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Abstract
Background: Understanding the interactions between antibodies and the linear epitopes that they recognize is an
important task in the study of immunological diseases. We present a novel computational method for the design of
linear epitopes of specified binding affinity to Intravenous Immunoglobulin (IVIg).
Results: We show that the method, called Pythia-design can accurately design peptides with both high-binding
affinity and low binding affinity to IVIg. To show this, we experimentally constructed and tested the computationally
constructed designs. We further show experimentally that these designed peptides are more accurate that those
produced by a recent method for the same task. Pythia-design is based on combining random walks with an
ensemble of probabilistic support vector machines (SVM) classifiers, and we show that it produces a diverse set of
designed peptides, an important property to develop robust sets of candidates for construction. We show that by
combining Pythia-design and the method of (PloS ONE 6(8):23616, 2011), we are able to produce an even more
accurate collection of designed peptides. Analysis of the experimental validation of Pythia-design peptides indicates
that binding of IVIg is favored by epitopes that contain trypthophan and cysteine.
Conclusions: Our method, Pythia-design, is able to generate a diverse set of binding and non-binding peptides, and
its designs have been experimentally shown to be accurate.
Keywords: Protein binding, Machine learning, Antibodies, Protein design

Background
Antibody-protein interactions play a major role in infectious diseases, autoimmune diseases, oncology, vaccination and therapeutic interventions. Antibodies present
in human blood interact with antigens (i.e. protein/polypeptides epitopes) with different affinities and in
a sequence- and structure-specific manner. When studying protein-antibody interactions, two types of epitopes
are to be distinguished: (i) conformational and (ii) linear
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epitopes. In this study we focus on linear epitopes; see a
recent review [1] for a discussion of conformational epitopes. All potential linear epitopes of a protein can be
represented by short peptides derived from the primary
amino acid sequence.
The binding site of an epitope covered by an antibody
typically includes a minimal stretch of 8 to 9 amino acids.
If peptides of 15 amino acids in length are incubated with
one specific antibody, that antibody will bind to its epitope independently of the physical position of the binding
motif within the peptide. Motifs running from position 1
to position 9 up to motifs running from position 7 to position 15 would be possible. This uncertainty results in difficulties for determining consensus binding sites as well as
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meaningful position weight matrices (PWM). Individual
amino acids within epitope binding sites may have different impact on antibody recognition not only due to the
nature of amino acids involved in binding (physicochemical properties) but also because of the specific position
of the amino acid within the whole peptide sequence
(context).
Here, we present a method, Pythia-design, for designing novel peptides with a desired binding affinity (either
high or low). This method is built upon a successful, novel discriminative classifier called Pythia (Section
“Discriminative classifier for predicting binding and
non-binding epitopes”) that can accurately label a given
peptide as either a high- or low-affinity binder. To test
the quality of the designs that Pythia-design produces, we
experimentally constructed our designed peptides (and
those of a recent alternative method, Barbarini et al.
[2], designed for the same task) and tested their binding affinity. We show that Pythia-design more accurately
designs such peptides than Barbarini et al. [2]. We further show that Pythia-design produces a more diverse set
of designed peptides, which is important for generating a
varied set for experimental construction. Finally, we show
that the two methods of Pythia-design and Barbarini et al.
[2] can be combined, exploiting the relative strengths of
both, to achieve even higher accuracy in epitope design.
While there is less prior work on epitope design (e.g.
[2, 3]), much previous work has focused on the task of predicting binding affinity of a given peptide to various target
molecules [4], e.g. antibodies [5], to MHC class I and
class II complexes alone or in concert with T cell receptor
binding [6–8]. Machine learning classifiers such as artificial neural networks [9, 10], hidden Markov models [11],
and support vector machines [12] and other approaches
have been explored in tackling the problem of predicting Human Leukocyte Antigen (HLA) binding peptides
[13, 14]. Much work has also focused on the prediction
of T-cell and B-cell binding peptides [15–26]. Zhao et al.
[16] explore various classifiers to predict peptide T-cell
binding. Using a 10-dimensional feature vector to represent each amino acid, they discover that SVMs provide the
best classification performance in their task. Huang and
Dai [17] also explore the classification of peptide binding
to T-cells using a support vector machine classifier. They
present a novel peptide feature based on combining a
20-dimensional indicator vector with amino acid similarity information encoded by the BLOSUM50 [27] matrix.
Nanni and Lumini [28] introduced the MppS system
that relies on an ensemble of support vector machines,
trained on various physicochemical properties, to classify peptide binding to HIV-protease and T-cells. They
use sequential floating forward selection [29] to select
a subset of features, and combine the individual classifier predictions using the max rule [30]. More recently,
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Nanni and Lumini [31] have explored the use of a novel
peptide-encoding scheme that relies on the use of nonlinear dimensionality reduction to extract the information encoded across a large number of physicochemical
properties. They demonstrate that this novel feature representation, when used in conjunction with a support
vector machine classifier, exhibits state-of-the-art performance in predicting peptide T-cell binding. Wang et al.
[32] also showed that combining multiple classifiers using
a consensus approach improved the classification of MHC
class II peptide binding predictions. Others [33] have used
motif mining for MHC I and MHC II peptides. Recently, a
flexible T cell receptor docking algorithm achieved nearnative predictions for 80 % of the TCR/pMHC cases [8].
Zhang et al. [18] use 3D features and a random forest classifier to predict B-cell epitopes. Lin et al. [19] provide a
method for B-cell epitope prediction that exploits phylogenetic information. Yao et al. [34] introduce an SVM
approach called SVMTriP for B-cell linear epitope prediction. Yao et al. [1] compare various methods to find
conformational epitopes of B-cells. El-Manzalawy et al.
[23, 35] used support vector machines in combination
with a subsequence kernel reaching a AUC of 0.812 and an
accuracy of 73.37 % to predict peptide/epitope-antibodybinding [5].
Our novel discriminating classifier upon which our
design method is based uses an ensemble of support
vector machines (SVMs) to classify design candidates.
This classifier is broadly similar to that of Nanni and
Lumini [28]. However, we use probabilistic SVMs with
Platt’s extension [36], along with a different set of features. In addition, no other previous work deals with such
a wide variety of paratopes — the regions of antibodies
which recognize antigens — as is found in intravenous
immunoglobulin fractions, as we do here.
As our experiments below show, a diverse set of
IVIg-binding peptides can be computationally designed
using Pythia-design with high accuracy. In addition, our
random-walk strategy for ensuring diversity is general and
could be applied to any accurate discriminative classifier.
These computational techniques, and the collection of
designed and validated IVIg binders and non-binders, will
be useful both for gaining a more thorough understanding of IVIg binding properties and the diversity of possible
epitopes.

Methods
Overview

The Pythia-design method has two main parts. The
first part is a machine learning classifier that is
trained to predict whether a given peptide is a
high-affinity or low-affinity binder. We designed this
classifier, which we refer to as Pythia, to use an ensemble of probabilistic support vector machines (Section
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“Discriminative classifier for predicting binding and
non-binding epitopes”) trained on various sequence,
chemical, and structural features. The features used in
the classifiers are described in (Section “Features used in
the classifiers”). For features where we did not compute
the kernel directly, we used a radial basis function kernel.
The second part of Pythia-design is a method for using
random walks to generate candidate peptides with novel
sequences to feed into the classifier. This is described in
Section “Generating novel peptides that bind to IVIg”.
Discriminative classifier for predicting binding and
non-binding epitopes

We here describe a method for predicting whether a
given peptide (epitope) is going to be a low-affinity or
high-affinity binder. Motivated by the success of previous work in various protein-related prediction tasks
[12, 16, 28, 31, 37], we use Support Vector Machines
(SVM) as our classifiers within the ensemble. We trained
these SVMs via the libsvm software [38]. For all features,
the optimal SVM parameters were discovered via a grid
search (using libsvm’s ‘grid.py’ script) and 5-fold crossvalidation. The parameters were selected based entirely
on a training set without the availability of the subsequent
testing set, which was held hidden from method developers until after predictions were made. For a given SVM
model, the cross-validation accuracy for the optimal set
of parameters is used as a weight to combine the corresponding model’s predictions with the others from the
ensemble.
During standard SVM classification, instances are
assigned a hard label, as belonging to the negative (lowbinding) or positive class (high-binding), denoted by C −
and C + respectively. Such a hard labeling poses no problem when only a single classifier is used to label test data.
However, when an ensemble of classifiers is used, it is useful to have extra information about the degree to which
the label assigned by each individual classifier should be
trusted.
For this reason, we chose to use Platt’s extension [36],
which provides probabilistic outputs for a support vector
machine’s classifications. Instead of receiving a 0/1 label,
each instance is given an a posteriori estimate of the probability with which it belongs to the positive class. Thus, we
expect that instances that clearly belong to the negative
class will be given a value close to 0, while instances that
belong to the positive class will be given values close to 1.
Having a probabilistic interpretation of the classification
for data instances makes it possible to combine the output of different classifiers. We used a variant of the sum
rule, where the predictions of the individual classifiers are
summed and normalized to yield the prediction of the
ensemble. Specifically, the prediction of the ensemble for
a particular instance xi was computed using
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where xi is a feature vector representing the ith peptide,
constructed using some subset of the features described in
j  
Section “Features used in the classifiers” (M = 7), p+ xi
is the a posteriori probability output by classifier j that the
peptide with features xi is a high-affinity binder, and aj is
classifier j’s cross-validation
accuracy. A is a normalization
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+
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probability with which the ensemble predicts xi to belong
to the positive class, or we can use it to obtain a discrete
class prediction with the decision rule:
 i
 +
C if pens
+ x ≥ τ,
xi ∈
C − otherwise.
In our experiments, we set τ = 0.5, but other values
may be reasonable. In fact, one may even learn the value
of τ which yields the best performance by using a held-out
subset of the training data, though we do not explore that
here.
Each SVM model will yield a prediction for each peptide in the testing set. We combined the predictions for
all of the classifiers in the ensemble using a variation on
the approach presented by Nanni and Lumini [28], which
is itself an extension of the sum-rule. We normalized the
predictions for each classifier to have a standard deviation
of 1. Next, we combined the predictions from each of the
j classifiers according to Eq. 1. By sorting the peptides in
the testing set according to this value, we can produce a
rank ordered list of the peptides in order of the likelihood
that they belong to the positive (high binding affinity)
class.
Features used in the classifiers
Numerically encoded sequence features

There are two distinct types of sequence features that
we encode numerically. First, we used a simple variation on the peptide encoding scheme presented by Huang
and Dai [17]. We encoded each amino acid in the peptide by replacing its single letter code with its corresponding row in the BLOSUM50 matrix. The BLOSUM50
matrix contains empirically derived log-odds scores that
encode the frequency of different amino acid substitutions and is commonly used to measure the similarity
between different amino acids. Let the peptide of length
d be given as p = (a0 , a1 , . . . , ad ), where ai is the amino
acid in the ith position of the peptide. Further, let row(a)
map the amino acid a to its corresponding row in the
BLOSUM50 matrix. We encoded the peptide as enc(p) =
(rowa0 , rowa1 , . . . , rowad ). For the length d peptide p,
enc(p) will be a 20d dimensional feature vector. In addition to BLOSUM50, we use the same type of encoding
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with matrices nlf and sa introduced by Nanni and Lumini
[31]. These matrices are derived by performing dimensionality reduction on a large, rectangular (i.e. 20 × k
with k  20) matrix where each row corresponds to an
amino acid and each column to some physicochemical
property. The goal of the dimensionality reduction is to
decorrelate the physicochemical properties, reducing the
column space of the matrix significantly. The nlf matrix is
a 20 × 18 matrix obtained using a nonlinear fisher transform, while the sa matrix is a 20×10 matrix obtained using
a combination of clustering and principal component
analysis.
The second type of sequence feature that we encode
numerically involves various physicochemical properties
of the constituent amino acids of each peptide. We analyze the amino acid properties present in the Amino Acid
Index (AAIndex) [39]. Each AAIndex property provides a
mapping from each of the 20 amino acids to a numerical scale measuring some physicochemical attribute (e.g.
hydrophobicity, antigenicity). The AAIndex listed 544 different amino acid properties. We use an approach based
on a sliding window and histograms to turn each AAIndex property into a numerical feature vector for a peptide.
Consider a single AAIndex property AAIj , and let AAIj (a)
represent the numerical value to which the amino acid a
is mapped under AAIndex property j. To form a representation for the entire peptide p under the property AAIj ,
we used a window of length w sliding across the peptide
to produce a (d − w + 1)-dimensional vector where entry
i in this vector is the average value of the AAIndex property over the window starting at position i. By varying
w, we can change the coarseness of this representation.
Through a process of experimenting with different values
of w for this classification task (using only training data),
we computed these features for w ∈ [3, 5].
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Structure features

We use rigid docking to estimate the binding affinity
between IVIg and a candidate peptide. We computed a
hypothesized 3-dimensional structure for each peptide
using the Biochemical Algorithms Library (BALL) [43].
We built a starting model for each peptide p by positioning the side chains for each amino acid by choosing
the most frequently occurring rotamer position from a
rotamer library. We then optimized this initial structure
by performing an energy minimization using the AMBER
[44] force field. This relaxes the structure until a (possibly
local) energy minimum is achieved.
We also obtained an experimentally measured 3D
structure for IgG1 [45], the most prevalent class of
IgG antibody present in intravenous immunoglobulin.
We measure the conformational complementarity of
each of our hypothesized peptide structures with the
immunoglobulin structure. To compute this complementarity, we performed a protein-protein docking simulation
for each of the constructed peptides against IgG1 using
the ZDock software [46]. Each ZDock run produces a list
of the 2000 top-ranked (according to ZDock’s criteria)
docking predictions for each peptide. The ZDock score
provides a measure of the complementarity of the peptide
and immunoglobulin conformation in the docking region
and is used as a proxy for the overall quality of the docking.
For each peptide, we formed a histogram from the 2000
ZDock scores, and use this histogram as a feature vector
with which to train the SVM model. Intuitively, we expect
peptides whose ZDock score distributions are skewed
toward high scores to have better shape complementarity and, therefore, to be more likely binders than peptides
whose ZDock score distributions are skewed toward low
scores.
Generating novel peptides that bind to IVIg

String kernel features

String kernels are used to evaluate the sequence similarity between peptides. There are many different varieties
of string kernels, ranging from the somewhat simple kspectrum kernel, which essentially counts the occurrence
of all length k substrings in each peptide, to the more complex substring-mismatch kernel [40], which considers all
shared subsequences between two peptides, allowing for
gaps and mismatches.We use the k-spectrum string kernel
[37] for k = 3, 4, 5, 6, the SSSK kernel [41] with parameter
d = 6, and the bounded range substring kernel [42] with
parameter r = 8. The output of each of these methods is
a matrix, known as the kernel matrix, in which the entry
at row i and column j is the result of the kernel evaluation
between peptides i and j. To train a SVM model for each of
these string kernels, we simply compute the kernel matrix,
and then make use of the ability of libsvm to train a model
using a precomputed kernel.

Pythia-design builds upon the classifier described above
by first generating many peptide sequences and then
assigning them a reactivity category high (H), medium
(M), or low (L) according to the predictions of our classifier. We generated the de novo sequences using a sampling
approach that corresponds to a seeded random walk in
sequence space. To obtain a sequence for reactivity class
C, we choose a random seed sequence s ∈ C (such as H)
from the training set, and randomly mutate its constituent
amino acids until it adheres to several required sequence
diversity rules, in order to ensure that the novel peptide sequences that are generated are sufficiently different
from those in the training set. Specifically, the designed
sequences predicted to be in the high- or low-reactivity
category could not share any 4-mer, or exhibit a sequence
identity of greater than 6 amino acids in any subsequence
of length 11, with any sequence in the same reactivity category in the training set. Further, the peptides generated
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by the Pythia-design method were required to adhere to
the same set of constraints with respect to the peptides in
the original experiment’s testing set.
We seeded our peptide generator with 6000 sequences
from the training set — 3000 sequences with the highest
experimentally measured reactivity and 3000 sequences
with the lowest experimentally measured reactivity. Running the random walks then produced 6000 candidate
peptides that we classified using Pythia and sorted according to their probability of belonging to the positive class.
There were 2468 peptides with an probability greater
than or equal to 0.5, and 3542 with an probability less
than 0.5. The 1500 sequences with the highest probabilities were predicted belong to the high-affinity class
H, while the 1500 sequences with the lowest probabilities were predicted to belong to the low-affinity class L.
The remaining 3000 peptides, with probabilities closest
to 0.5, were predicted to belong to the medium-affinity
class M.
Training and testing sets of peptides for classifier

To train and test our discriminative classifier, we used
the data set of Luštrek et al. [5] (included as Additional
file 1: Table S1), in which 75,534 peptides were incubated
with commercially available intravenous immunoglobulin (IVIg) fractions, which was originally presented as
part of the DREAM5 challenge 1 (https://www.synapse.
org/#!Synapse:syn2820433/wiki/71017). IVIg is a mixture
of naturally occurring human antibodies isolated from
up to 100,000 healthy individuals. From this dataset,
high-confidence negative and positive pools of recognized
peptides were determined based on epitope-antibodyreactivities (EAR) of more than 75,000 different peptides
subjected to a huge number of structurally different antibodies present in IVIg. (See [5] as well.) The training and
test datasets for the discriminative classifier were assembled from these peptide pools (Additional file 2: Table
S2 and Additional file 3: Table S3). From the collection
of all the peptides incubated with human IVIg, a pool
of 6,841 epitope-containing peptide sequences reactive
with human immunoglobulins (signal intensity > 10, 000)
was experimentally identified. This was called the positive set. From the same original collection of peptides
20,437 peptides were identified that showed no antibody
binding activity in any of the triplicate assays (signal
intensity < 1, 000). This peptide set was called the negative set. The training set was formed by random sampling
of 3,420 peptides from the positive set and 10,218 peptides from the negative set. The training set thus created
contained 13,638 peptides and their respective binding
reactivities. The test set was created by joining together
the remaining 3,421 peptides from the positive set and
the remaining 10,219 peptides from the negative set, for a
total of 13,640 peptides.
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Selection of designed peptides for experimental validation

Pythia-design was used to generate 1500 peptides predicted to be reactive (high binding affinity) as well as 1500
predicted not to be reactive. The method of Barbarini et al.
[2] was also used to generate 1100 peptides of each class.
To select a subset to experimentally construct and validate, the designed peptides were re-categorized by selecting 400 high binders and 200 non-binders as follows. A
stratified instead of a randomized sampling procedure was
chosen in particular to investigate whether the designed
peptides are robust to existing classification methods [5]
as well as position weight matrix (PWM) analysis. The
initial peptide set were subgrouped by using PWM and
SVM analyses as described in [5]; see categories in legend of Additional file 4: Table S4 (column F). Categories
(n = 8) were determined from a linear scale representing PWM and Lustrek classification scores of the original
data sets (Pythia: n = 1500; Pavia: n = 1100) from minmax sampling of the classifiers was used. The stratified
quota sampling was restricted to 50 peptide sequences in
case of binding peptides (in case of non-binders N = 25).
In total, 400 peptides predicted to be bound and 200 predicted not being bound by IVIg were taken from each
of Pythia-design and Barbarini et al. [2] and subjected to
experimental testing.

Results
Overview

The test set of peptides was withheld from the algorithm
designers until after the algorithm was finalized. Only the
training set was used in the design and initial evaluation
of the Pythia classifier. Once finalized, Pythia was then
evaluated on the held-out test set of peptides to validate
the classifier component of Pythia-design. Finally, Pythiadesign was used to generate a collection of new likely
binder and non-binder peptides, a subset of which were
then experimentally validated.
Validation of the Pythia affinity classifier

Although our goal is to produce a peptide design method,
we first validate that our peptide classifier is accurate.
This classifier is based on an ensemble of learners that
aggregates the prediction of many individual classifiers,
each of which was trained on a set of features. Analyzing the AUC for the individual classifiers in the Pythia
ensemble (Table 1) on the test peptides, we observe that
many of the classifiers show similar performance, with the
exception of the structural classifier which displays significantly lower classification performance. The ensemble,
however, yields superior performance compared to any of
its constituent classifiers with an AUROC of 0.893. At any
given false positive rate, the ensemble classifier will obtain
a higher true positive rate than any of the other classifiers. The precision-recall curve presents a related view
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Table 1 Performance of the various classifiers used within the
Pythia method
Features

AUROC

AUPR

AUROC

AUPR

k-spectrum

0.85

0.70

−0.043

−0.072

Sparse Spatial Sample

0.87

0.73

−0.023

−0.042

Nonlinear Fisher Mat.

0.86

0.69

−0.024

−0.082

Statistical Analysis Mat.

0.85

0.67

−0.025

−0.102

BLOSUM Encoding

0.86

0.70

−0.024

−0.072

Local Compositiona

0.88

0.74

−0.013

−0.032

−0.153

−0.242

Structure

0.74

0.53

Ensemble

0.89

0.77

a the best single classifier under both the AUROC and AUPR metrics
Boldface indicates the best solution

of classifier performance to the ROC curve. It measures
how the precision changes as the recall is increased. For
very small recall values (i.e. recall ≤ 0.1), the sparse spatial
sample and k-spectrum string kernels yield the best (and
very similar) precision. However, for the vast majority of
recall values, the ensemble classifier yields the highest
precision. Just as was the case with the ROC curves, the
ensemble again achieved the maximum area under the PR
curve. While the AUPRs were generally lower than the
AUROCs, we did observe that the benefit of the ensemble was larger with respect to the PR curves than the ROC
curves.
Because the test and training sets of peptides were chosen randomly, it is possible that overlapping or shared
sequences between the test and training set partially leads
to this high performance. Nevertheless, our ultimate aim
is to design novel peptides, and this analysis suggests that
Pythia has reasonable performance identifying low- and
high-affinity binding peptides.
Accuracy of predicted affinity of computationally designed
peptides

Pythia-design was used to generate a number of probable
high-affinity binding peptides (H), probable low-affinity
binding peptides (L), and medium-affinity binding peptides (M). In addition, the method of Barbarini et al. [2]
was used to generate the same number of peptides. A
subset of designed peptides of both the Pythia-design
and Barbarini et al. [2] methods were experimentally
constructed (Section “Selection of designed peptides for
experimental validation”). The binding affinities of these
designed peptides were then experimentally measured.
Additional file 4: Table S4 gives the designed peptides and
their measured affinities.
Figure 1 gives the distributions of the measured affinities for the predicted high- and low-affinity designed
peptides for Pythia-design and for the Barbarini et al. [2]
method. Both approaches are able to design low-binding
peptides well. This is presumably the easier task as one

would expect there to be many more non-binding peptides than high-affinity binders. For design of binders,
the presumably more challenging problem, the predicted
high-binding affinity designs of Pythia-design tended to
have much higher measured binding affinities than those
produced by Barbarini et al. [2].
To quantify the degree to which the methods are able to
generate binders and non-binders effectively, we use the
method of Ojala and Garriga [47] to compute a P-value
indicating the probability of the observed high- and lowbinding separation. To do this, we compute the standard
F1-score of the predictions, then randomly permute the
labels 1000 times to get a distribution of F1-scores. For
both Pythia-design and Pavia, the true F1-score is always
better than the randomized score, meaning that for each
method P < 0.001. This indicates that the approaches are
both truly designing peptides better than random.
Using specific binding defined by a factor 10 above
control measures (secondary antibody measures) plus a
minimum signal of above 1000, the designed peptides
were categorized as truly or falsely predicted as outlined
in Additional file 4: Table S4. Using these categorizations, we computed precision, recall, and accuracy for
the two methods. Since we do not have a hard threshold to define high or low affinity measurements, and such
threshold cannot be detected from the distribution of
measurements itself, we used a two-valued cutoff centered at 5500, the middle of the excluded range of intensity
measurements. The cutoff was chosen to be 5500 ± δ,
(0 ≤ δ ≤ 5449), to define the high (measurements greater
than 5500 + δ) and low (measurements less than 5500 − δ)
affinity thresholds, thus leaving out of consideration those
predicted peptides with measurements that fall in the
“grey” zone of [ 5500 − δ, 5500 + δ]. When δ = 0, we
take into account all the measurements, when δ = 4500
we have a grey zone of peptides with signal intensities
between 1000 and 10000. Figure 2 shows the performance
(precision and recall) as well as the fraction of excluded
peptides for both methods as well as the aggregate prediction as a function of δ. From Fig. 2 top-left panel, we can
see that the precision of the method of Barbarini et al. [2]
at δ = 4500 is around 0.5, much lower than the precision
of close to 0.95 of Pythia-design. ROC curves showing the
same conclusion are presented in Fig. 3.
Diversity of designed peptides

It is important that a design method is able to generate
many diverse peptides rather than a small number of very
similar peptides. This allows for a greater sampling of the
space of binding peptides and allows for more effective
screening based on downstream criteria. The set of peptides produced using the Pythia-design approach is much
more diverse than the set generated by the Barbarini et al.
[2] approach (Fig. 4). To quantify the diversity, we create
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Fig. 1 Quality of designed peptides from two approaches. The distribution of measured affinities for the designed peptides predicted to belong to
the low (L) and high (H) binding affinity classes for the (a) Pythia-design method, and (b) method of Barbarini et al. [2]. The horizontal line at 10,000
indicates the binding affinity cutoff above which a peptide is considered to have a high binding affinity. Both methods produce a statistically
significant separation of high- and low- binders (P < 0.001), but Pythia-design is much better at generating high-affinity binders

a graph G from the set of predicted high and low binding
affinity peptides, where each peptide is a vertex in G and
two different peptides are connected by an edge if they
have fewer than a specified number c of differences under
the Hamming distance (which counts the number of disagreeing amino acids across all positions). For each vertex
v, we compute a maximal independent set that contains

v. An independent set is a subset of vertices such that no
two are connected by an edge. This yields n maximal independent sets, where n is the order of the graph. The size
of the independent set containing v is a measure of how
dissimilar v is to the other designed peptides. We compute the average size of these maximal independent sets,
and observe how this value changes as we vary the cutoff

Fig. 2 a Precision, b recall and c accuracy of peptide design. Performance of Pythia-design, the method of [2] (labeled Pavia), and the aggregate
formed by taking the positives from Pythia-design and the negatives from [2] is shown. In (a), the lines for Pythia and the aggregate overlap. The
x-axis δ is a measure of the activities from the high- and low-binding affinities (see text), and (d) shows the fraction of peptides excluded for a given δ
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Fig. 3 Performance of the Pythia-design and Barbarini et al. [2] method (labeled Pavia) for designing peptides with desired reactivities. ROC curves
were determined from predicted peptides incubated with IVIg (5 mg/ml) diluted to 1:100, 1:400 and 1:1000, and epitope-antibody reactivities (EAR)
determined as described by Lustrek et al. 2013

Fig. 4 Diversity of the designed, predicted high- and low-binding affinity peptides. The sequence diversity among the Pythia-design peptides is
significantly higher than the approach of [2]. The y-axis gives a measure of diversity of a set of designed peptides (see text) under a particular
Hamming-distance threshold defining similar peptides (x-axis). Almost all the Pythia-designed peptides differ in at least 9 of their 15 possible
positions
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parameter c defining the edges of the graph. At a given cutoff level c, if the average size of the maximal independent
sets is larger, then there are more independent peptides
and these peptides have, by construction, c or more differences. Pythia-design peptides exhibit substantially more
diversity (Fig. 4) than the designs of Barbarini et al. [2].
Until a distance cutoff of 9, almost all of the Pythia-design
peptides (in both the high and low affinity sets) belong to a
single independent set that spans the entire graph, meaning that nearly all the peptides are dissimilar in at least
9 of their positions. The designed peptides of Barbarini
et al. [2], however, share a great deal of sequence similarity,
representing a very dense sampling of the sequence space
near only a few particular points.
Aggregation of two strategies for constructing binding
and non-binding peptides

We also created an aggregate approach for de novo peptide
design to assess how Pythia-design complements previous methods. Pythia-design and the method of Barbarini
et al. [2] take different approaches to the design problem. Pythia-design generates dissimilar random peptides
and classifies them, while the Barbarini et al. [2] method
extracts some motifs from clusters of positive and negative peptides and then generates new peptide sequences.
The method of Barbarini et al. [2] produces a high number of peptides that, even though they were predicted
positives, are actually non-reactive. On the other hand
Pythia has very few non-reactive peptides in its positive
set. A confusion matrix (Table 2) comparing the binding
by IVIg dilutions of peptides from Pythia-design and the
method of Barbarini et al. [2], showing dilutions of 1:100,
1:400, 1:1000, underline that the Pythia-design method
does preferentially select peptides that show high affinity
binding to IVIg.
To combine the strengths of each method, we used the
strategy of Barbarini et al. [2] for generating low-affinity
peptides and Pythia-design for generating high-affinity
predictions. The accuracy of the aggregate method, with
Table 2 Confusion matrix for designed peptides
Barbarini et al. [2]
Binder

Pythia-design

Nonbinder

Binder

Nonbinder

Bound (1:100)

261

25

387

117

Not bound (1:100)

139

175

13

83

Bound (1:400)

128

7

325

40

Not bound (1:400)

272

193

75

160

Bound (1:1000)
Not bound (1:1000)

99

3

270

18

301

197

130

182

Six hundred peptides representing 400 binders and 200 non-binders of each of
Pythia-design and the method of Barbarini et al. were incubated with IVIg. The
confusion matrix below indicates that the peptides selected by Pythia-design bind
antibodies with higher affinity than the peptides designed by Barbarini et al.

an AUROC of 0.959–0.983, is better than either of the
two methods (Fig. 2 vs. Fig. 5). One caveat, however, is
that this combined method produces a set of non-binders
with lower diversity than that produced by Pythia-design
in isolation.
Inclusion of citrulline, cysteine, and tryptophan in
designed peptides

Pythia-design was allowed to include the citrulline amino
acid (denoted Z) in its designed peptides. Many of the
designed peptides included this non-standard amino acid
(Table 3). Citrulline was included with high prevalence in
both the tested high and low binders (318/400 ≈ 80 %
tested high binders and 185/200 ≈ 92 % of tested lowbinders). Since both high and low binders included them,
we do not see a significant effect on binding in general
with the inclusion of these amino acids. It is likely they
were included with such high prevalence because such
peptides are able to satisfied the imposed peptide diversity constraints. Similarly, peptides with cysteine (C) are
over-represented in the Pythia-design peptides (Table 3),
likely for partially similar reasons. This interpretation is
further supported by the fact that C and Z were underrepresented in the training and test sets used to train the
Pythia discriminative classifier on which Pythia-design is
based (Additional file 5: Figure S1). It is also consistent
with the implementation of the classifier, which omitted features for which no training data (such as amnio
acid chemical properties) were available. In particular,
all of the propensity to include or exclude Z in Pythiadesign comes from the string kernel and structural features extracted from the training set. Figure 6 shows that
the true positive designed peptides often include tryptophan (W) and cysteine (C), which are relatively uniformly
over-represented along the entire length of the designed
peptides.

Discussion
One caveat of epitope mapping experiments is the nature
of how peptides are presented e.g. in solution or fixed to
a support and/or whether the peptides are fixed aminoor carboxyterminally. The peptides that we analyzed were
coupled via the aminoterminal end to glass slides [5, 48].
The nature of how peptides are presented in solution or
fixed to a platform might influence the binding affinities obtained. This experimental restriction may affect
their binding properties, and if peptides were bound via
the carboxyterminal end, their binding affinities may
change. Hecker et al. [48] have demonstrated that the
epitopes found via the experimental protocol used here
represent epitopes that are functional in other assay
systems as well, so it is likely that the predictive methods and their results will be robust to the experimental
assay. In addition, naturally the experiments reported
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Fig. 5 Performance of a method that combines Pythia-design and Barbarini et al. [2] (labeled Pavia)

here are specific to the IVIg sets selected. Performance
on additional sets is a promising direction for future
work.
Another caveat of the experimental validation performed here is the non-random selection procedure
used for choosing which peptides were experimentally
Table 3 The presence of citrulline and cysteine in the designed
peptides and the training and test sets
Total

With Z

With C

With Z and C

Training set High

3420

8

906

3

Training set Low

10218

326

1971

71

Test set High

3421

5

944

3

Test set Low

10219

356

2032

93

Pythia-design “H”

1500

1286

1302

1093

Pythia-design “M”

3000

2885

2365

2253

Pythia-design “L”

1500

1484

1044

1029

Pythia-design “H” tested

400

318

344

265

Pythia-design “L” tested

200

185

150

136

Barbarini et al. [2] “H”

1100

0

420

0

Barbarini et al. [2] “L”

1100

0

628

0

Barbarini et al. [2] “H” tested

400

0

196

0

Barbarini et al. [2] “L” tested

200

0

110

0

The prevalence of citrulline and cysteine is likely due to the fact that citrulline and
cystiine were less represented in the peptides used in the training data sets, allowing
these designed peptides to more easily satisfy the imposed diversity requirements

validated. Because stratified minmax sampling was used,
the designed peptides were chosen so that they represented both high- and low- predicted binders of two
other computational methods. We find post-selection
that the peptides designed by Pythia-design fell relatively uniformly across these categories, so the sampling
represents a mostly unbiased sampling of the designed
peptides (Additional file 5: Figure S2A). The binders
designed by Barbarini et al. [2] displayed more bias toward
appearing in only a few sampling categories (Additional
file 5: Figure S2B), and so it is possible that this has
led to a bias under-representing that method’s overall
performance.
Another caveat is our interpretation of the use of citrulline in our high-binding designed peptides. Although
it appears that citrulline is primarily included only to
increase peptide diversity, it is possible that the predicted
peptides are only reactive to the subset of antibodies
within the IVIg serum that bind to citrullinated peptides.
In this case, the predicted results are still of interest, since
they represent a high-binding set of peptides, but to this
more restrictive class of antibodies.
Despite its high performance, there is room for
improvement of the Pythia method for affinity binding prediction that is at the core of Pythia-design. In
particular, ZDock [46], which is used to compute the
structural features, considers only rigid docking of the
peptides to immunoglobulin. The structural features may
change significantly if we use a non-rigid docking procedure, where conformational changes in the paratope,
epitope, or both are allowed. It is actually quite surprising
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Fig. 6 Position-specific peptide propensity within true positive Pythia-design peptides (at dilution 1:1000) divided by the PWM of the negative set of
peptides. PWM segments in red indicate amino acids that are predicted to interfere with antibody binding. Green highlights amino acids that favor
binding of antibodies present in IVIg. An over-representation of cysteine (C) and tryptophan (W) in all positions is seen

that, using only a single IgG1 structure model and using
only perfectly rigid docking, the structure-based classifier obtained such respectable performance. This indicates that improving the computation of the structural
features is a promising way to increase prediction accuracy. The integration of additional structural information
might guide and improve computational processes studying epitope binding. Not all immunogobulins necessarily
use similar or comparable binding modes [5]. As such,
knowing the structural heterogeneity of immunoglobulins
found in one human individual might lead to the description of different types of epitope-antibody recognition
modes [5]. Another potential source of improvement is
the inclusion of phylogenetic information as was done in
Lin et al. [19].
An important direction for future work is the determination in greater detail, from the SVM weights, which
sequence features are particularly indicative of binding or
non-binding. For a machine learning method to be reasonable, the testing and training peptides should be drawn
from the same distribution, as we have done here. The
peptides used to train and test the Pythia classifier were
randomly chosen (in vitro) from a large set of bound and
non-bound peptides, and randomly divided into testing
and training. Given the very high level of performance
on the random set, it is unlikely that performance is

driven by any small number of sequence patterns. Further,
and most importantly, the generalizability of the Pythia
classifier was tested in a particularly strong way: it was
used to design novel, sequence-dissimilar peptides and the
accuracy on that task is very good, and provides strong
evidence that the developed models are not specific to any
single sequence pattern.

Conclusion
We have provided a method, Pythia-design, for the design
of peptides with specific reactivity properties (either highor low-affinity binding), showing experimentally that the
designs accurately exhibit the desired affinities. In addition to producing more accurate designs than previous
approaches, Pythia-design is able to sample the space
of possible designed peptides more completely, creating
many dissimilar designs rather than variations on a few
similar peptides. Again, combination of two dissimilar
methods shows improved performance.
Understanding antibody binding patterns is crucial for
understanding the immune response for many human diseases. We show that diverse sets of peptides that exhibit
the desired binding properties can be computationally
designed. This work moves us closer to understanding the
interplay and interactions between human antibodies and
the targets to which they bind.
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Additional file 1: Table S1. Binding training data. Training set of
measured binding affinities. This collection of peptides was used to train
the Pythia classifier. (TXT 260 kb)
Additional file 2: Table S2. Classification Test Binders. Set of binders in
the test set including computational analysis. The peptides in Column A
represent the test data set, sorted by Column B. The highest measured
values (MaxIVIG) are given in Column B, in Column C (mBuffer) the mean of
secondary antibody control, and in Column D (mIVIG) the mean of all IVIG
measures. In Column E, the sum of all computational methods are
summed up whose predictions were correct as outlined in the remaining
columns, where the EL-Manzalawy, Luštrek, PWM, Pythia, Barbarini et al. [2]
(Pavia), and PWM2 methods are given. (XLS 1218 kb)
Additional file 3: Table S3. Classification Test Non-Binders. Set of
non-binders in the test set including computational analysis. The peptides
in Column A represent the test data set, sorted by Column B. The highest
measured values (Max IVIG) are given in Column B, in Column C (mBuffer)
the mean of secondary antibody control, and in Column D (mIVIG) the
mean of all IVIG measures. In Column E, the sum of all computational
methods are summed up whose predictions were correct as outlined in
the remaining columns, as in Additional file 2: Table S2. (XLS 1218 kb)
Additional file 4: Table S4. Designed peptides and their experimental
validation. Data set of the designed peptides including computational
analysis. The peptides in Column A were further categorized as outlined in
Material and Methods, see Column E and F. The Columns B, C, D show the
computational assessment based on methods used in [5]. The experimental
data are given in Column J, K, and L using dilutions 1:100. 1:400 and 1:1000
of IVIG purchased from Omrix. Column M gives the background values to
the binding of the secondary antibody to the peptides. Columns G, H, and I
outlines whether binding occurred (True) or not (False). The first Excel data
sheet shows the potential binders, the second Excel sheet the non-binders.
(XLS 408 kb)
Additional file 5: Figure S1. Distribution of amino acids within training
and testing sets. Figure S2. Selection bias of validated peptides.
(PDF 2017 kb)

Competing interests
HJT is CEO of IndyMed, which studies epitope-antibody recognition in IVIg
sera and from patients that suffer from autoimmune disease. Although
improved general understanding of epitope-antibody recognition may
benefit IndyMed, the study and data reported here are not directly related to
the business interests of IndyMed.
Authors’ contributions
RP, RJP, RSR, GS, CK conceived and designed the experiments. RP, RJP, PL
performed the experiments. RP, RN, RJP, FS, BZ, NB, AT, RB, HJT, GS, and CK
analyzed the data. RN contributed analysis tools. RP, RN, ML, HJT, GS, and CK
contributed to the writing of the manuscript. All authors read and approved
the final manuscript.
Acknowledgements
Pythia was first presented as part of a DREAM5 challenge (http://
dreamchallenges.org), where it won first place. We thank all of the challenge
participants in the DREAM challenge for their involvement in this challenge.
This work was partially supported by the National Science Foundation
[CCF-1053918 to C.K., EF-0849899 to C.K., IIS-0812111 to C.K., CCF-1256087 to
C.K.], National Institutes of Health [R21AI085376 to C.K., R21HG006913 to C.K.
and R01HG007104 to C.K.]. C.K. received support as an Alfred P. Sloan Research
Fellow. We thank ENFIN for providing part of the funds needed to do the
bonus round validation. We acknowledge support from the NCI. The work of
the RESC at the Institute of Immunology (University of Rostock) has been
funded by BMBF BioChancePLUS-2 FKZ 0313692A & FKZ 0313692B and BMBF
MedSys FKZ 0315450 D & FKZ 0315450 G. HJT was funded by the State of
Mecklenburg-Vorpommern MV-Excellence: (UR08051 and UR09012). The
research was supported by the Innovative Medicine Initiative under grant
agreement no IMI/115006 (the SUMMIT consortium).

Page 12 of 13

The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.
Author details
1 Department of Computer Science, Stony Brook University, Stony Brook, NY,
USA. 2 IBM T.J. Watson Research Center, Yorktown Heights, NY, USA. 3 European
Molecular Biology Laboratory, European Bioinformatics Institute (EMBL-EBI),
Hinxton, Cambridgeshire, UK. 4 Institute of Immunology, University of Rostock,
Rostock, Germany. 5 Gesellschaft für Individualisierte Medizin (IndyMed) mbH,
Rostock, Germany. 6 Department of Intelligent Systems, Jožef Stefan Institute,
Ljubljana, Slovenia. 7 Department of Electrical, Computer and Biomedical
Engineering, University of Pavia, Pavia, Italy. 8 Computational Biology
Department, School of Computer Science, Carnegie Mellon University,
Pittsburgh, PA, USA.
Received: 23 April 2015 Accepted: 31 March 2016

References
1. Yao B, Zheng D, Liang S, Zhang C. Conformational B-cell epitope
prediction on antigen protein structures: A review of current algorithms
and comparison with common binding site prediction methods. PLoS
ONE. 2013;8(4):62249.
2. Barbarini N, Tiengo A, Bellazzi R. Prediction of peptide reactivity with
human IVIg through a knowledge-based approach. PloS ONE. 2011;6(8):
23616.
3. Peri C, Gagnim P, Combi F, Gori A, Chiari M, Longhi R, Cretich M,
Colombo G. Rational epitope design for protein targeting. ACS Chem Biol.
2013;8(2):397–404.
4. Kringelum JV, Nielsen M, Padkjær SB, Lund O. Structural analysis of b-cell
epitopes in antibody:protein complexes. Mol Immunol. 2013;53(1-2):
24–34. doi:10.1016/j.molimm.2012.06.001.
5. Luštrek M, Lorenz P, Kreutzer M, Qian Z, Steinbeck F, Wu D, Born N,
Ziems B, Hecker M, Blank M, Shoenfeld Y, Cao Z, Glocker MO, Li Y,
Fuellen G, Thiesen HJ. Epitope predictions indicate the presence of two
distinct types of epitope-antibody-reactivities determined by epitope
profiling of intravenous immunoglobulins. PLoS ONE. 2013;8(11):78605.
6. Hu X, Mamitsuka H, Zhu S. Ensemble approaches for improving hla class
i-peptide binding prediction. J Immunol Methods. 2011;374(1-2):47–52.
doi:10.1016/j.jim.2010.09.007.
7. Yanover C, Bradley P. Large-scale characterization of peptide-MHC
binding landscapes with structural simulations. Proc Natl Acad Sci U S A.
2011;108(17):6981–6. doi:10.1073/pnas.1018165108.
8. Pierce BG, Weng Z. A flexible docking approach for prediction of t cell
receptor-peptide-mhc complexes. Protein Sci. 2013;22(1):35–46.
doi:10.1002/pro.2181.
9. Zhang GL, Khan AM, Srinivasan KN, August JT, Brusic V. Neural models
for predicting viral vaccine targets. J Bioinforma Comput Biol. 2005;3(5):
1207–1225.
10. Nielsen M, Lundegaard C, Blicher T, Peters B, Sette A, Justesen S, Buus
S, Lund O. Quantitative predictions of peptide binding to any HLA-DR
molecule of known sequence: NetMHCIIpan. PLoS Comput Biol.
2008;4(7):1000107. doi:10.1371/journal.pcbi.1000107.
11. Brusic V, Petrovsky N, Zhang G, Bajic VB. Prediction of promiscuous
peptides that bind HLA class I molecules. Immunol Cell Biol. 2002;80(3):
280–5.
12. Bozic I, Zhang GL, Brusic V. Predictive vaccinology: optimisation of
predictions using support vector machine classifiers. In: Intelligent Data
Engineering and Automated Learning-IDEAL. Springer Berlin Heidelberg;
2005. p. 375–81.
13. Lundegaard C, Lund O, Nielsen M. Prediction of epitopes using neural
network based methods. J Immunol Methods. 2011;374(1-2):26–34.
doi:10.1016/j.jim.2010.10.011.
14. Zhang GL, Ansari HR, Bradley P, Cawley GC, Hertz T, Hu X, Jojic N, Kim
Y, Kohlbacher O, Lund O, Lundegaard C, Magaret CA, Nielsen M,
Papadopoulos H, Raghava GPS, Tal VS, Xue LC, Yanover C, Zhu S, Rock
MT, Crowe JE, Panayiotou C, Polycarpou MM, Duch W, Brusic V.
Machine learning competition in immunology - prediction of HLA class I
binding peptides. J Immunol Methods. 2011;374(1-2):1–4.
doi:10.1016/j.jim.2011.09.010.

Patro et al. BMC Bioinformatics (2016) 17:155

15. Larsen JE, Lund O, Nielsen M. Improved method for predicting linear
B-cell epitopes. Immunome Res. 2006;2(1):2.
16. Zhao Y, Pinilla C, Valmori D, Martin R, Simon R. Application of support
vector machines for T-cell epitopes prediction. Bioinformatics.
2003;19(15):1978–1984.
17. Huang L, Dai Y. A support vector machine approach for prediction of
T-cell epitopes In: Phoebe Chen Y-P, Wong L, editors. APBC. Proceedings
of the 3rd Asia-Pacific Bioinformatics Conference. London: Imperial
College Press; 2005. p. 319–28.
18. Zhang W, Xiong Y, Zhao M, Zou H, Ye X, Liu J. Prediction of
conformational B-cell epitopes from 3D structures by random forest with
a distance-based feature. BMC Bioinformatics. 2011;12(1):341.
doi:10.1186/1471-2105-12-341.
19. Lin SY-H, Cheng CW, Su EC-Y. Prediction of B-cell epitopes using
evolutionary information and propensity scales. BMC Bioinformatics.
2013;14(Suppl 2):10.
20. Saha S, Raghava G. Prediction of continuous B-cell epitopes in an antigen
using recurrent neural network. Proteins Struc Funct Bioinforma.
2006;65(1):40–8.
21. Gao J, Faraggi E, Zhou Y, Ruan J, Kurgan L. BEST: improved prediction of
B-cell epitopes from antigen sequences. PloS ONE. 2012;7(6):40104.
22. Chen J, Liu H, Yang J, Chou KC. Prediction of linear B-cell epitopes using
amino acid pair antigenicity scale. Amino Acids. 2007;33(3):423–8.
23. EL-Manzalawy Y, Dobbs D, Honavar V. Predicting linear B-cell epitopes
using string kernels. J Mol Recognit. 2008;21(4):243–55.
24. Wee LJ, Simarmata D, Kam YW, Ng LF, Tong JC. SVM-based prediction
of linear B-cell epitopes using Bayes feature extraction. BMC Genomics.
2010;11(Suppl 4):21.
25. Wang Y, Wu W, Negre NN, White KP, Li C, Shah PK. Determinants of
antigenicity and specificity in immune response for protein sequences.
BMC Bioinforma. 2011;12(1):251.
26. Gupta S, Ansari HR, Gautam A, Raghava GP, et al. Identification of B-cell
epitopes in an antigen for inducing specific class of antibodies. Biol
Direct. 2013;8(1):27.
27. Henikoff S, Henikoff J. Amino acid substitution matrices from protein
blocks. Proc Nat Academy Sci. 1992;89(22):10915–10919.
doi:10.1073/pnas.89.22.10915.
28. Nanni L, Lumini A. MppS: An ensemble of support vector machine based
on multiple physicochemical properties of amino acids. Neurocomputing.
2006;69(13-15):1688–1690. doi:10.1016/j.neucom.2006.04.001.
29. Pudil P, Novovic̆ová J, Kittler J. Floating search methods in feature
selection. Pattern Recogn Lett. 1994;15(11):1119–1125.
30. Kittler J, Hatef M, Duin RPW, Matas J. On combining classifiers. IEEE Trans
Pattern Anal Mach Intell. 1998;20(3):226–39. doi:10.1109/34.667881.
31. Nanni L, Lumini A. A new encoding technique for peptide classification.
Expert Syst Appl. 2011;38(4):3185–191. doi:10.1016/j.eswa.2010.09.005.
32. Wang P, Sidney J, Dow C, Mothé B, Sette A, Peters B. A systematic
assessment of MHC Class II peptide binding predictions and evaluation of
a consensus approach. PLoS Comput Biol. 2008;4(4):1000048.
doi:10.1371/journal.pcbi.1000048.
33. Meydan C, Otu HH, Sezerman OU. Prediction of peptides binding to
MHC class I and II alleles by temporal motif mining. BMC Bioinforma.
2013;14(Suppl 2):13.
34. Yao B, Zhang L, Liang S, Zhang C. SVMTriP: a method to predict
antigenic epitopes using support vector machine to integrate tri-peptide
similarity and propensity. PloS ONE. 2012;7(9):45152.
35. El-Manzalawy Y1, Dobbs D, Honavar V. Predicting flexible length linear
B-cell epitopes. In: Computational Systems Bioinformatics (Vol. 7, p. 121);
2008. Life Sciences Society.
36. Platt J. Probabilistic outputs for support vector machines and
comparisons to regularized likelihood methods. Advances in Large
Margin Classifiers; 1999. p. 61–74. MIT Press.
37. Leslie CS, Eskin E, Nobel WS. The spectrum kernel: a string kernel for SVM
protein classification. Pac Symp Biocomput. 2002564–75.
38. Chang CC, Lin CJ. LIBSVM: a Library for Support Vector Machines. 2001.
Software available at http://www.csie.ntu.edu.tw/~cjlin/libsvm. Accessed
31 Mar 2010.
39. Kawashima S, Pokarowski P, Pokarowska M, Kolinski A, Katayama T,
Kanehisa M. AAindex: amino acid index database, progress report 2008.
Nucleic Acids Res. 2008;36(suppl 1):202–5. doi:10.1093/nar/gkm998.

Page 13 of 13

40. Leslie CS, Eskin E, Weston J, Noble WS. Mismatch string kernels for SVM
protein classification. In: Neural Information Processing Systems; 2002.
p. 1417–1424.
41. Kuksa P, Huang PH, Pavlovic V. Fast and accurate multi-class protein fold
recognition with spatial sample kernels. In: Computational Systems
Bioinformatics: Proceedings of the CSB2008 Conference; 2008. p. 133–43.
42. Teo CH, Vishwanathan SVN. Fast and space efficient string kernels using
suffix arrays. In: ICML ’06: Proceedings of the 23rd International
Conference on Machine Learning. New York, NY, USA: ACM; 2006.
p. 929–36. doi:10.1145/1143844.1143961.
43. Boghossian NP, Kohlbacher O, Lenhof HP. Rapid software prototyping in
molecular modeling using the biochemical algorithms library (BALL).
J Exp Algorithmics. 2000;5:16. doi:10.1145/351827.384258.
44. Ponder JW, Case DA. Force fields for protein simulations. Adv Protein
Chem. 2003;66:27–85.
45. Newton K, Matsumoto ML, Wertz IE, Kirkpatrick DS, Lill JR, Tan J,
Dugger D, Gordon N, Sidhu SS, Fellouse FA, Komuves L, French DM,
Ferrando RE, Lam C, Compaan D, Yu C, Bosanac I, Hymowitz SG, Kelley
RF, Dixit VM. Ubiquitin chain editing revealed by polyubiquitin
linkage-specific antibodies. Cell. 2008;134(4):668–78.
46. Chen R, Li L, Weng Z. ZDOCK: an initial-stage protein-docking algorithm.
Proteins. 2003;52(1):80–7. doi:10.1002/prot.10389.
47. Ojala M, Garriga GC. Permutation tests for studying classifier
performance. J Mach Learn Res. 2010;11:1833–1863.
48. Hecker M, Lorenz P, Steinbeck F, Hong L, Riemekasten G, Li Y, Zettl UK,
Thiesen HJ. Computational analysis of high-density peptide microarray
data with application from systemic sclerosis to multiple sclerosis.
Autoimmun Rev. 2012;11(3):180–90. doi:10.1016/j.autrev.2011.05.010.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

