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Abstract

Background: The characterization of proteins in families and subfamilies, at different levels, entails the definition and
use of class labels. When the adscription of a protein to a family is uncertain, or even wrong, this becomes an instance
of what has come to be known as a label noise problem. Label noise has a potentially negative effect on any
quantitative analysis of proteins that depends on label information. This study investigates class C of G
protein-coupled receptors, which are cell membrane proteins of relevance both to biology in general and
pharmacology in particular. Their supervised classification into different known subtypes, based on primary sequence
data, is hampered by label noise. The latter may stem from a combination of expert knowledge limitations and the
lack of a clear correspondence between labels that mostly reflect GPCR functionality and the different representations
of the protein primary sequences.

Results: In this study, we describe a systematic approach, using Support Vector Machine classifiers, to the analysis of
G protein-coupled receptor misclassifications. As a proof of concept, this approach is used to assist the discovery of
labeling quality problems in a curated, publicly accessible database of this type of proteins. We also investigate the
extent to which physico-chemical transformations of the protein sequences reflect G protein-coupled receptor
subtype labeling. The candidate mislabeled cases detected with this approach are externally validated with
phylogenetic trees and against further trusted sources such as the National Center for Biotechnology Information,
Universal Protein Resource, European Bioinformatics Institute and Ensembl Genome Browser information repositories.

Conclusions: In quantitative classification problems, class labels are often by default assumed to be correct. Label
noise, though, is bound to be a pervasive problem in bioinformatics, where labels may be obtained indirectly through
complex, many-step similarity modelling processes. In the case of G protein-coupled receptors, methods capable of
singling out and characterizing those sequences with consistent misclassification behaviour are required to minimize
this problem. A systematic, Support Vector Machine-based method has been proposed in this study for such purpose.
The proposed method enables a filtering approach to the label noise problem and might become a support tool for
database curators in proteomics.
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Background

Proteins have a rich taxonomy of families and subfamilies,
for which the definition and use of class labels is necessary.
The adscription of a protein to a family may be uncertain,
or even wrong, thus becoming an instance of what has
come to be known as a label noise (LN) problem. Label
noise, which is commonplace in many scientific domains
[1], has a potentially negative effect on any quantitative
analysis of proteins that requires the use of label informa-
tion. In fact, there are few domains in which the effects of
LN are so pervasive as in biomedicine and bioinformatics
[2]. The problem of LN may take many forms: from the
human expert subjectivity in the labelling process, which
is difficult to avoid, to bounds on the available information
and communication noise [3].

In medicine, for instance, the reliability of diagnostic
labels is often bounded by the natural limitations of the
specialists’ expertise [4], or even by the formal require-
ments of majority-based decision-making procedures, or
consensus guidelines (for the latter see, for instance,
[5]). In bioinformatics, protein subtype characterization
is a task that is riddled with this problem, despite
good practices in curation of genomic and proteomic
databases [6].

In the specific field of G protein-coupled receptors
(GPCRs), which are the target of the current study, this
problem is magnified by the fact that subtyping can be
performed at up to seven levels of detail [7]. GPCRs
are cell membrane proteins of relevance both to biology,
due to their role in transducing extracellular signals and
regulating signaling pathways, and to the pharmaceuti-
cal industry for being the target for many new thera-
pies, including pathologies related to the cardiovascular,
neural, endocrine, and immune systems, as well as in
cancer [8].

The current study concerns class C of these recep-
tors, which has become an increasingly important target
for new therapies, particularly in various central ner-
vous system disorders such as Alzheimer disease, anx-
iety, drug addiction, epilepsy, pain, Parkinson’s disease
and schizophrenia [9]. Whereas all GPCRs are character-
ized by sharing a common seven transmembrane helices
(7TM) domain, responsible for G protein activation, most
class C GPCRs include, in addition, an extracellular large
domain, the Venus Flytrap (VFT) and a cystein rich
domain (CRD) connecting both [10]. The VFT comprises
two opposing lobes with a cleft where endogenous ligands
bind. Significant synthetic efforts are currently devoted by
academia and pharmaceutical companies to the design of
compounds that, by binding to the 7TM domain, mod-
ulate the function of endogenous ligands allosterically.
This multi-domain structural and functional complex-
ity makes class C GPCRs an atractive target for both
basic and applied (drug discovery) research. It is worth
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noting that, although no GPCR allosteric modulators have
yet been approved for psychiatric or neurological disor-
ders, a number of GPCR allosteric modulators including,
particularly, some from class C, are under clinical devel-
opment [11]. Allosteric modulators are of especial interest
in comparison to orthosteric ligands due to their reduced
desensitization, tolerance and side effects as well as higher
selectivity among receptor subtypes and activity depend-
ing on the spatial and temporal presence of endogenous
agonist [11].

Class C has been further subdivided into seven subtypes
[12]: Metabotropic glutamate (mG), Calcium sensing
(CS), GABAjp (GB), Vomeronasal (VN), Pheromone (Ph),
Odorant (Od) and Taste (Ta) receptors. mG receptors
are activated by the glutamate amino acid (AA), which is
the major excitatory neurotransmitter in the brain; they
comprise eight subtypes (mGlul to mGlu8) in turn sep-
arated into three groups: Group I (mGlul and mGlu5),
Group II (mGlu2 and mGlu3) and Group III (mGlu4,
mGlu6, mGlu7 and mGlu8). Group I mGs signal through
Gq whereas Groups II and III signal through Gi/Go
signaling pathways. The mG receptors are involved in
major neurological disorders such as Alzheimer’s and
Parkinson’s diseases, Fragile X syndrome, depression,
schizophrenia, anxiety, and pain [13]. It is noteworthy
that, although development programs related to the mG
drugs Pomaglumetad (Lilly), Mavoglurant (Novartis) and
Basimglurant (Roche) for the treatment of schizophrenia,
Parkinson’s disease and Fragile X syndrome have recently
been discontinued, some of these drugs are still expected
to be beneficial for targeted patient sub-populations with
neurological and psychiatric disorders [14].

The CS receptor is activated by the calcium ion and
plays a key role in the regulation of extracellular calcium
homeostasis. Abnormalities of the extracellular calcium
sensing system lead to a disease exhibiting abnormal
secretion of parathyroid hormone and hypo- or hypercal-
cemia. Cinacalcet is a marketed positive allosteric modu-
lator of the CS receptor that has proved useful for primary
or secondary hyperparathyroidism [9].

The metabotropic GB receptor is activated by GABA, a
neurotransmitter which mediates most inhibitory actions
in the nervous system. From a structural point of view,
the GB receptor distinguishes itself from other class C
GPCRs for its lack of CRD. The GB receptor is involved in
chronic pain, anxiety, depression and addiction. Baclofen
is an orthosteric agonist of the GB receptor that is com-
monly used as a muscle relaxant in multiple sclerosis and
as analgesic. Because of their recognized pharmacological
advantages, a number of positive allosteric modulators of
the GB receptor are currently the goal of programs under
development [9].

The investigation of protein functionality and signalling
mechanisms is often based on the knowledge of crystal
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3-D structures. In eukaryotic cell membrane proteins such
as GPCRs, this knowledge is partial and fairly recent: The
first GPCR crystal 3-D structure was fully-determined in
2000 [15] and only over the last decade, the structures of
some other GPCRs, most belonging to class A, have been
solved [16].

No class C full 3-D structure has yet been solved.
Up until the time of writing, only two transmembrane
(TM) domains and several extracellular domains of class
C GPCRs have been independently determined [17, 18].
This means that, in the absence of tertiary structure infor-
mation, investigations on their functionality from the pri-
mary structure (that is, from the AA sequences), in this
case publicly available from several curated databases, can
be particularly useful.

As mentioned in previous paragraphs, Class C GPCRs
belong to different subtypes, with their corresponding
labels. The occurrence of LN is unavoidable in this context
because the assignment of individual sequences to one of
these subtypes is itself, in most cases, a model-based pro-
cess, which follows a complex many-step procedure that
can only guarantee limited success [19].

GPCR subtype discrimination, as a computer-based
automated classification procedure, may use aligned
(through Multiple Sequence Alignment, or MSA [20]) or
unaligned [21] versions of the sequences. One approach
to sequence alignment-free analysis is the transformation
of the primary sequences according to the physicochem-
ical properties of their constituent AAs. Transformation
methods based on the sequence composition information
result on data feature vectors whose processing entails
comparatively low computational costs. A review of sev-
eral such methods can be found in [22].

Building from preliminary results presented in [23], we
focus our investigation on the classification of data result-
ing from several alignment-free transformations of class C
GPCR sequences, using Support Vector Machines (SVM).
The sequences with the most consistent misclassifica-
tion patterns are further analyzed to discover non-random
LN effects, as a way to explore their possible biological
explanation.

The candidate class C GPCR mislabelings detected
using such approach are further validated through
sequence visualization with phylogenetic trees (PT),
dendrogram-like graphical representations of the evolu-
tionary relationship between taxonomic groups which
share a set of homologous sequence segments [24]. The
visualization of the evolutionary relationship through PTs
helped in this study to confirm the correctness of the
detected persistent mislabelings.

The reported experiments using data from a curated
GPCR database are meant to be the proof of concept for
a systematic approach to assist the discovery of GPCR
database labelling quality problems, which would in turn
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become the core of a label filtering decision support sys-
tem [3], a useful tool for database curators in proteomics.

The remainder of the paper is structured as follows: The
next section describes the analyzed class C GPCR data
and the data transformation and classification methods,
including the validation procedure. This is followed by a
report of the experimental results and their discussion.
The study wraps up with some conclusions.

Methods

This section starts with a brief description of the data
analyzed in our experiments, which is followed by an
explanation of the machine learning-based classification
procedure used in their analysis.

Materials

As described in the previous section, GPCRs are cell
membrane proteins with the main role of signal trans-
mission between the intracellular and extracellular spaces.
The GPCRDB is a curated, publicly accessible “molecular-
class information system that collects, combines, validates
and stores [...] data on G protein-coupled receptors” [12].

This database divides the GPCR superfamily into several
major classes, namely A (rhodopsin like), B (secretin like),
C (metabotropic glutamate/pheromone), cAMP recep-
tors, vomeronasal receptors (VIR and V2R) and Taste
receptors T2R, based on the ligand types, functions and
sequence similarities. Also as previously mentioned, the
current study focuses on class C GPCRs.

The primary sequence data analyzed in this study were
extracted from GPCRDB version 11.3.4, as of March 2011,
and comprise a total of 1,510 class C GPCR sequences,
belonging to the seven aforementioned subtypes (mG, CS,
GB, VN, Ph, Od and Ta), including: 351 mG , 48 CS, 208
GB, 344 VN, 392 Ph, 102 Od and 65 Ta receptors. The
lengths of these sequences varied from 250 to 1,995 AAs.

Methods - alignment-free data transformations
As the AA primary sequences have a variable length, it
is necessary to transform the sequence data to fixed-size
vectors in order to use them with supervised classifiers.
Here, we describe the different transformation methods
applied to the analyzed class C GPCR dataset.

In this study, four different transformations were used,
where we distinguish between those based on the N-gram
representation built on the AA alphabet and those based
on the physicochemical properties of the AAs. The use
of the N-gram representation is common in protein char-
acterization and has been investigated in, for instance,
[25-27]. Here, we use the AAC and Digram methods,
which transform the data according to the frequency of
appearance of N-grams of, in turn, length one and length
two in the sequence. On the other hand, we decided
to use more complex transformations based on the
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physicochemical properties of the AAs and the sequenc-
ing information such as Auto-Cross Covariance (ACC)
[28] and Physicochemical Distance-Based Transforma-
tion (PDBT [22]). Beyond computational convenience, the
use of transformations based on the physico-chemical
properties of the AAs is justified by the fact that, as
stated in [22], “because protein structure and function are
more conserved during evolutionary process, the similar-
ity between two distantly related proteins may lie in the
physicochemical properties of the AAs rather than the
sequence identities” In the following, we describe each of
the transformations in some detail:

e N-gram representations: These transformations
partially disregard sequential information to reflect
only the relative frequency of appearance of AA
subsequences. In the case of AAC, the frequencies of
appearance of the 20 AAs (1-gram) are calculated for
each sequence (i.e., a N x 20 matrix is obtained,
where N is the number of items in the dataset). In the
case of the Digram (2-gram) method, we calculate the
frequency of each of the 400 possible AA pair
combinations from the AA alphabet (i.e., a N x 400
matrix is obtained).

® Auto cross covariance transformation: The ACC
[28, 29] is a more sophisticated transformation,
capturing the correlation of the physico-chemical
descriptors along the sequence. First, the
physico-chemical properties are represented by
means of the five z-scores of each AA, as described in
[30]. Then, the Auto Covariance (AC) and Cross
Covariance (CC) variables are computed on this first
transformation. These variables measure, in turn, the
correlation of the same descriptor (AC) and the
correlation of two different descriptors (CC) between
two residues separated by a lag along the sequence.
From these, the ACC fixed length vectors can be
obtained by concatenating the AC and CC terms for
each lag value up to a maximum lag, . This
transformation generates a N x (22 - [) matrix, where
z = 5 is the number of descriptors. In this work we
use the ACC transformation for a maximal lag value
of I = 13, which was found in [31] to provide the best
accuracy for the analyzed data set.

e Physico-chemical distance-based transformation:
The PDBT transformation [22] is a complex
transformation that uses a large set of
physicochemical properties: 531 values representing
physicochemical and biochemical properties of AAs
are taken into account. Furthermore, sequence-order
information is incorporated in the representation in
the form of the correlation of each property between
two AAs separated by a maximal lag L In the current
study, we use the PDBT transformation for a
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maximal lag of 8, which yields a N x 4248 matrix that
was previously analyzed in [32].

Methods - SVM-based classification

SVMs have become commonplace in different problems
related to the classification of proteins from their primary
sequences. A non-exhaustive list of examples includes
SVM-HUSTLE ([33], SVM-I-sites [34], SVM-n-peptide
[35], and SVM-BALSA [36]. In [22, 37], SVMs were
reported to be top-performing techniques for the classifi-
cation of sequences from similar transformations to those
used in the current study.

These methods have their foundations on statistical
learning theory and were first introduced in [38]. They
map the D-dimensional vectors x;,i = 1,...,N, where
x;€RP and N is the number of instances, into possibly
higher-dimensional feature spaces by means of a function
¢. The goal is finding a linearly-separating hyperplane that
discriminates the feature vectors according to class label
with a maximal margin, while minimizing the classifica-
tion error £.

The most simple version is the linear SVM, where a
linear hyperplane that separates the examples from two
classes is assumed to exist. Such hyperplane is defined
by a set of points x that satisfy w - x — b = 0, where
w is a normal vector to the hyperplane and ”%” is the
perpendicular distance from the hyperplane to the ori-
gin. In consequence, the SVM algorithm, when search-
ing for the hyperplane with largest margin, assumes that
yi(x; - w+b) — 1 > 0, Vi, where y; are the class labels. The
objective of the SVM algorithm is finding the separating
hyperplane that satisfies this expression while minimiz-
ing ||w||2. This problem can be translated to a Lagrange
formulation in which the following objective function
L, (primal Lagrangian) must be minimized with respect
tow, b:

l l
1
Lp = 3IWIP =D ayitxi-w+b)+ ) o (1)
i=1 i=1
This is equivalent to the maximization of the dual
Lagrangian form L;:

Lp = Z o — % Zjai“jyiiji “Xj (2)
12 L,

subject to the restriction that w and b vanish (and all

a; > 0), which leads to a closed solution.

A modification of the algorithm was introduced in [39],
allowing a so-called “soft-margin” to account for misla-
beled data when a linear separating hyperplane could not
be found. A classification error £ is admitted and a param-
eter C controlling the trade-off between those errors and
margin maximization is defined (Note that, for C — o0,
the model becomes equivalent to a hard-margin SVM).
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The SVM can be extended to nonlinear classification
[40] by applying the so-called kernel trick [41]. The use
of nonlinear kernel functions allows SVMs to separate
input data in higher-dimensional feature spaces in a way
they would not be separable with linear classifiers in the
original input space. The use of kernel functions allows
to solve the problem without explicitly calculating the
mapping ¢ (that is, without calculating data coordinates
in the implicit feature space). This is possible due to
the following property: k(x;,x;) = ¢(x;) - ¢(x;), which
means that any dot product in the optimization proce-
dure can be replaced by a nonlinear kernel function k. In
this study we use the radial basis function (RBF) kernel,
specified as k(x;,x;) = e(_yllxi_xf”z), which is a popu-
lar nonlinear choice for SVM and has been used in the
experiments reported in the following sections. With it,
the model requires adjusting two parameters through grid
search: the error penalty parameter C and the y param-
eter of the RBF function, which regulates the “space of
influence” of the model support vectors and, therefore,
controls overfitting.

The discrimination of the seven subtypes of class C
GPCRs requires extending the original binary (two-class)
classification approach of SVMs to a multi-class one. To
that end, we chose the “one-against-one” approach to
build the global classification model, implemented as part
of the LIBSVM library [42].

This approach performs class prediction according to
the results of a voting scheme applied to the binary clas-
sifiers, ie., according to the number of times a class is
predicted in each binary classifier. Therefore, this multi-
class classifier internally uses K(K —1)/2 binary classifiers
for distinguishing K classes. A total of 21 binary classifiers
were thus built for the 7 class C GPCR subtypes in our
study.

Classification performance measures

Two different figures of merit were used to evaluate the
test performance of the multi-class trained classifiers,
namely the Accuracy (Accu), which is the proportion of
correctly classified instances, and the Matthews Correla-
tion Coefficient (MCC), which involves all the elements
of the confusion matrix [43] and it is therefore consid-
ered a more complete figure of merit; being defined as a
correlation coefficient between the observed and the pre-
dicted classification its value ranges from -1 to 1, where
1 corresponds to a perfect classification, 0 to a random
classification and —1 to complete misclassification.

In our experiments, we measure the Precision, Recall
and MCC at class or subtype level (i.e. at the level
of the binary classifier) and measure the Accuracy and
MCC at the global level (i.e., at the level of the multi-
class classifier). All these figures of merit, described in
Tables 1 and 2, are based on the concept of true and false
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Table 1 Performance measures for binary classifiers
Measure Formula Meaning
tp+tn
Accuracy [ Measure of correctness
. ip .
Precision i Measure of quality
tp
Recall i Measure of completeness
MCC p+in—fpfn Correlation coefficient

N/ (tp+ip) (tp+n) (in+1p) (tn-+Fn)

predictions in binary classification with “positive” and
“negative” classes. True positives (fp) an true negatives
(tn) are correctly classified cases of, in turn, the positive
and negative classes. Accordingly, false positives (fp) an
false negatives (fn) are misclassified cases of, in turn, the
negative and positive classes.

By using a 5-fold cross-validation (CV) procedure to
evaluate the multi-class trained classifier, the reported
measures are the mean values of the respective metrics
over the five iterations of the 5-CV.

Methods - A systematic approach to GPCR misclassification
analysis

Given a transformed dataset, our proposed systematic
approach to the analysis of the classification errors con-
sists of three steps or phases:

1. Estimation of the frequency of misclassification of
each pattern (sequence) using different SVM models
to select a subset of frequently misclassified patterns.

2. For each pattern in the subset selected in step 1,
evaluation of the relation of votes of all the SVM
classifiers between its true (label) class and its
most-predicted class.

3. For each pattern in the subset selected in step 1,
assessment of the decision values of the SVM binary

Table 2 Performance measures for multi-class classifiers. tp;, tn;,
foi and fnj are, in turn, tp, tn, fp and fn for class i [59]. The
multi-class MCC is calculated taking into account all the entries of
the confusion matrix Cx«k involving all K classes [60]. The jj-th
entry (¢j) is the number of examples of the true class i that have
been assigned to the class j by the classifier

Measure Formula
Kl
Accuracy L w%wfwrm
MCC Sk met ik Coni—CiCim

\/ZE:W [(Zﬁ} C/k) (Z?g:h’;&k Cgf)]\/Zf:W [(ZL Ck/) (Z?g:”’%k Cfg)]
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classifiers between its true (label) class and its
most-predicted class.

The aim of the first step is the detection of those pat-
terns that, most of the times, are not classified as belong-
ing to the class defined by their formal database label, but
without considering the distribution of predicted classes
in the misclassifications. Instead, the aim of the second
and third steps is to confirm the consistency of the mis-
classifications to the most-predicted class. The difference
between the two last steps resides on whether only the
votes (i.e. the binary decisions of the SVM classifiers) are
taken into account, or also the confidence (i.e. the decision
values) of the binary SVM classifiers, when confronting
just the class label against the most-predicted class, are
taken into account. The union of patterns obtained as
a result in steps 2 and 3 forms the final subset of fre-
quently and consistently misclassified sequences that are
shortlisted as label noise candidates.

In the following subsections, further details of each one
of the three steps are provided.

Repeated classification with different SVM models

The first phase entails repeating the following procedure
100 times. Although this constant value could be changed,
100 is adequate both to obtain a statistically reliable result
and to express the frequencies of misclassification directly
as percentages (or error rates, ER;, for each sequence s).
This type of repeated cross-validation approach has been
proposed as well in [44] and applied in [45].

e First, the dataset is randomly reordered and a 5-fold
cross validation (5-CV) is used, so that, for each of
the five training-test partitions, the current training
set is employed to construct an RBF-SVM model [42]
with an optimal value for the y parameter of the
kernel function and with the error penalty parameter
C varying within a small range near its previously
established optimum value.

® Second, a test set classification is carried out using
the trained model, registering which GPCR
sequences are misclassified and generating the
corresponding confusion matrix.

The use of CV in each of the 100 repetitions of this pro-
cedure ensures that each instance is classified exactly one
time as a test pattern in each iteration of the outer loop.
Note that C is slightly modified in each iteration of the
inner loop.

With this, we obtain detailed results of how many times
a sequence was misclassified when included in the test
set and how many of these times it was assigned to
specific classes. Note that all the classification results
when the sequence belongs to the training set are not
taken into account. In order to focus only on the most
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recurrent classification errors, a conservative misclassifi-
cation boundary of e = 75 % on the individual error rate
ER; was set (i.e., only sequences s misclassified in at least
a 75 % of the test occasions were deemed to be strong
misclassifications and selected for further analysis). This
threshold e is merely illustrative; in a real application of the
method, it should be set according to the expert analyst’s
decision. A high threshold would ensure that only the
most extreme misclassifications are singled out for further
detailed analysis, whereas low thresholds would be more
adequate in case a more global exploration is required.

Analysis of misclassifications according to the voting scheme
Since we are facing a multi-class (K classes) classification
problem in which the underlying classification scheme
of the SVM implementation [42] was “one-vs-one”, it is
interesting to analyze the results of the voting scheme as
applied to the K(K — 1)/2 resulting classifiers, including
the votes of each one, for each pattern in each test itera-
tion. According to LIBSVM, the subtype with the highest
number of votes in each case becomes the predicted class
of the test pattern.

For each frequently misclassified sequence s, selected
in the first phase, we focus the analysis on the relation
between the total number of votes VT obtained by the
true (label) class in the 100 iterations and those obtained
by the most frequently predicted class for that sequence,
VPs. This is, we define the voting ratio

VT,
VP

and, given some threshold 6, we consider that Ry < 6p
indicates a consistent (also deemed as large) classification
error, while Ry > 60 denotes a more doubtful (or small)
misclassification. We fixed a threshold 6z = 0.5 to obtain
our results discussed later.

(3)

S

Analysis of misclassifications according to the decision values
In the third and last phase of our proposed approach, we
go deeper into the analysis of misclassifications by tak-
ing into account the confidence (decision values) of the
100 binary SVM classifiers involving only the label class
and the most frequently predicted class, when classifying
a sequence s as test pattern. For each frequently misclas-
sified sequence s selected in the first phase, we define a
cumulative decision value, CDV, as follows:

100
CDV; = ) DVi(i,j, k) (4
k=1

where DV;(i, , k) is the decision value given by the binary
SVM classifier confronting the class with label i to which s
formally belongs and the most-frequently predicted class
for sequence s, with label j, in the k* test iteration. GPCR
subtype labels were numbered 1 to 7 in the order they are
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presented in the data description section. For subtypes i, j,
alarge positive CDV; value if i > jand a large negative one
if i < j both indicate clear misclassifications. Hence, the
magnitude of the error is deemed large or small depend-
ing on whether the CDV; exceeds a certain threshold 6cpy
in absolute value or not. A threshold Ocpy = 60 was
chosen for the experiments.

Note that the information conveyed by CDV; comple-
ments that of R,. For instance, a misclassified sequence
with high R; would suggest that the voting process dis-
cards all subtypes but the true and the predicted ones,
that is, a very narrow transfer of subtype assignment. If
this is accompanied by a large CDVj in absolute value, the
predicted subtype, even if wrong assuming that the identi-
fying label of the sequence is trusted, is strongly preferred
by the SVM classifiers.

Methods - External validation of SVM-based classification
Mislabeling validation with phylogenetic trees

For proteins, a PT is a dendrogram-like graphical repre-
sentation of the evolutionary relationship between taxo-
nomic groups which share a set of homologous sequence
segments. This evolutionary relationship is a form
of hierarchically structured similarity-based grouping
process.

In this study, PTs were used to visualize the analyzed
class C GPCR sequences and thus provide an alterna-
tive way to externally validate the misclassification results
reported in the previous sections. There are two sound
reasons why we use PTs for this task: first, because they
have de facto become standard tools in bioinformatics
[24] and, particularly, in protein homology detection, so
that protein database curators are more likely to trust
them. Second, because the protein sequence alignment
that underlies the tree construction has no direct link with
the sequence transformations from which the SVM clas-
sifiers are built, therefore guaranteeing the independence
of the results.

Our software tool of choice, Treevolution! [46], was
developed in Java and integrates the Processing? package.
This tool supports visual and exploratory analysis of PTs
in either Newick or PhyloXML formats as radial dendro-
grams, with high-level user-controlled data interaction at
the user request and offers several methods very useful for
large PT: sector distortion, tree rotation, pruning, label-
ing, tracking of ancestors and descendants and text search,
among others.

The color-guided highlighting of protein families helps
the user to focus on sequence groupings of interest and
give an overall idea of groups with the same ancestor
within the tree. The PT is created from a MSA obtained
with Clustal Omega [47]. This application, in which
sequences data are introduced in FASTA format, performs
distance-based MSA [48].
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Results

This section starts with a brief summary of some pre-
liminary research that inspired the current study. This
is followed by a detailed analysis of misclassifications
according to a voting scheme and classifier decision val-
ues. This analysis is validated using a standard LN detec-
tion filter and sequence visualization through PTs.

Results from previous research

The experiments reported in this section extend some
basic preliminary results reported in [23]. In previous
research [49], we investigated the supervised classifica-
tion of the data set described in the previous section using
different classifiers, namely decision trees (DT), naive
Bayes (NB) and SVM, for different alignment-free trans-
formations of the sequences, including AA composition
(AACQC), the Mean Transformation [50] and Auto-Cross
Covariance (ACC) [28]. In this previous study, focus was
placed on the accuracy of the classifiers’ performance
and the experimental results showed that SVM clearly
outperformed the rest of classifiers independently of the
transformation applied to the data set. This led to the con-
clusion that a nonlinear classifier with the ability to find
a linear separation of instances in a higher-dimensional
feature space, such as SVM, was the adequate choice for
the data set under analysis in the task of subtype dis-
crimination. The second conclusion from this previous
study was that, at subtype level, classification accuracies
showed only small variations depending on data trans-
formations. Even a superficial analysis of the confusion
matrices showed recurrent patterns of subtype misclassi-
fication, which hinted at LN as their cause. Such obser-
vations provided support for a more detailed analysis of
sequence misclassification.

Repeated classification with different SVM models using
different transformations of the dataset

These previous results led us to decide on the conve-
nience of using a more diverse set of data transformation
techniques. Tables 3 and 4 summarizes the best sub-
type classification results obtained with SVM for the
four different transformed data sets, measured by aver-
age accuracy (overall correct classification rate) and MCC.
These results are complemented by the box-plot repre-
sentation of the distributions of the accuracy and MCC
values, for each of the transformed data sets, over the 100
outer iterations of the classification procedure, shown in
Figs. 1 and 2. For all transformations, a low variability
of the results is observed, suggesting consistent estimates
that make the average figures of Table 3 quite reliable. Out
of these, the best classification results were found for the
Digram and ACC transformed data sets, although the rel-
ative differences of accuracy and MCC make PDBT also a
reasonable choice.
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Table 3 SVM classifier results: Global results for the four data
transformations; accuracy (Accu), Matthews Correlation
Coefficient (MCQC)

Data Accu MCC
AAC 0.88 0.84
Digram 0.93 0.91
ACC 0.93 0.91
PDBT 092 0.90

Best results highlighted in bold

A detailed analysis of the results per-subtype revealed
relatively minor differences between those obtained with
each of the four transformed data sets. This observation
suggests that the main causes of misclassification might lie
beyond the differences between data transformations and
that a more systematic analysis of the classification errors
is required.

Table 5 shows a few illustrative misclassification statis-
tics for the ACC transformed data set. For instance,
sequence 6, which belongs to subtype VN according to
its database label, was misclassified 100 out of 100 times:
96 of them was assigned to Ph and 4 to Od (See Table 6
for the mapping between the number f and the protein
database Id).

This misclassification analysis was repeated for each of
the transformed data sets. The AAC, Digram, ACC and
PDBT sets yielded, in turn, 143, 88, 85 and 100 strong
misclassifications. A detailed analysis of these frequently
misclassified sequences revealed that they are nearly iden-
tical for ACC and Digram. There are some differences
with the PBDT misclassifications that might be the result
of the very different type of transformation. Importantly,
52 frequently misclassified sequences were common to
all four data sets and there was strong agreement on the
most-often predicted subtypes. These sequences are listed
in Additional file 1.

Table 4 SVYM classifier results: Class C GPCR results per subtype
for the ACC data set only, including MCC, Precision (Prec) and
Recall (Rec)

Class MCC Prec Rec
mG 0.95 0.95 0.99
cs 0.93 1.00 0.88
GB 0.98 0.99 0.99
VN 0.89 0.91 0.92
Ph 0.86 0.89 0.90
Od 0.79 0.89 0.74

Ta 0.99 1.00 0.98
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Fig. 1 Boxplot representation of the Accu of the AAC, Digram, ACC
and PDBT dataset

Analysis of misclassifications according to the voting
scheme

Interestingly, these results suggest the existence of sub-
types with recurrently wrong class assignments. So, we
applied the second step of our systematic approach based
on the voting scheme, as described earlier, to confirm con-
sistent misclassifications. To illustrate the results obtained
in this step, we show the voting scheme results for the
selected instances of Table 5. Sequence #6, for instance,
is a VN consistently misclassified as Ph. The magnitude
of the error is small, though, as the voting ratio (R;) of
true class to predicted class is relatively high (0.67 > 0.5).
Sequence 12 is a CS, consistently misclassified as mG. The
magnitude of the error is large, as the Ry is quite low
(0.15 < 0.5).

Only 7 of the 85 frequently misclassified ACC-
transformed sequences yielded large errors (See Table 6).
Similarly, for AAC, Digram and PDBT sets, the majority
of sequences have small errors.
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Fig. 2 Boxplot representation of the MCC of the AAC, Digram, ACC
and PDBT dataset




Konig et al. BMC Bioinformatics (2015) 16:314

Table 5 lllustrative example of misclassification statistics for the
ACC data set. For some sequences s identified by number i, the
error rate (ERs), the true class (TC;), and how many times this
sequence was misclassified as belonging to each of the other
subtypes (from mG to Ta), are displayed. The three last columns
list the sum of the votes for the true class (VTs), for the most
frequently predicted class (VPs), and the ratio (Rs) of one to the
other

g ERs TG mG CS GB VN Ph Od Ta VI, WPs Rs

2 100 ¢S 1000 0 O 0 0 0 0 91 600 015
6 100 VN 0 0 0O 0 9% 4 0 404 5% 067
7 100 VN 100 0O O O O 0 0 300 600 05

Analysis of misclassifications according to the decision
values

Clear differences in the magnitude of the recurrent clas-
sification errors were found. Pursuing further insight, we
applied the third step of our approach based on the cumu-
lative decision value (CDVj) specifically for the binary
classifier that involves the true class and the predicted
class.

As previously mentioned, the magnitude of the error
was deemed large or small depending on whether the
CDV exceeded the threshold of 60 in absolute value or
not. A total of 21 out of the 85 frequently misclassified
instances of the ACC-transformed data set have a large
error according to this criterion, whereof 4 yield a very
large one (|CDV;| > 95: see Table 6).

Summary of the analysis of misclassifications
The proposed subtype classification approach revealed
the existence of a number of instances that, independently

Table 6 Sequences with large classification errors: For each
sequence s numbered fi;, the GPCRDB Identifier (Ids), the true
class (TC;), the predicted class (PCs), the voting ratio (Rs) and the
cumulative decision value (CDVs) are displayed

s Ids TCs PCs Rs CDV
1 q5i5c3_Otele mG Od 0.75 -95
2 XP_002123664 cs mG 0.15 50
3 g8cOm6_mouse CsS Ph 0.15 -46
4 XP_002740613 cs mG 0 -66
5 XP_002936197 VN Ph 0.83 -96
6 XP_002940476 VN Ph 0.67 -95
7 XP_002941777 VN mG 0.5 45
8 BOUYJ3_DANRE Ph mG 0.79 109
9 XP_001518611 Od mG 0.31 46
10 XP_002940324 Ood VN 049 70
[ GPC6A_DANRE Od Ph 0.5 74

Extreme Rs and CDV; values highlighted in bold
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of the sequence transformation method, induce classifica-
tion errors that could be deemed either large or small. The
information provided by Rs; and CDV; should be under-
stood as complementary, given that not fully coincident
instances are singled out in each approach.

Importantly, this analysis showed that the misclassifica-
tions of a sizeable proportion of sequences have a small
magnitude, so that they could be ignored unless a thor-
ough revision of the database labels is required. A small
number of instances, though, showed consistent and large
classification errors and they should be the focus of inter-
est from the database curation viewpoint. In Table 6, we
list GPCRs with either very large absolute value of CDVj
(4 items) or small Ry (7 items) using the ACC transformed
dataset.

Mislabeling validation

Validation through PT-based visualization of class C GPCRs
Figure 3 displays the Treevolution radial PT plot of the
complete set of 1,510 GPCRs of class C, additionally
showing the approximate distribution of its main seven
subtypes. In this representation, each outer branch cor-
responds to one GPCR sequence. Tree colors are used
to represent families of descendant nodes. Note though
that these colors do not correspond to subtype labels.
We observe that some families correspond to not one but
several evolutionary branches. For example, the two dif-
ferent colors assigned to Pheromone provide quantitative

Ph

Fig. 3 Radial PT plot showing the main areas of distribution of the
seven class C GPCR subtypes. Treevolution radial PT in which the
main sections occupied by each of the seven class C GPCR subtypes
are explicitly represented by archs or groups of archs in the periphery
of the tree. Note that branch colors are automatically generated

during PT construction and do not correspond to class C subtypes
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evidence of the existence of at least two subtypes within
the family. The representation of the evolutionary rela-
tionship in the PT plot shows that there exist some clearly
separated families (GB, CS and Od), while others are more
closely related to each other, such as mG and VN.

In the following, we report the PT plots for the four
class C subtypes that were predicted for the mislabel-
ing candidates listed in Table 6. In them, these potential
mislabelings (those with largest errors according to the
proposed approach) are highlighted (See the individual
sequences listed in Table 6).

Figure 4 shows the selection of sequences with largest
errors that were predicted to be mG. The mG subtype
has two main evolutionarily-related subgroups, which are
shown schematically in the PT plot. In our analysis, we
found 5 sequences with large classification error. In this
PT, they are highlighted in their locations. We see that
sequences 7 (labeled as VN in GPCRDB) and #2 (labeled
as CS) both fall into the first area of mG. The instances {14
(labeled as CS), #8 (labeled as Ph) and 9 (labeled as Od)
fall into the second area of mG.

Figure 5 shows the single sequence with large error
predicted as Od by the proposed mislabelling filtering
approach. The Odorant subtype corresponds to a single
area in the PT plot, and sequence {1 (labeled as mG) falls
clearly into this area.

Figure 6 shows the sequences found to be Ph by
the proposed approach. The Ph subtype has two
main evolutionarily-related subgroups, which are shown
schematically in the PT plot. Sequences 11 (labeled as

Fig. 4 Mislabelings predicted to be mG. Five sequences with large
classification errors were mislabeled as mG. Sequence £7 was labeled
as VN in GPCRDB; #2 and 4 were labeled as CS; #8 was labeled as Ph;
and #9 was labeled as Od
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Fig. 5 Mislabelings predicted to be Od. One sequence (41, labeled as
mG in GPCRDB) with large classification error was mislabeled as Od

Od) and #3 (labeled as CS) fall into the first subgroup,
whereas sequences 15 and 16 (labeled as VN) fall into a
separate evolutionary branch.

Figure 7 shows the sequence found to be VN by the pro-
posed approach. The VN subtype corresponds to three
evolutionary areas in the PT plot. Sequence 110 (labeled
as Od) falls into one of these areas.

[l Pheromone

<% T

Fig. 6 Mislabelings predicted to be Ph. Four sequences with large
classification errors were mislabeled as Ph. Sequence #3 was labeled
as CSin GPCRDB; #11 was labeled as Od; and #5 and #6 were labeled
as VN
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Fig. 7 Mislabelings predicted to be Vn. One sequence (£10, labeled as
Od in GPCRDB) with large classification error was mislabeled as Vn

Comparison with an ensemble-based noise detection
approach

As mentioned in earlier sections, in previous studies
we carried out classification experiments on the AAC
and ACC datasets [49] using different supervised classi-
fiers, including NB, DT and SVM. From these, we con-
cluded that SVM classifiers significantly outperformed
NB and DT for both the AAC and ACC data sets. In
this section, we return to these less accurate classifiers,
which are more robust to LN as they apparently carry out
a more generic classification of the investigated data set,
and should be less prone to data overfitting, a possible
risk associated to the more accurate SVM classification
models [51].

We describe here the results of the application of an
ensemble-based noise detection approach including less
accurate classifiers for the analysis of the class C GPCR
data set. This method just detects label noise candidates
by counting the misclassifications of an instance for the
different classifiers in the ensemble. In some way, this is
similar to the first step of our proposed approach, with
the difference that in our case the ensemble is composed
only by SVM classifiers. The second and third steps of
the proposed approach, though, allow a more fine-grained
analysis of the misclassifications by taking into account
the results of the classifiers involving just the sequence
class label and the most-frequently predicted class for that
sequence. In fact, we do not aim to a straightforward
comparison between methods, but to use the ensemble
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method as a way to test the coincidence on the subset of
mislabeled sequences detected by both.

Ensemble-based noise detection methods have their ori-
gin in ensemble learning [52], where a set of prediction
models are constructed using different algorithms and
their output is combined to generate a single prediction.
A noise detection ensemble classifier filter [53] consists of
a set of diverse base classifiers. Their classification errors
are combined to detect mislabeled instances using either
a consensus vote filter (all classifiers detect a classification
error), or a majority vote filter (the majority of classifiers
detect an error).

In this experiment, we use an ensemble classifier built
using NB, Random Forest (RF), SVM and Multi-Layer Per-
ceptron (MLP) classifiers to analize the ACC-transformed
data set. The results of the base classifiers are evaluated
using a noise rank filter [54], which provides information
about the ranking of detected candidates to misclassifica-
tion. The rank filter estimates the following weights (in
brackets) for each classifier in the calculation of the rank:
MLP (3), SVM (2), NB (1) and RF (1), and assigns a rank-
ing to the sequences according to the number of classifiers
that failed to evaluate them correctly. It then reports in
how many classifiers the prediction failed. In our analy-
ses, we focused on those sequences that were evaluated
incorrectly by either all classifiers (a total of 117), or by
at least three of them (a further 34). We then checked
which of these 151 sequences were also detected as fre-
quently misclassified by our proposed SVM approach. A
total of 141 instances were found. Both methods coincided
in the detection of 109 sequences as possible mislabelings
(a 77 % coincidence). All sequences with large classifica-
tion error listed in Table 6 were also detected by the noise
rank algorithm.

This result provides further support to the claim of
effectiveness of the proposed SVM-based approach in its
task as LN detector.

Discussion
The systematic approach proposed for the analysis of the
SVM misclassifications has revealed the existence of a
number of sequences that, independently of the trans-
formation method, are prone to classification errors that
could be deemed large or small (according to criteria
that, ultimately, should be set by proteomics experts).
The information provided by the voting ratio R and the
absolute value of the CDV should be understood as com-
plementary, given that not fully coincident sequences are
singled out by each approach; that is, some sequences
might show very low values of R but not very high values
of CDV, or very high values of CDV but not too low values
of R.

Importantly, this analysis has shown that the misclas-
sifications of a sizeable proportion of sequences have a
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small magnitude. All these sequences might well be con-
sidered as mild cases of LN and should eventually be
redirected to a human expert for further analysis. Small
errors also suggest underlying similarities between the
GPCR subtypes whose characteristics may be unknown
and worth investigating. A small number of instances,
though, show consistent and large classification errors.
They merit detailed study because they might be affected
by a more radical type of LN, or even by straight misla-
belling. These are the sequences listed in Table 6, which
are now individually discussed.

Sequences XP_002123664, XP_002740613, XP_0029361
97,XP_002940476 and XP_002940324 are all recurrently
misclassified. XP_002740613, in particular, yields a 100 %
error, R = 0 and large CDV. Their labels should require
further expert assessment, given that they were derived by
an automated computational analysis from an annotated
genomic sequence by means of a gene prediction mode
from the RefSeq® databank. Another couple of interesting
cases are q8c0m6_mouse and BOUYJ3_DANRE. Accord-
ing to the information referenced at UniProt, these
GPCRs are unreviewed and should be considered only as
preliminary data. The former, according to GPCRDB, is
a CS that our system confidently (R = 0.15) classifies as
Ph. The European Nucleotide Archive® lists it as similar
to the putative Ph receptor V2R2. The latter, according to
GPCRDB, is a Ph, while our system predicts it to be an
mG@G with a very large CDV (109). Agreeing with our pre-
diction, the Ensembl Genome Browser® considers it to be
an mG of subtype 6a.

Sequence GPC6A_DANRE is labeled as Od, but the low
number of votes of this class and the large CDV suggest
its classification to Ph. Although this sequence is consid-
ered as olfactory receptor’, we suggest to investigate the
possibility of its labelling as Ph.

As stated in the previous section, it is important to pro-
vide further validation for the clearest of the misclassifi-
cations found with the proposed method (as summarized
in Table 6) using PTs. The importance of this valida-
tion resides in the fact that the PT dendrograms are not
built from the same data transformations we used. There-
fore, agreement between the subtype assignment of the
PT and the label predicted by our method should be an
almost definitive confirmation of the existence of label
noise, whereas, contrarily, lack of agreement might be
an indication that the misclassification is caused by the
type of sequence transformation itself, or by the fact that
the subtypes defined by the existing and predicted labels
overlap.

The comparison of the most extreme misclassifications
discovered with the proposed method with the visual
results provided by the PTs (See Figs. 4, 5, 6 and 7) is
striking, as it provides consistent evidence of the relia-
bility of the former. Figs. 4, 5, 6 and 7 show that the
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detected extreme mislabellings fall exactly into the evo-
lutionary branch belonging to the class predicted by the
proposed approach. This reliability is a guarantee that
the method is viable as a tool for database curators in
proteomics.

Conclusions

Label noise is a potentially important problem in the
process of automated class C GPCR subtype classifi-
cation from the alignment-free transformed versions of
protein primary sequences. This is because the labels of
these sequences are obtained indirectly through complex,
many-step similarity modelling processes.

In this paper, we have proposed a systematic procedure,
based on SVM classification, to single out and charac-
terize GPCR sequences with consistent misclassification
behaviour. This approach, where the detection of possible
mislabeled data is based on the analysis of the frequency of
misclassification of an instance and a quantitative assess-
ment of the magnitude of the classification error, has been
applied to different sequence data transformations and
shown to be a viable alternative for the definition of a
prediction-based system addressing the problem of label
noise.

For a database like the one analyzed in the current study,
the type of label noise is well-defined within the general
taxonomy of the problem [1]: it should not be mistaken
by a problem of outlier or anomaly detection and can be
considered as the natural result of human expert involve-
ment and model-based (semi)automated labeling [55]. As
such, it falls within the noisy not at random type of models,
because sequences are more likely to be mislabeled when
they are similar to sequences of other subtype and because
labels are likely to be less certain in regions of low data
density. Mislabeling thus depends both on the data fea-
tures and on the true labels. Three general (and partially
overlapping) approaches are available to tackle this prob-
lem: the use of classification algorithms that are robust
to label noise; the use of filter methods that detect noisy
cases; and the use of algorithms for explicit label noise
modeling. A large palette of methods has been proposed
for each of these and their review is beyond the scope of
this study. The reader is referred to [1] for an up-to-date
survey.

Here, our choice was a variant of a filtering approach,
because, as acknowledged in [1], “some of the label noise-
tolerant variants of SVMs could also be observed as
filtering”. The proposed method can therefore be consid-
ered as model predictions-based filtering [56], extending
the basic concept of voting filtering [53, 57] and attempt-
ing to improve model robustness by decomposing a multi-
class problem into multiple binary classification problems
[58]. The reported experimental results are a proof of
concept for the viability of such procedure as part of
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a decision support system that, combined with expert
knowledge in the field, should be able to assist the discov-
ery of GPCR database labelling quality problems. These
results have been further validated using PTs, a standard
tool in bioinformatics.

In future research, we aim to explore alternative
approaches to the label noise problem and plan to extend
this work to implement the proposed method as a
publicly-available software tool with a user-friendly GUI
for bioinformatics scientists.

Endnotes
Thttp://vis.usal.es/treevolution
Zhttp://processing.org
Shttp://www.ncbi.nlm.nih.gov/refseq/
“http://www.uniprot.org/uniprot/BOUY]J3, http://www.
uniprot.org/uniprot/Q8COM6
Shttp://www.ebi.ac.uk/ena/data/view/BAC26854
Chttp://www.ensembl.org
"http://www.uniprot.org/uniprot/Q5U9X3

Additional file

Additional file 1: This is a csv format file containing the table of 52
frequently misclassified sequences that were common to all four data
transformations, as described in the Results section of the main text.
Itincludes the following columns: GPCRDB identifier, GPCRDB true class,
and predicted class for, in turn, the AAC, Digram, ACC and PDBT
transformations. A strong agreement on the most-often predicted class C
GPCR subtypes can be observed. (XLS 22 Kb)

Abbreviations

AA: Amino acid; AC: Auto covariance; ACC: Auto cross covariance; Accu:
Accuracy; CC: Cross covariance; CDV: Cumulative decision value; CRD: Cystein
rich domain; CS: Calcium sensing; CV: Cross validation; DT: Decision tree; DV:
Decision value; ER: Error rate; fp: False positive; fn: False negative; GB: GABAg;
GPCR: G Protein-coupled receptor; Id: Identifier; L,: Primal lagrangian; Ly: Dual
lagrangian; LN: Label noise; MCC: Matthews correlation coefficient; mG:
Metabotropic glutamate; MLP: Multi-layer perceptron; MSA: Multiple sequence
alignment; NB: Naive bayes; Od: Odorant; PC: Predicted class; PDBT:
Physicochemical distance based; Ph: Pheromone; Prec: Precision; PT:
Phylogenetic trees; R: Voting ratio; RBF: Radial basis function; Rec: Recall; RF:
Random forest; SVM: Support vector machine; Ta: Taste; TC: True class; TM:
Transmembrane; tn: True negatives; tp: True positives; VFT: Venus flytrap; VN:
Vomeronasal; VT: Total number of votes; VP: Number of votes of the predicted
class; 5-CV: 5-fold cross validation; 7TM: Seven transmembrane helices.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

CK carried out the supervised classification experiments and the investigation
of the classification errors. MC carried out the visualization of the class C GPCR
data set with PTs. AV and RA provided machine learning expertise, while JG
provided expert support in the biological elements of the research. All authors
contributed to the experimental design, as well as to the writing of the
manuscript. All authors read and approved the final manuscript.

Availability of data and materials

The data set supporting the results of this article is available in the labarchive
repository (DOI 10.6070/H4154F28). This repository holds the fasta files
corresponding to the seven subtypes of class C GPCRs extracted from GPCRDB
version 11.3.4, as of March 2011.

Page 13 of 14

Acknowledgements

This research was partially funded by MINECO TIN2012-31377, ERA-NET
NEURON PCIN-2013-018-C03-02 and SAF2010-19257, as well as Fundacié La
Maraté de TV3 110230 research projects. J.G. participates in the European
COST Action CM1207 (GLISTEN: GPCR-Ligand Interactions, Structures, and
Transmembrane Signalling: a European Research Network).

Author details

! Dept. of Computer Science, Univ. Politécnica de Catalunya, C. Jordi Girona,
1-3,08034 Barcelona, Spain. 2Institut de Neurociéncies, Unitat de Bioestadistica,
Univ. Autonoma de Barcelona, 08193 Cerdanyola del Vallés, Barcelona, Spain.
3Institut de Robotica i Informatica Industrial, CSIC-UPC, 08034 Barcelona, Spain.
“4Centro de Investigacién Biomédica en Red en Bioingenierfa, Biomateriales y
Nanomedicina (CIBER-BBN), 08193 Cerdanyola del Vallés, Barcelona, Spain.

Received: 15 April 2015 Accepted: 31 August 2015
Published online: 29 September 2015

References

1. Frénay B, Verleysen M. Classification in the presence of label noise: a
survey. IEEE Trans Neural Netw Learn Syst. 2014;25(5):845-69.

2. Lisboa PJG, Vellido A, Martin JD. Computational Intelligence in
biomedicine: Some contributions. In: Verleysen M, editor. Procs. of the
18th European Symposium on Artificial Neural Networks (ESANN 2010).
Bruges, Belgium: d-side pub.; 2010. p.429-38.

3. Frénay B, deLannoy G, Verleysen M. Label noise-tolerant hidden Markov
models for segmentation: application to ECGs. In: Gunopulos D, et al,
editors. Machine Learning and Knowledge Discovery in Databases.
Heidelberg, LNCS 6911: Springer. p. 455-70.

4. Vellido A, Romero E, Gonzélez-Navarro FF, Belanche-Munoz L,
Julia-Sapé M, Arus C. Outlier exploration and diagnostic classification of a
multi-centre "H-MRS brain tumour database. Neurocomputing.
2009;72(13-15):3085-97.

5. Dawood S, Merajver SD, Viens P, Vermeulen PB, Swain SM, Buchholz TA,
et al. International expert panel on inflammatory breast cancer:
consensus statement for standardized diagnosis and treatment. Ann
Oncol. 2011;22(3):515-23.

6. Cusick ME, YuH, Smolyar A, Venkatesan K, Carvunis AR, Simonis N, et al.
Literature-curated protein interaction datasets. Nat Methods. 2009;6(1):
39-46.

7. Gao QB, Ye XF, He J. Classifying G-Protein-Coupled Receptors to the
finest subtype level. Biochem Biophys Res Commun. 2013;439(2):303-8.

8. Heng BC, Aubel D, Fussenegger M. An overview of the diverse roles of
G-protein coupled receptors (GPCRs) in the pathophysiology of various
human diseases. Biotechnol Adv. 2013;31(8):1676-94.

9. Kniazeff J, Prézeau L, Rondard P, Pin JP, Goudet C. Dimers and beyond:
The functional puzzles of class C GPCRs. Pharmacol Ther. 2011;130(1):9-25.

10. PinJP, Galvez T, Prezeau L. Evolution, structure, and activation
mechanism of family 3/C G-protein-coupled receptors. Pharmacol Ther.
2003;98(3):325-54.

11. Conn PJ, Lindsley CW, Meiler J, Niswender CM. Opportunities and
Challenges in the Discovery of Allosteric Modulators of GPCRs for Treating
CNS Disorders. Nat Rev Drug Discov. 2014;13(9):692-708.

12. lIsbergV, Vroling B, van der Kant R, LiK, Vriend G, Gloriam D. GPCRDB:
an information system for G protein-coupled receptors. Nucleic Acids Res.
2014:42(Database issue):D422-5.

13. Nicoletti F, Bockaert J, Collingridge G, Conn P, Ferraguti F, Schoepp D,
et al. Metabotropic Glutamate Receptors: From the Workbench to the
Bedside. Neuropharmacol. 2011;60:1017-41.

14. Nicoletti F, BrunoV, Ngomba R, Gradini R, Battaglia G. Metabotropic
Glutamate Receptors as drug targets: what's wew? Curr Opin Pharmacol.
2014,20C:89-94.

15. Palczewski K, Kumasaka T, Hori T, Behnke CA, Motoshima H, Fox BA,
et al. Crystal structure of Rhodopsin: a G Protein-Coupled Receptor. Sci.
2000;289:739-45.

16. Katritch V, Cherezov V, Stevens RC. Structure-function of the G
Protein-Coupled Receptor superfamily. Annu Rev Pharmacol Toxicol.
2013;53:531-56.

17. WuH, Wang C, Gregory KJ, Han GW, Cho KP, Xia Y, et al. Structure of a
class C GPCR metabotropic glutamate receptor 1 bound to an allosteric
modulator. Sci. 2014;344(6179):58-64.


http://vis.usal.es/treevolution
http://processing.org
http://www.ncbi.nlm.nih.gov/refseq/
http://www.uniprot.org/uniprot/B0UYJ3
http://www.uniprot.org/uniprot/Q8C0M6
http://www.uniprot.org/uniprot/Q8C0M6
http://www.ebi.ac.uk/ena/data/view/BAC26854
http://www.ensembl.org
http://www.uniprot.org/uniprot/Q5U9X3
http://www.biomedcentral.com/content/supplementary/s12859-015-0731-9-s1.xls

Konig et al. BMC Bioinformatics (2015) 16:314

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.
39.

40.

Doré AS, Okrasa K, Patel JC, Serrano-Vega M, Bennett K, Cooke RM, et al.
Structure of class C GPCR metabotropic glutamate receptor 5
transmembrane domain. Nature. 2014;551:557-62.

Vroling B, Sanders M, Baakman C, Borrmann A, Verhoeven S, Klomp J,
et al. GPCRDB: information system for G protein-coupled receptors.
Nucleic Acids Res. 2011;39(suppl 1):D309-D319.

Nuin PA, Wang Z, Tillier ER. The accuracy of several multiple sequence
alignment programs for proteins. BMC Bioinforma. 2006;7(1):471.

Ye K, Kosters WA, 1Jzerman AP. An efficient, versatile and scalable pattern
growth approach to mine frequent patterns in unaligned protein
sequences. Bioinformatics. 2007,23(6):687-93.

Liu B, Wang X, Chen Q, Dong Q, Lan X. Using amino acid
Physicochemical Distance Transformation for fast protein remote
homology detection. PLoS ONE. 2012;7(9):e46633.

Kénig C, Vellido A, Alquézar R, Giraldo J. Misclassification of class C
G-protein-coupled receptors as a label noise problem. In: Proceedings of
the 22" European Symposium on Artificial Neural Networks,
Computational Intelligence and Machine Learning (ESANN 2014),
Brugesm, Belgium; 2014. p. 695-700.

Rehm B. Bioinformatic tools for DNA/protein sequence analysis,
functional assignment of genes and protein classification. Appl Microbiol
Biotechnol. 2001;57(5-6):579-92.

Bernardes JS, Carbone A, Zaverucha G. A discriminative method for
family-based protein remote homology detection that combines
inductive logic programming and propositional models. BMC Bioinforma.
2011;12:83.

Caragea C, Silvescu A, Mitra P. Protein sequence classification using
feature hashing. In: proc. 2011 IEEE International Conference on
Bioinformatics and Biomedicine (BIBM). IEEE; 2011. p. 538-43.

Cao J, Xiong L. Protein sequence classification with improved Extreme
Learning Machine algorithms. BioMed Res Int. 2014; 2014: ID103054.
Wold S, Jonsson J, Sjostrém M, Sandberg M, Rénnar S. DNA and peptide
sequences and chemical processes multivariately modelled by Principal
Component Analysis and Partial Least-Squares projections to latent
structures. Anal Chim Acta. 1993;277:239-53.

Lapinsh M, Gutcaits A, Prusis P, Post C, Lundstedt T, Wikberg JES.
Classification of G-protein coupled receptors by alignment-independent
extraction of principal chemical properties of primary amino acid
sequences. Protein Sci. 2002;11(4):795-805.

Sandberg M, Eriksson L, Jonsson J, Sjostrom M, Wold S. New chemical
descriptors relevant for the design of biologically active peptides. A
multivariate characterization of 87 amino acids. J Med Chem. 1998,41(14):
2481-91.

Cruz-Barbosa R, Vellido A, Giraldo J. Advances in semi-supervised
alignment-free classification of G protein-coupled receptors. In: Procs. of
the International Work-Conference on Bioinformatics and Biomedical
Engineering (IWBBIO'13). Granada, Spain: Copicentro Editorial; 2013.

p. 759-766.

Cruz-Barbosa R, Vellido A, Giraldo J. The influence of alignment-free
sequence representations on the semi-supervised classification of class C
G protein-coupled receptors. Med Biol Eng Comput. 2015;53(2):137-49.
Shah AR, Oehmen CS, Webb-Robertson BJ. SVM-HUSTLE-an iterative
semi-supervised machine learning approach for pairwise protein remote
homology detection. Bioinformatics. 2008;4:783-90.

Hou'Y, Hsu W, Lee ML, Bystroff C. Efficient remote homology detection
using local structure. Bioinformatics. 2003;19:2294-301.

Ogul H, Mumcuoglu EU. A discriminative method for remote homology
detection based on n-peptide compositions with reduced amino acid
alphabets. BioSystems. 2007,87:75-81.

Webb-Robertson BJ, Oehmen C, Matzke M. SYM-BALSA: Remote
homology detection based on Bayesian sequence alignment. Comput
Biol Chem. 2005;29:440-3.

Karchin R, Karplus K, Haussler D. Classifying G-protein coupled receptors
with support vector machines. Bioinformatics. 2002;18(1):147-59.

Vapnik VN. Statistical Learning Theory. New York: John Wiley & Sons; 1998.
Cortes C, Vapnik VN. Support vector networks. Mach Learn. 1995,20(3):
273-97.

Boser BE, Guyon IM, Vapnik V. A training algorithm for optimal margin
classifiers. In: Fifth Annual Workshop on Computational Learning Theory
(COLT 1992). New York: ACM; 1992. p. 144-52.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 14 of 14

Aizerman A, Braverman EM, Rozoner LI. Theoretical foundations of the
potential function method in pattern recognition learning. Autom
Remote Control. 1964;25:821-37.

Chang C, Lin C. LIBSVM: A library for Support Vector Machines. ACM Trans
Intell Syst Technol. 2011;2(3):27.

Matthews BW. Comparison of the predicted and observed secondary
structure of T4 phage lysozyme. Biochim Biophys Acta Protein Struct Mol
Enzymol. 1975;405(2):442-51.

Martinez J, Carroll RJ, Miller S, Sampson JN, Chatterjee N. Empirical
Performance of Cross-Validation With Oracle Methods in a Genomics
Context. The Am Stat. 2011;65(4):223-8.

Jayawardana K, Schramm S, Haydu L, Thompson JF, Scolye RA, Mann G,
et al. Determination of prognosis in metastatic melanoma through
integration of clinico-pathologic, mutation, MRNA, microRNA, and
protein information. Int J Cancer. 2015;136(4):863-74.

Santamaria R, Therdn R. Treevolution: visual analysis of phylogenetic
trees. Bioinformatics. 2009;25(15):1970-1.

Sievers F, et al. Fast, scalable generation of high-quality protein multiple
sequence alignments using Clustal Omega. Mol Syst Biol. 2011,7:539.
Feng DF, Doolittle RF. Progressive sequence alignment as a prerequisite
to correct phylogenetic trees. J Mol Evol. 1987,25(4):351-60.

Konig C, Cruz-Barbosa R, Alquézar R, Vellido A. SYM-based classification
of class C GPCRs from alignment-free physicochemical transformations of
their sequences. In: Petrosino A, Maddalena L, Pala P, editors. 2"
International Workshop on Pattern Recognition in Proteomics, Structural
Biology and Bioinformatics (PR PS BB 2013). Heidelberg: Springer. Lecture
Notes in Computer Science, Vol. 8158; 2013. p. 336-43.

Opiyo SO, Moriyama EN. Protein family classification with partial least
squares. J Proteome Res. 2007;6(2):846-53.

Nettleton D, Orriols-Puig A, Fornells A. A study of the effect of different
types of noise on the precision of supervised learning techniques. Artif
Intell Rev. 2010;33(4):275-306.

Dietterich TG. Ensemble methods in machine learning. In: Kittler J, Roli F,
editors. Multiple Classifier Systems. Heidelberg: Springer. Lecture Notes in
Computer Science, Vol. 1857; 2000. p. 1-15.

Brodley CE, Friedl MA. Identifying mislabeled training data. J Artif Intell
Res. 1999;11:131-67.

Sluban B, Lavrac N, Gamberger D. Ensemble-based noise detection:
noise ranking and visual performance evaluation. Data Min Know! Discov.
2014,28:265-303.

Pechenizkiy M, Tsymbal A, Puuronen'S, Pechenizkiy O. Class noise and
supervised learning in medical domains: The effect of feature extraction.
In: Proceedings of the 19th IEEE International Symposium on
Computer-Based Medical Systems (CBMS). Washington, DC, USA: IEEE;
2006. p.708-13.

Miranda AL, Garcia LP, Carvalho AC, Lorena AC. Use of classification
algorithms in noise detection and elimination. In: Proceedings of the 4th
International Conference on Hybrid Artificial Intelligent Systems (HAIS).
Salamanca, Spain; 2009. p. 417-424.

Sluban B, Gamberger D, Lavrac N. Advances in class noise detection. In:
Proceedings of the 19th European Conference on Artificial Intelligence
(ECAI). Lisbon, Portugal: 10S Press, Amsterdam; 2010. p. 1105-6.

Séez JA, Galar M, Luengo J, Herrera F. Analyzing the presence of noise in
multi-class problems: alleviating its influence with the One-vs-One
decomposition. Knowl Inf Syst. 2014;38(1):179-206.

Sokolova M, Lapalme G. A systematic analysis of performance measures
for classification tasks. Inf Process Manag. 2009;45(4):427-37.

Jurman G, Riccadonna S, Furlanello C. A Comparison of MCC and CEN
Error Measures in Multi-Class Prediction. PLoS ONE. 2012;7(8):e41882.



	Abstract
	Background
	Results
	Conclusions
	Keywords

	Background
	Methods
	Materials
	Methods - alignment-free data transformations
	Methods - SVM-based classification
	Classification performance measures

	Methods - A systematic approach to GPCR misclassification analysis
	Repeated classification with different SVM models
	Analysis of misclassifications according to the voting scheme
	Analysis of misclassifications according to the decision values

	Methods - External validation of SVM-based classification
	Mislabeling validation with phylogenetic trees


	Results
	Results from previous research
	Repeated classification with different SVM models using different transformations of the dataset
	Analysis of misclassifications according to the voting scheme
	Analysis of misclassifications according to the decision values
	Summary of the analysis of misclassifications
	Mislabeling validation
	Validation through PT-based visualization of class C GPCRs
	Comparison with an ensemble-based noise detection approach


	Discussion
	Conclusions
	Endnotes
	Additional file
	Additional file 1

	Abbreviations
	Competing interests
	Authors' contributions
	Availability of data and materials
	Acknowledgements
	Author details
	References

