYFSKEEWEKMKAYSEKIFY VY YMYKRKYEAMTYK LG FYKYALT 23

LYPPFMYCNYKRAYEDFQGNDLYDNDPNRGNQVERYPOMYI T GIRLYQGISPKMMPKKPAEEGNDSEEVPEASYGPQND
GYKELYCPPGKPTTSEKIHEYRYSGPKRGEHAWATHIRLIREVYRIKQYLVIYYEYEISDPEEDDE

Data have been collected from literature to test the performance of three publicly available methods for the prediction of proteasomal
cleavage sites; an arrow represents the observed cleavage site.
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