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Abstract
Cleavage by the proteasome is responsible for generating the C terminus of T-cell epitopes. Modeling the process of proteasome cleavage as part
of a multi-step algorithm for T-cell epitope prediction will reduce the number of non-binders and increase the overall accuracy of the predictive
algorithm. Quantitative matrix-based models for prediction of the proteasome cleavage sites in a protein were developed using a training set of
489 naturally processed T-cell epitopes (nonamer peptides) associated with HLA-A and HLA-B molecules. The models were validated using an
external test set of 227 T-cell epitopes. The performance of the models was good, identifying 76% of the C-termini correctly. The best model of
proteasome cleavage was incorporated as the first step in a three-step algorithm for T-cell epitope prediction, where subsequent steps predicted
TAP affinity and MHC binding using previously derived models.
© 2006 Elsevier Ltd. All rights reserved.
Keywords: Proteasome cleavage; Epitope; Additive method

1. Introduction
Major histocompatibility complex (MHC) molecules are
highly polymorphic cell surface molecules that present peptidic
ligands on the cell surface for inspection by T lymphocytes.
MHC class I ligands are derived primarily from endogenously
expressed proteins (Shastri et al., 2002) and usually are 8–12
amino acids long, although there is now evidence that longer
peptides (13–15 amino acids) are presented by class I MHCs
in many—possibly all—vertebrates including human, mouse,
cattle, and horse (Probst-Kepper et al., 2004; Green et al.,
2004). MHC class II ligands have a more variable length of
9–25 amino acids and are derived from exogenous proteins.
Cross-presentation—an endogenous route acting via class II
and an exogenous one acting via class I—is also important and
now increasingly well understood (Ackerman and Cresswell,
2004). The main processing pathway for MHC class I ligands involves degradation of proteins by the proteasome, followed by transport of the products by the transporter associated
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with antigen processing (TAP) to the endoplasmic reticulum
(ER), where peptides are bound to MHC class I molecules,
and then presented on the cell surface by MHCs. The MHC
class II processing pathway involves protein degradation by the
lysosomal–endosomal apparatus, binding of peptides to MHC
molecules, and subsequent transport of the complex to the cell
surface.
There is much evidence to suggest that the proteasome is
responsible for generating the C terminus but not the N terminus of the final presented peptide (Craiu et al., 1997; Mo et
al., 1999; Serwold and Shastri, 1999; Cascio et al., 2001). The
proteasome is a multimeric proteinase with three active sites:
a site with trypsin-like activity (cleavage after basic residues),
one with chymotrypsin-like activity (cleavage after hydrophobic
residues), and another with peptidylglutamyl-peptide hydrolytic
activity (cleavage after acidic residues) (Orlowski and Michaud,
1989; Djaballah et al., 1992; Orlowski et al., 1993). In addition,
in vertebrates there are three ␥-interferon-inducible subunits
that replace the constitutive subunits (Tanaka and Kasahara,
1998) and assemble the immunoproteasome. The immunoproteasomes have an altered hierarchy of proteosomal cleavage,
enhancing cleavage after basic and hydrophobic residues and
inhibiting cleavage after acidic residues (Van den Eynde and
Morel, 2001; Toes et al., 2001). This is in accord with the amino
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acid preferences for binding to MHC class I molecules at the C
terminus (Rammensee et al., 1995).
Several computer algorithms are currently available
for the prediction of proteasomal cleavage. FragPredict
(http://www.mpiib-berlin.mpg.de/MAPPP/cleavage.html) was
the first published algorithm and is based on compilation of
peptide cleavage data (Holzhutter et al., 1999; Holzhutter and
Kloetzel, 2000). PAProC (http://www.paproc.de) is based on
an evolutionary algorithm (Kuttler et al., 2000; Nussbaum et
al., 2001). NetChop (http://www.cbs.dtu.dk/services/NetChop)
is an artificial neural network (ANN)-based algorithm (Keşmir
et al., 2002). All these programs are freely available via the
Internet. Several combined models for predicting T-cell epitopes, which use the sequential nature of the dominant class
I peptide presentation pathway to restrict the combinatorial
explosion inherent in the process of T-cell epitope presentation,
have appeared recently (Daniel et al., 1998; Brusic et al., 1999;
Petrovsky and Brusic, 2004; Tenzer et al., 2005).
In the present study, the additive method (Doytchinova et al.,
2002) was applied to a set of naturally processed T-cell epitopes to derive models capable of predicting peptide cleavage
by the proteasome. The additive method is based on the assumption that each substituent—amino acids in our case—makes
an additive and constant contribution to the biological activity
regardless of substituent variation in the rest of the molecule.
Possible interactions between substituents can be accounted
for by cross-terms. The method was applied initially to predict the affinity of peptides binding to HLA-A*0201 molecules
(Doytchinova et al., 2002) and then was extended to another
10 human MHC class I (Guan et al., 2003a,b; Doytchinova
and Flower, 2003a,b), 3 murine class I (Hattotuwagama et al.,
2004), 3 human class II (Doytchinova and Flower, 2003a,b) and
8 murine class II proteins (unpublished data). These predictive
models are accessible free online using the MHCPred server via
http://www.jenner.ac.uk/MHCPred (Guan et al., 2003a,b).
The additive method is a general method, which can be
applied to any peptide–protein interaction. We applied this
method to design new high affinity peptides binding to HLAA*0201, generating several superbinders (Doytchinova et al.,
2004a). Recently, the additive method was applied to derive a
model for TAP binding affinity prediction (Doytchinova et al.,
2004b). The model for proteasome cleavage prediction developed in this study, together with previously derived models for
TAP and MHC binding prediction, were combined into a threestep algorithm for T-cell epitope prediction.
2. Materials and methods
2.1. Peptides
In order to develop additive models for proteasome cleavage prediction, a training set of 489 naturally processed Tcell epitopes (nonamer peptides) associated with HLA-A and
HLA-B molecules was collected from our in-house database
AntiJen (http://www.jenner.ac.uk/AntiJen) (Blythe et al., 2002;
McSparron et al., 2003; Toseland et al., 2005). A test set of
231 peptides, as used by Saxova et al. (2003) to compare the

Fig. 1. Cleavage site presentation. Peptide positions are given in bold. The positions before the N terminus are denoted as “Nn”, while the positions after the
C terminus—as “Pn”. The vertical line shows the cleavage site. When the C
terminus of the epitope is located in the middle (position P1 of the decamer),
the peptide is considered as positive and takes a value of 1, i.e. cleavage site
present. The rest of the overlapped peptides are considered as negative and take
the value 0 (cleavage site not present).

performance of the available methods for proteasome cleavage
prediction, was employed in our study for external validation. All
common T-cell epitopes between the two sets were first excluded
from the training set.
The epitopes were presented together with four flanking
amino acids before the N terminus and five flanking residues
after the C terminus (Fig. 1). Further, these parent 18aa peptides
were broken into a set of overlapping decamers. The peptide
which contained the C terminus of the epitope at position P1
of the decamer was considered as a positive example, i.e. the
cleavage site was present. The rest of the overlapped peptides in
each set were considered as negative examples (cleavage site not
present). Thus, the initial training set of 489 epitopes generated
4370 decamers, 489 peptides of which had positive cleavages
and 3881 peptides were negative.
As the peptides from the test set had a length of 8–12 residues,
some of the parent peptides had lengths different from 18 amino
acids. Four parent peptides with no flanking residues after the C
terminus were excluded from the test set, since it was not possible to locate the cleavage site. Thus, the final test set included
227 epitopes. They generated 2100 decamers: 227 peptides were
positive and 1873 peptides were negative.
2.2. Proteins
A set of proteins, containing recently published T-cell epitopes (since 2000), was collected from the AntiJen database
(Blythe et al., 2002; McSparron et al., 2003) and used to test a
three-step algorithm for T-cell epitope prediction, based on the
additive method. The set included 32 epitopes, belonging to 21
proteins (Bourgault Villada et al., 2000; Gonzalez et al., 2000;
Dannull et al., 2000; Geluk et al., 2000; Altfeld et al., 2001a,b;
Bownds et al., 2001; Sharma et al., 2001; Rudolf et al., 2001;
Peter et al., 2001; Maranon et al., 2001; Buslepp et al., 2001;
Caccamo et al., 2002; Duraiswamy et al., 2003; Drexler et al.,
2003; Tanaka et al., 2003; Kather et al., 2003; Jaye et al., 2003;
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Terajima et al., 2003). The epitopes were all restricted by the
HLA-A*0201 molecule and, to facilitate the calculation, all the
proteins consist of less than 500 residues.
2.3. Additive method for proteasome cleavage prediction
For a set of decamers, the additive method generates a matrix
with 200 (20 × 10) columns and a number of rows equal to the
number of peptides. A term in the matrix is 1 when a certain
amino acid exists at a certain position, and 0 when it is absent.
A column containing the dependent variable (cleavage versus
non-cleavage) is added and the matrix is solved by partial least
squares (PLS) (Wold, 1995), as implemented in SYBYL 6.9
(Tripos Inc., 2004). Models including different positions next to
the cleavage site were generated in order to assess the importance
of the flanking residues. The prediction rate of T-cell epitopes
versus non-T-cell epitopes was measured using receiver operating characteristic (ROC) curves (Bradley, 1997). Two variables
(sensitivity (true T-cell epitopes/total T-cell epitopes) and 1specificity (false T-cell epitopes/total non-T-cell epitopes)) were
calculated at different cutoffs. The area under the curve (AROC )
is a quantitative measure of the predictive ability and varies from
0.5 for a random prediction to 1.0 for a perfect prediction. The
predictive ability of the models was assessed by leave-one-out
cross-validation (LOO-CV) on the training set and by external
validation on the test set.
2.4. Variable selection
In order to reduce the number of variables, two methods for
variable selection were used: a genetic algorithm (GA) and stepwise regression, as implemented in the MDL QSAR Package
(MDL Information Systems Inc., 2004). GA allows one to select
a subset of the most significant predictors using two evolutionary operations: random mutation and genetic recombination
(crossover) (Leardi et al., 1992). The performance of the algorithm was calibrated in terms of the size of the initial population,
choice of parents, types of crossover and mutation, and fitness function. The best results were achieved with an initial
population of size 32, tournament selection, uniform crossover,
one-point mutation and Friedman’s lack-of-fit scoring function
with value 3 (Friedman, 1990). The regression equation was
generated on the basis of the selected variables by ordinary
multiple regression. The stepwise regression was used in a forward mode. Final models were assessed by ROC-statistics on
the cross-validated training set and the external test set.
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Table 1
ROC-statistics of the additive models for proteasome cleavage prediction
Model

P5P4P3P2P1P1 P2 P3 P4 P5
P4P3P2P1P1 P2 P3 P4
P3P2P1P1 P2 P3
P2P1P1 P2
P1P1
P2P1P1
P5P4P3P2P1
P4P3P2P1
P3P2P1
P2P1
P1
GA
Stepwise
PAProC
FragPredict
NetChop 2.0

AROC
Training set (LOO-CV)

Test set

0.777
0.771
0.779
0.773
0.772
0.776
0.764
0.764
0.767
0.754
0.765
0.838
0.817

0.753
0.741
0.748
0.761
0.759
0.753
0.741
0.741
0.744
0.741
0.751
0.748
0.763
0.589
0.605
0.771

including only variables selected using a GA or stepwise regression were also created. LOO-CV was used for the training set.
The ability of the models to discriminate T-cell epitopes from
non-T-cell epitopes was assessed by ROC-statistics on the training and test sets. True positive and true negative T-cell epitopes
were calculated at different cutoffs and the areas (AROC ) under
the sensitivity/1-specificity curves are given in Table 1. The overall performance of the models is very good (all AROC > 0.740).
Unsurprisingly, the predictions made on the training set by LOOCV are slightly better than those made on the test set. Models
which include selected variables (GA and stepwise) give significantly better predictions for the training set than for the test
set. Models containing amino acids from both sides of the C
terminus predict better than models which only include flanking
positions before the cleavage site. The best performing models
for the test set are models P2P1P1 P2 , P1P1 and the stepwise
model (Fig. 2). These models are given in Table 2. The greater

3. Results
3.1. Additive models for proteasome cleavage prediction
Additive models, which included different positions before
and after the cleavage site, were used to assess the importance
of flanking amino acids around the C terminus for accurate proteasome cleavage prediction. Peptide positions were denoted as
shown in Fig. 1. Cross-terms were omitted as previous studies indicated that the contributions of the positions next to the
cleavage site are additive (Altuvia and Margalit, 2000). Models

Fig. 2. ROC-statistics on the test set of the best performed additive models
for proteasome cleavage prediction: P2P1P1 P2 with AROC = 0.761 (squares),
P1P1 with AROC = 0.759 (triangles) and stepwise regression with AROC = 0.763
(circles).
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Model P1/P1

A
C
D
E
F
G
H
I
K
L
M
N
P
Q
R
S
T
Y
W
V
Const.

Model P2P1/P1 P2

Stepwise model

P1

P1

P2

P1

P1

P2

0.023
−0.031
−0.064
−0.075
0.018
−0.096
−0.049
0.169
0.061
0.100
0.008
−0.064
−0.109
−0.066
0.039
−0.092
−0.067
0.134
−0.010
0.171
0.101

−0.012
0.053
0.011
0.038
−0.029
0.035
0.009
−0.046
0.031
−0. 043
−0.020
0.011
−0.050
0.056
0.022
−0.017
0.005
−0.039
−0.011
−0.006

0.003
0.017
−0.043
0.078
−0.022
0.007
0.049
−0.005
0.010
−0.015
0.008
0.006
0.007
−0.013
−0.038
−0.007
−0.001
−0.041
0.010
−0.008
0.104

0.025
−0.032
−0.065
−0.075
0.019
−0.097
−0.049
0.169
0.060
0.096
0.008
−0.065
−0.110
−0.066
0.041
−0.092
−0.066
0.137
−0.009
0.172

−0.014
0.055
0.012
0.037
−0.030
0.037
0.011
−0.045
0.030
−0.044
−0.020
0.012
−0.049
0.057
0.022
−0.015
0.003
−0.042
−0.010
−0.007

0.001
0.005
−0.009
0.029
−0.032
0.033
−0.026
−0.024
0.006
−0.004
−0.013
0.021
−0.009
0.002
0.033
0.013
0.018
−0.044
−0.010
0.009

P5

P4

P3

P2

P1

P1

P2

P3

P4

0.104
−0.076

P5
0.042

0.129
−0.059
0.102

0.076

0.053
−0.050

0.103
−0.045
0.063

0.052

0.056
0.050

0.075
0.238
0.160
0.192
0.103

−0.066

−0.033

−0.031

−0.044

0.099
−0.060

0.141
0.053
0.225
0.070
0.242

0.013

−0.054

−0.109

−0.049
−0.035
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Table 2
Additive models for proteasome cleavage prediction
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Fig. 3. ROC-statistics of the methods for proteasome cleavage prediction:
additive model P2P1P1 P2 with AROC = 0.761 (black squares), PAProc with
AROC = 0.589 (white triangles), FragPred with AROC = 0.605 (white squares),
and NetChop 2.0 with AROC = 0.771 (white circles).

the coefficient of an amino acid in the model, the greater is
its effect on proteasome cleavage. Positive values increase the
cleavage probability, negative ones reduce it.
3.2. Comparison with other algorithms for proteasome
cleavage prediction
The test set used for external validation of the additive
models was used for evaluation of the predictive algorithms
PAProc (Kuttler et al., 2000; Nussbaum et al., 2001), FragPredict (Holzhutter et al., 1999; Holzhutter and Kloetzel, 2000) and
NetChop 2.0 (Keşmir et al., 2002). Thresholds at 0, 1, 2 and 3
were selected for PaProc; 0, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 and >1.0
for FragPredict; 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 and
>1.0 for NetChop. The sensitivity/1-specificity curves are given
in Fig. 3. Good predictive ability close to that of the additive
models was found for the NetChop algorithm (AROC = 0.771)
and more moderate predictive ability for PAProc (AROC = 0.589)
and FragPredict (AROC = 0.605).
3.3. Three-step algorithm for prediction of T-cell epitopes
A three-step algorithm based on the additive method was
created to predict T-cell epitopes. Proteasome cleavage prediction was the first stage of the algorithm. Model P2P1P1 P2 was
used with a threshold value of 0.0, i.e. all negatively predicted
cleavage sites were excluded. The next step of the algorithm
was TAP affinity prediction. The previously derived additive
model for TAP binding prediction (Doytchinova et al., 2004b)
was used, with a cutoff set at 3.0 for TAP-independent alleles (HLA-A2, HLA-A23, HLA-B7 and HLA-B8) and a cutoff
set at 5.0 for TAP-dependent ones (HLA-A1, HLA-A3, HLAA11, HLA-A24, HLA-B15 and HLA-B27). The last step of the
algorithm included the MHC binding affinity prediction models
available on the MHCPred server.
The algorithm was tested on a set of 21 proteins, containing 32 recently published T-cell epitopes, presented by HLA-
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A*0201, and the predictions were compared with those made
by other servers for T-cell epitopes predictions like SYFPEITHI
(Rammensee et al., 1999) and BIMAS (Parker et al., 1994). SYFPEITHI (http://www.syfpeithi.de), a publicly available server,
is based on the use of peptide binding motifs available in the
literature to identify and score predicted epitopes. The threshold for SYFPEITHI was set to the top 20 scored peptides from
each protein. Instructions for this server suggest that all naturally
presented epitopes should be amongst the top-scoring 2% of peptides predicted, with an associated reliability of 80%. BIMAS
(http://bimas.cit.nih.gov) estimates peptide binding affinities in
terms of their half-life disassociation rates. The threshold for
BIMAS was set to a half-life of 1 min. In terms of the “scores”
returned by the additive algorithm, thresholds of 0.0 for the proteasome cleavage step, 3.0 for the TAP-binding step, and 5.3 for
the MHC-binding step, were used in this study. Using the thresholds or cut-offs listed above, the additive algorithm predicted
correctly all 32 T-cell epitopes, BIMAS 30 epitopes (94%), and
SYFPEITHI 26 (81%).
4. Discussion
The identification of T-cell epitopes remains a critical step in
the development of peptide-based vaccines (Luckey et al., 1998).
The first step of such studies is usually in silico prediction of
potential MHC binders from the sequence of a studied protein,
followed by labor- , time- and resource-consuming experiments
to verify the natural processing, presentation and T-cell recognition of the predicted peptides. As the veracity of initial in silico
predictions improves, so subsequent “wet lab” work becomes
faster, more efficient, and, ultimately, more successful. A wide
range of computer-based algorithms have been developed to
help predict T-cell epitopes (for reviews see Schirle et al., 2001;
Golgberg et al., 2002; Flower, 2003).
The proteasome is the key enzyme responsible for the protein
degradation in the cytosol and the generation of the C-termini
of peptides presented by MHC class I molecules. Therefore,
detailed knowledge on the specificity of protein degradation by
the proteasome is crucial to T-cell epitope prediction. Previous
studies on the positions flanking the cleavage site indicated that
the amino acids in P3–P3 have a strong influence on the cleavage site selection (Niedermann et al., 1996; Kuttler et al., 2000;
Altuvia and Margalit, 2000), although cleavage-enhancement by
Pro in P4 has been reported (Niedermann et al., 1996). Within the
window of these six flanking amino acid residues, positions P1
and P1 are the most significant. In accordance with these findings, the models derived in the present study show that P2, P1,
P1 and P2 are the most influential positions. Cleavage appears
after Val, Ile, Tyr, Leu, Lys, Arg, Ala, Phe and Met and/or before
Gln, Cys, Glu, Gly, Lys, Arg, Asp, Asn, His and Thr. Arg and Lys
make positive contributions at both positions, while Pro, Ser ad
Trp contribute negatively at both. The preference for hydrophobic and basic amino acids at the C-termini in our models is
compatible with previously reported results based on degradation experiments (Niedermann et al., 1996; Kuttler et al., 2000;
Altuvia and Margalit, 2000). These preferences agree with the
well-established requirements for binding to many MHC class
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I alleles (Rammensee et al., 1995). Preferences for small (Cys,
Gly), polar (Gln, Asn, Thr), positively (Lys, Arg, His) and negatively charged (Glu, Asp) amino acids at P1 are also found
in our models. These results, with the exception of negatively
charged amino acids, are compatible with previously reported
preferences of the P1 position (Niedermann et al., 1996; Kuttler
et al., 2000; Altuvia and Margalit, 2000). Surprisingly, positive
contributions of the negatively charged aspartic and glutamic
acids at P1 position are seen in the present study.
Among the amino acids occupying position P2, Glu, His, Cys,
Lys and Trp contribute positively and Asp, Tyr, Arg, Phe, Leu
and Gln make negative contributions. At the P2 position, Gly,
Arg, Glu, Asn, Thr and Ser have positive coefficients, while Tyr,
Phe, His, Ile, Met and Trp contribute negatively. The stepwise
model suggests that certain amino acids at distant positions also
contribute to cleavage. For example, Phe at P5 position and His
at P4 position, as well as Asp at P3 and P5 , and Ala and Ser at
position P5 , make significant positive contributions. Negative
contributions are made by Ala and Met at position P5, Gly and
Arg at position P3, Trp, Phe and Leu at position P3 , Tyr and Val
at position P4 and Leu at position P5 .
A comparison between the three currently available web
algorithms—PAProc, FragPredict and NetChop 2.0—and the
additive models described here indicates that NetChop and the
additive models predict almost equally well (AROC = 0.771 for
the NetChop versus 0.763 for the stepwise model), followed
by FragPredict (AROC = 0.605) and PAProc (AROC = 0.589). It
appears that we are reaching the limits of current technology, in
terms of the accuracy and universality realizable by proteasome
prediction methods. The current paucity of proteasomal cleavage data, upon which these approaches depend, is clearly the
limiting factor. It proved impossible to generate a reliable prediction method (unpublished data) based on the cleavage patterns
apparent in the handful of proteins analyzed systematically for
proteasome digested fragments (Nussbaum et al., 1998). Instead,
we used data available from naturally processed epitopes and
natural ligands eluted from the cell surface. One feature of such
a dataset is that it contains peptides which have been generated
through a complex combination of different proteases, which
each exhibit a distinct specificity of cleavage. However, it is now
well known (Craiu et al., 1997; Mo et al., 1999; Serwold and
Shastri, 1999; Cascio et al., 2001), that such peptides retain, at
the C terminus, a strong signal derived from proteasome cleavage. We thus exploit this observation in our work. Attempts
to deconvolute N terminally cleavage patterns, derived from
ERAAP and other proteases, are futile in the absence of explicit
data on substrate specificity for such enzymes.
It is now clear that cleavage by the proteasome is only one
event in antigen presentation: there are many more, and many
of these are proteolytic. Analyses of peptide generation and
T-cell epitopes expression in proteasome-inhibited cells suggest that cytoplasmic proteases other than proteasomes may
also be involved in antigen processing pathway (Vinitsky et
al., 1997; Luckey et al., 1998; Luckey et al., 2001). Tripeptidylpeptidase II (TPPII) was suggested to be a peptide supplier
because of its ability to cleave peptides in vitro and its upregulation in cells surviving partial proteasome inhibition (Geier

et al., 1999). Leucine aminopeptidase was found to generate antigenic peptides from N-terminally extended precursors
(Beninga et al., 1998). Puromycin sensitive animopeptidase and
bleomycin hydrolase were shown to trim N termini of synthetic
peptides (Stoltze et al., 2000). Recently, an enzyme located in
the lumen in ER and named ERAAP (ER aminopeptidase associated with antigen processing) (Serwold et al., 2002) or ERAP1
(ER aminopeptidase 1) (Saric et al., 2002; York et al., 2002), was
proven to be responsible for the final trim of the N termini of peptides presented by MHC class I molecules. However, currently
there is insufficient quantitative data about the role of these proteases to allow a precise bioinformatic evaluation of their impact
on the antigen processing pathway.
The additive model for proteasome cleavage described here
was incorporated in a three-step algorithm for T-cell epitope
prediction. This approach will, in due course, be made available as a publicly accessible server for multi-step T-cell epitope
prediction. The algorithm was tested on a set of newly reported
T-cell epitopes and the predictions were compared with those
made by the two best known servers for T-cell epitope prediction: SYPFEITHI and BIMAS. Of these three algorithms, the
additive method performed best, predicting all 32 epitopes. This
indicates that as we effectively model a more complete picture
of the antigen presentation pathway, including other aspects of
processing, such as TAP and proteasomal cleavage, the overall
results, in terms of predicting epitopes, will be become ever more
accurate. Such models, incorporating higher levels of complexity, thus represent a more efficient and more robust solution to
this pivotal challenge: the successful in silico design of vaccines.
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