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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 speci®city 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 I 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-g, the three
catalytic subunits of the proteasomes of vertebrates are
replaced by their homologous subunits to form an `immuno-
proteasome' (4). The cleavage speci®city 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 speci®city 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
TuÈbingen 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 in¯uences of different amino acids at different
positions are assessed using a stochastic hill-climbing algo-
rithm (7) based on the experimentally in vitro veri®ed 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 ®rst 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 ®rst 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 I ligands generated by the human proteasomes. Every
MHC ligand has to be generated by the proteasome, therefore
the rationale behind using MHC class I 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
I ligands represent only a subset of in vivo cleavage products.
The MHC class I 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 I 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 ®nd that the method developed using MHC class I
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 I 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 classi®ed as follows:
True positive (TP): if the prediction at the C-terminal, Pc, is
above the threshold.
False negative (FN): if Pc 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 Pc 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 Pc).

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

CC � TP� TNÿ FN� FP��������������������������������������������������������������������������������������TN� FN��TN� FP��TP� FN��TP� FP�p
The sensitivity gives the percentage of C-terminal cleavages

that are predicted correctly and the speci®city 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 both in 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 speci®city 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 ®nal 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 de®nitions 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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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

de®ne 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 de®nition, the total number of true non-
cleavage sites becomes the same as the number of epitopes.

The speci®city 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 coef®cient (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.

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

Method N Sensitivity Speci®city 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 ¯anking 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.
Speci®city 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 de®nitions of the measures are given in Methods. Sensitivity and
speci®city are in percentages.

Fig. 1. Diagram summarizing the compilation of the data set used in
this study.
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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
coef®cient. 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 re¯ect
not only proteasome speci®city, but they also re¯ect a
combined speci®city of the proteasome, TAP and MHC.
Thus, it cannot be ruled out that NetChop captures this
combined speci®city 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 con®rm that
NetChop is able to capture the speci®city of the proteasome
better than the other methods.

Conclusion

We found that NetChop, an arti®cial neural network trained
with MHC class I 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, arti®cial neural networks are much more non-
linear than the other two methods. Thus they might capture the
complex speci®city 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 I 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 I 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 speci®city 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 I 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 signi®cantly (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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TAP transporter associated with antigen processing
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Appendix A

Table 3. The list of peptides (including the ¯anking regions) used in our study
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Appendix B

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

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

Cleavage map Reference

DØØWQNØØYØØTPGPGVRØØYØØPLØØTFØØGWØØCYØØKLØØVØØPVEPDK 20

TGSTAVØØPYGSFØØKHØØVØØDTØØRLQ 21

MNGDØØDAFØØARRØØPTVØØGØØAØØQIPEKIQØØKØØAØØFDØØDIAKYFSKEEWEKMKAØØSEKIFYVØØYØØMØØKRKYEAMTØØKLØØGFØØKØØAØØT
LØØPPFMØØCNØØKRAØØEDFQGNDLØØDNDPNRGNQVERØØPQMØØTØØFØØGØØRLØØQGISPKIØØMPKKPAEEGNDSEEVPEASØØGPQND
GØØKELØØCPPGKPTTSEKIHEØØRØØSGPKRGEHAWØØTHØØRLØØREØØRØØKQØØLØØVIYØØEØØEISDPEEDDE

23

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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