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Abstract Lipocalins are functionally diverse proteins that
are composed of 120-180 amino acid residues. Members of
this family have several important biological functions
including ligand transport, cryptic coloration, sensory
transduction, endonuclease activity, stress response activity
in plants, odorant binding, prostaglandin biosynthesis,
cellular homeostasis regulation, immunity, immunotherapy
and so on. Identification of lipocalins from protein
sequence is more challenging due to the poor sequence
identity which often falls below the twilight zone. So far,
no specific method has been reported to identify lipocalins
from primary sequence. In this paper, we report a support
vector machine (SVM) approach to predict lipocalins from
protein sequence using sequence-derived properties.
LipoPred was trained using a dataset consisting of 325
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lipocalin proteins and 325 non-lipocalin proteins, and
evaluated by an independent set of 140 lipocalin proteins
and 21,447 non-lipocalin proteins. LipoPred achieved
88.61% accuracy with 89.26% sensitivity, 85.27% speci-
ficity and 0.74 Matthew’s correlation coefficient (MCC).
When applied on the test dataset, LipoPred achieved
84.25% accuracy with 88.57% sensitivity, 84.22% speci-
ficity and MCC of 0.16. LipoPred achieved better perfor-
mance rate when compared with PSI-BLAST, HMM and
SVM-Prot methods. Out of 218 lipocalins, LipoPred
correctly predicted 194 proteins including 39 lipocalins
that are non-homologous to any protein in the SWISS-
PROT database. This result shows that LipoPred is
potentially useful for predicting the lipocalin proteins that
have no sequence homologs in the sequence databases.
Further, successful prediction of nine hypothetical lipocalin
proteins and five new members of lipocalin family
prove that LipoPred can be efficiently used to identify
and annotate the new lipocalin proteins from sequence
databases. The LipoPred software and dataset are avail-

able at http://www3.ntu.edu.sg/home/EPNSugan/index_
files/lipopred.htm.
Keywords Lipocalin - Diverse function -

Odorant binding - Support vector machine -
Ligand binding - Allergenic proteins - Salivary proteins

Introduction

Lipocalins are functionally diverse family of small ligand
binding proteins with 120-180 amino acid residues (Flower
1996). Basically, all lipocalins share a fundamental struc-
ture of an eight stranded anti-parallel beta barrel, closed on
one side by an N-terminal 3-10 helix and flanked on one

@ Springer


http://www3.ntu.edu.sg/home/EPNSugan/index_files/lipopred.htm
http://www3.ntu.edu.sg/home/EPNSugan/index_files/lipopred.htm

778

G. Pugalenthi et al.

side of barrel by C-terminal alpha-helix. Consequently,
they form a characteristic glove shape, encompassing a
hydrophobic ligand binding pocket (Flower 1996; Flower
et al. 1993, 2000). In addition, they share three structurally
conserved regions (SCRs). On the basis of SCRs, lipocalins
are grouped into kernel lipocalin that contains all the three
SCRs and outlier lipocalins containing one or two SCRs
(Flower et al. 1993, 2000).

Lipocalins are widely distributed in nature and are found
in a variety of organisms such as animals, plants, insects
and bacteria (Flower 1996; Flower et al. 1993, 2000;
Ganfornina et al. 2000; Grzyb et al. 2006; Frenette Charron
et al. 2002; Bishop 2000). In general, lipocalins act as a
carrier of small hydrophobic ligands such as retinol,
odorant molecules, pheromones, fatty acids, cholesterol,
etc. (Flower 1996). In addition to the binding and transport,
lipocalins also play many other important physiological
functions. For example, several lipocalins have been
described as allergenic proteins (Mantyjarvi et al. 2000).
Lipocalins are also thought to play a role in chemo-sig-
naling between animals to coordinate social behavior and
also function as pheromone stabilizers in the environment,
providing a slow release mechanism that extends the
effective potency of these volatile molecules in male urine
scent marks (Logan et al. 2008). Nitrophorin, a salivary
lipocalin from Rhodnius prolixus, serves as a vasodilator
and platelet aggregation inhibitor (Ribeiro et al. 1993).
Some lipocalins act as enzymes (Hieber et al. 2000;
Fouchécourt et al. 2002; Yusifov et al. 2000). Few well-
known lipocalin enzymes are prostaglandin D2 synthase
that is involved in the formation of prostaglandin D2 and
violaxanthin de-epoxidases that is involved in the xantho-
phylls cycle (Hieber et al. 2000; Fouchécourt et al. 2002).
In addition, endonuclease activity is reported in tear lipo-
calins and some forms of the beta-lactoglobulin (Yusifov
et al. 2000). Lipocalins have been widely used as bio-
chemical markers of diseases such as inflammatory disease,
cancer, lipid disorders, liver and kidney function-related
disorders (Xu and Venge 2000). Some of the lipocalins
have been used as diagnostic indicators (Devarajan 2007;
Xu and Venge 2000). Due to the diverse ligand binding
specificities, lipocalins have been exploited for the devel-
opment of immunotherapies (Schlehuber and Skerra 2005).

Over the past three decades, lipocalin proteins have
received much attention due to their remarkable functional
diversity and multiple molecular recognition properties
(Xu and Venge 2000; Schlehuber and Skerra 2005;
Akerstrom et al. 2000). Several efforts have been made to
identify new lipocalin members. As of now, prediction of
lipocalins is primarily based on the sequence similarity
search methods such as PSI-BLAST, HMM, etc. (Altschul
et al. 1997; Eddy 1998). Although lipocalins have a well-
conserved tertiary structure, their sequence identity is very
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low and in some cases falls within the twilight zone
(Flower et al. 1993; Adam et al. 2008). Assigning
sequences to the lipocalin family by sequence search
methods is risky, when the pairwise identity is below 20%.
With the rapid increase in the newly found protein
sequences entering into databanks, an efficient method is
needed to identify lipocalins from the sequence databases.
Encouraged by the overwhelming success of machine
learning methods in an engineering, medical and financial
applications, many research groups have been using neural
networks (NN), support vector machines (SVMs) and other
machine learning algorithms in the biological field espe-
cially in the classification and prediction of protein struc-
ture and functional profile (Cai et al. 2003; Chou and Shen
2009; Jensen et al. 2003; Tang et al. 2009). So far, SVM
and other statistical learning methods have not been
explored for the prediction of lipocalins. In this paper, we
report a SVM approach to identify lipocalins from
sequence information, irrespective of the sequence
similarity.

Materials and methods
Dataset

We obtained 196 lipocalin domains from the seed proteins
of the Pfam database (Sonnhammer et al. 1997). To enrich
the dataset, we performed PSI-BLAST search against non-
redundant sequence database with stringent threshold
(E value 0.01) (Altschul et al. 1997). Redundant sequences
that have >40% sequence similarity were removed from
the dataset using CD-HIT (Li et al. 2001). After careful
manual examination, a total of 465 lipocalins were selected
for the positive dataset.

Training set

325 lipocalin domains were selected from the 465 lipocalin
domains for the positive dataset. 325 non-lipocalin
domains for the negative set were randomly taken from the
seed proteins of the Pfam protein families, which are
unrelated to lipocalin (Sonnhammer et al. 1997).

Test set

The remaining 140 lipocalin domains were considered as a
positive dataset for testing. The negative dataset was
created from the seed proteins of non-lipocalin domains
which are selected from the seed proteins of non-lipocalin
Pfam protein families (Sonnhammer et al. 1997). The
negative sequences which are present in the training dataset
were removed. Further, non-lipocalin domains with less
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than 40 amino acids were excluded from the negative set.
Finally, the test dataset consists of 140 lipocalin domains
and 21,447 non-lipocalin domains.

Comparison set

In order to compare LipoPred with other sequence-based
methods such as PSI-BLAST and HMM, we created a
comparison dataset containing 218 lipocalin proteins that
do not overlap with the training and testing dataset.

Features

In this work, each sequence is encoded by 119 features
(Table 1) (please see the help file in LipoPred software
package). We categorized 20 amino acids into 10 func-
tional groups based on the presence of side chain chemical
groups such as phenyl (F/'W/Y), carboxyl (D/E), imidazole
(H), primary amine (K), guanidino (R), thiol (C), sulfur
(M), amido (Q/N), hydroxyl (S/T) and non-polar (A/G/I/L/
V/P) (Pugalenthi et al. 2008). Further, we categorized 20
amino acids into hydrophobic, hydrophilic and neutral
amino acids.

Frequency of amino acids and groups

The frequency of 20 amino acids (number of occurrences
of amino acid “X” divided by length of the protein), fre-
quency of 10 amino acid groups and frequency of hydro-
phobic, hydrophilic and neutral amino acids were
computed for each sequence. We utilized tripeptide infor-
mation for the classification. In general, a large number of
tripeptides can be obtained from all possible combinations
of 20 amino acids. To reduce the feature dimension, we

Table 1 List of 119 features

Features No of
features

Frequency of 20 amino acids 20

Frequency of 10 functional group 10

Frequency of hydrophobic, hydrophilic and neutral amino 3
acids

Overall composition of helix (H), stand (E) and coil (C) 3

Frequency of 10 functional groups in helix, strand and coil 30
regions

Frequency of hydrophobic, hydrophilic and neutral amino 9
acids in helix, strand and coil regions

Frequency of 27 tripeptides 27

Frequency of hydrophobic, hydrophilic and neutral amino 3
acid-rich short peptides

Physicochemical properties 14
Total 119

derived 27 tripeptides from all possible combinations of
three amino acid groups (hydrophobic, hydrophilic and
neutral amino acid groups). The frequency of 27 tripeptides
was calculated for each sequence (please see the help file in
LipoPred software package).

Frequency of short peptides

We incorporated the frequency of short peptides (10 resi-
due length, in this case) which are rich in hydrophobic or
hydrophilic or neutral amino acids. For example, if a short
peptide with more than six hydrophobic residues, then we
consider this peptide as hydrophobic-rich short peptide.
Similarly, we calculated hydrophilic, neutral-rich short
peptides. The frequency of hydrophobic-rich peptides
(contains at least 6 hydrophobic amino acids) or hydro-
philic-rich peptides (contains at least 6 hydrophilic amino
acids) or neutral amino acid-rich peptides (contains at least
6 neutral amino acids) was calculated for each sequence.

Content of secondary structural element (SSE)

Secondary structural element (helix: H, strand: E and
coil: C) information was assigned to all the sequences in
the alignment using a secondary structure prediction pro-
gram, PSIPRED (McGuffin et al. 2000). The overall
composition of helix (H), beta-sheet (E), coil (C) and the
frequencies of 10 amino acid groups, hydrophobic,
hydrophilic and neutral amino acids at helix, sheet, and coil
regions were calculated.

Physicochemical properties

We obtained 14 physicochemical properties from UMBC
AAlndex database (Kawashima et al. 1999). The computed
physicochemical properties include molecular weight,
hydrophobicity, hydrophilicity, refractivity, average
accessible surface area, flexibility, melting point, side
chain volume, side chain hydrophobicity, normalized
frequency of beta-sheet and alpha-helix, polarity, heat
capacity, and isoelectric points.

Classification protocol

In this study, we used a SVM to identify lipocalin
proteins. The SVM and its applications to bioinformatics
are extensively described in the literature (Pugalenthi
et al. 2008; Cortes and Vapnik 1995; Burges 1998;
Cai et al. 2002; Chou 2001, 2005; Chou and Cai 2005;
Muller et al. 2001). Thus, only a brief description is given
here. A linear SVM constructs a hyperplane that separates
two different classes of feature vectors with a maximum
margin. One class represents lipocalins and the other
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non-lipocalins. For the cases where the data are linearly
non-separable, the SVM uses non-linear kernel functions
to transform the input data into a high-dimensional space,
while allowing us to solve the problem in the input space
itself. Maximization of the margin can be reduced to a
convex quadratic optimization problem, which has a
unique global minimum (Muller et al. 2001). For our case
of binary classification problem, a training dataset {x;, y;},
i=1,2, ..., L where x; € R is the input vector con-
sisting of d features representing the ith sample, and
v; € (+1, —1) denotes the class label. The SVM dis-
criminant function is given by

£ =D vk (xi,x) + b (1)
i=1

where m (<L) is the number of input patterns having non-
zero values of the Lagrangian multipliers «; obtained by
solving a quadratic optimization problem, K(x;, x) is the
kernel matrix and b is the bias term. Simulations were
preformed using LIBSVM version 2.81 (Chang and Lin
2001). The SVM training was performed on the training
dataset by tuning the values of regularization parameter
and RBF kernel parameter using grid search (C: 0.1-10000,
gamma: 0.0001-10). The final SVM model was developed
on optimized regularization parameter C and gamma value
of RBF kernel function.

Feature selection

In this work, we used feature selection to remove possible
redundant features from the original feature set. By redun-
dant, we mean that the feature has negligible influence on the
final classification performance. In this method, we utilized
information gain algorithm with the ranker method to iden-
tify the important features that distinguish positive and
negative classes (Mitchell 1997). This method was imple-
mented using Weka 3.5 (Frank et al. 2004). The information
gain for each feature was calculated and the features were
ranked according to this measure. Feature selection was
performed by fivefold cross-validation on the training
dataset.

Performance measures

To measure the performance, we used four different
parameters derived from the four scalar values: TP (true
positives: number of correctly classified lipocalins),
TN (true negatives: number of correctly classified non-
lipocalins), FP (false positives: number of non-lipocalins
incorrectly classified as lipocalins) and FN (false negatives:
number of lipocalins incorrectly classified as non-lipoca-
lins). Using the following formulas, we calculated
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accuracy, sensitivity, specificity and Matthew’s correlation
coefficient (MCC):

TP

sensitivity = ——— (2)
TP +FN
TN
TP +TN
accuracy = 4)
TP + FP + TN + FN
TP x TN) — (FP

e (TP X TN) — (FP x FN)

/(TP + FN)(TP + FP) (TN + FP)(TN + FN)
(5)

Results and discussion
Classification result

In this work, an SVM method is reported for the prediction
of lipocalins from the protein sequence using 119
sequence-derived properties. We trained our SVM classi-
fier on the training dataset containing 325 lipocalin
domains and 325 non-lipocalin domains. To verify the
training performance, we carried out fivefold cross-vali-
dation. LipoPred method achieved 88.61% accuracy with
89.26% sensitivity and 85.27% specificity and MCC of
0.74 from fivefold cross-validation. The performance of
LipoPred was evaluated using the test dataset containing
140 lipocalin and 21,447 non-lipocalin domains. As shown
in Table 2, LipoPred achieved 84.25% accuracy with
88.57% sensitivity, 84.22% specificity and MCC of 0.16.

Since LipoPred classifier was trained using the domain
regions, it is important to test the performance of the
classifier on full length sequences that contain lipocalin
domains and/or non-lipocalin domains. We created a
dataset containing full length sequence for each domain in
the testing dataset that consists of 140 lipocalin domains
and 21,447 non-lipocalin domains. Using all features,
LipoPred classifier achieved 82.50% accuracy with 82.14%

Table 2 Classification result achieved on test dataset (test-domain)
containing 140 lipocalin and 21,447 non-lipocalin domains

Feature Sensitivity Specificity MCC Accuracy
subset (%) (%) (%)

10 89.29 77.10 0.13 77.18

25 89.29 82.17 0.15 82.22

50 88.57 81.59 0.14 81.63

75 87.14 84.35 0.16 84.37
100 88.57 82.85 0.15 82.89
119 88.57 84.22 0.16 84.25

MCC Matthew’s correlation coefficient
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sensitivity, 82.86% specificity and MCC of 0.65. This
result indicates that LipoPred can be used to predict
lipocalin proteins from the full length protein sequences
that contain lipocalin and/or non-lipocalin domains.

In order to identify the most prominent features that
distinguish lipocalins from non-lipocalins, we applied a
feature reduction protocol to eliminate the redundant fea-
tures. As shown in Table 2, LipoPred achieved an accuracy
of 84.37% with 87.14% sensitivity, 84.35% specificity and
MCC of 0.16 and using 75 features on the test dataset.
When the features were further reduced from 75 to 10, we
observed a significant drop in the specificities and accu-
racies although there is a slight increase in the sensitivities.

Prediction of lipocalins

To test the capability, LipoPred was evaluated by an
independent dataset obtained from the NCBI database
using keyword search. The sequences that are present in the
positive training dataset were removed from the list. After
careful manual inspection, 218 odorant binding proteins
were selected for the testing. The efficiency of LipoPred in
the identification of lipocalins was compared with the other
methods such as HMM, PSI-BLAST and SVM-Prot
(Altschul et al. 1997; Eddy 1998, Cai et al. 2003)
(Table 3). BLAST search for each sequence was carried
out against the database of 465 lipocalins that were used for
the training and testing. HMM search for each query
sequence was performed against the HMM profile obtained
from Pfam database (Pfam release 23) (Sonnhammer et al.
1997). BLAST and HMM searches were carried out using
four different E value thresholds (£ value 0.001, 0.01, 0.1
and 1). SVM-Prot search was performed using online
SVM-Prot webserver (Cai et al. 2003. Since SVM-Prot has
no separate class for lipocalin family, only those proteins

Table 3 Prediction result of 218 lipocalins by LipoPred, HMM,
PSI-BLAST and SVM-Prot methods

Methods Number of proteins
predicted as lipocalin
LipoPred 194
HMM (E value 0.001) 126
HMM (E value 0.01) 143
HMM (E value 0.1) 163
HMM (E value 1) 174
PSI-BLAST (E value 0.001) 157
PSI-BLAST (E value 0.01) 162
PSI-BLAST (E value 0.1) 176
PSI-BLAST (E value 1) 183
SVM-Prot 106

which are predicted as “All-lipid binding proteins” and
“Lipid binding” classes by SVM-Prot are considered as
correct prediction. Out of 218 proteins, our approach
correctly predicted 194 proteins whereas PSI-BLAST (E
value 1), HMM (E value 1) and SVM-Prot methods pre-
dicted 183, 174 and 106 proteins, respectively. Further
analysis of the 218 lipocalins shows that 43 proteins have
no single homologous protein in the SWISSPROT (Bairoch
and Apweiler 2000) database according to PSI-BLAST
search results. Our method correctly predicted 39 out of 43
proteins. This result shows the capability of our prediction
system for recognizing novel lipocalins that are non-
homologous to other proteins.

Prediction of new lipocalin members and hypothetical
protein annotation by LipoPred

Recently, Williford et al. (2004) reported water-soluble
proteins, a major component of nutritive “Milk” in the
cockroach, Diploptera punctata. These proteins do not
have significant sequence similarity with lipocalin proteins.
Due to the presence of structurally conserved lipocalin
signatures, these proteins were proposed as lipocalins. Five
cockroach milk proteins (GI accession code: 38455985,
38455983, 38455949, 38455947 and 38455945) were
obtained from the NCBI sequence database. No hits were
found for these sequences from PSI-BLAST search against
non-redundant sequence database. Similarly, HMM search
against Pfam family profiles returned no hits with signifi-
cant match to the lipocalin families. We applied LipoPred
to identify whether these proteins belong to the lipocalin
family or not. Surprisingly, all the sequences were pre-
dicted as lipocalin by LipoPred. This result shows the
usefulness of LipoPred in the identification of new lipoc-
alin members that have negligible sequence similarity with
other lipocalin members.

To test the efficiency of LipoPred, we selected nine
hypothetical proteins containing lipocalin family-specific
signature (GxW) at the N-terminal region (Flower 1996;
Flower et al. 1993, 2000). LipoPred predicted all the
nine proteins as lipocalins (Table 4). Out of nine pro-
teins, three proteins (GI code: 6518066, 67083284 and
109472117) were predicted as lipocalins by HMM,
PSI-BLAST and SVM-Prot methods (Altschul et al.
1997; Eddy 1998; Cai et al. 2003). Four hypothetical
proteins (GI code: 17532811, 84997868, 12847113,
94377397 and 74206886) are annotated as lipocalin in
INTERPRO database (Hunter et al. 2009) and one pro-
tein (GI code: 99078160) is annotated as lipocalin in
KEGG database (Kanehisa and Goto 2000). This result
shows that LipoPred method is useful to identify new
lipocalin members which are difficult to annotate using
sequence similarity.
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Table 4 Prediction result for nine lipocalins by LipoPred, HMM, PSI-BLAST and SVM-Prot

GI code GxW signature Source of annotation LipoPred HMM PSI-BLAST SVM-Prot
6518066 Yes - Lipocalin Lipocalin Lipocalin Lipocalin
67083284 Yes - Lipocalin Lipocalin - -
109472117 Yes - Lipocalin - Lipocalin -
94377397 Yes Interpro Lipocalin - - -
17532811 Yes Interpro Lipocalin - - -
12847113 Yes Interpro Lipocalin - - -
99078160 Yes KEGG Lipocalin - - -
74206886 Yes Interpro Lipocalin - - -
84496314 Yes Interpro Lipocalin - - -

Table 5 List of top ten selected features

Features

Frequency of cysteine

Frequency of strand

Frequency of helix

Frequency of cysteine in helix

Frequency of hydrophilic residues (RKNDEP)

Frequency of amino acids containing non-polar side chain (AGILVP)
Frequency of tryptophan (W)

Frequency of histidine (H) in helix

Frequency of cysteine in strand

Frequency of amino acids containing phenyl group [FWY]

Overview of the selected features

We analyzed the top ten features to understand their role in
the classification. Feature selection protocol was employed
to reduce the features from 119 to 10 (Table 2). The list of
top ten features and their names are given in Table 5.

Lipocalin proteins have a well-conserved tertiary
structure containing anti-parallel beta barrel and an alpha-
helix (Flower 1996; Flower et al. 1993, 2000). The use of
secondary structure information can help us to improve
the prediction performance. As expected, frequencies of
helix and strand were selected in the top ten features.
Another important feature of lipocalin family proteins is
the presence of a conserved sequence signature “GxW”
(Flower 1996, 1993, 2000). The conserved tryptophan
(W) in the GxW motif has been shown to play a role
in maintaining structure, stability and ligand affinity
(Gasymov et al. 1999). The selected features include two
such related features namely, frequency of Tryptophan
(W) and frequency of amino acids containing phenyl
groups (FWY).

It has been reported that most lipocalin proteins are
presumed to have a one or two conserved disulfide bonds
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(Flower 1996; Flower et al. 1993, 2000; Glasgow et al.
1998; Yang et al. 1994). It should be noted that LipoPred
selected features such as frequency of cysteine and fre-
quency of cysteine in secondary structures. This brief
analysis shows that the selected features play a significant
role in the classification. However, the detailed analyses
of all the features are required to provide more informa-
tion about their role in the classification.

Conclusion

Identification of lipocalin members from sequence dat-
abases is difficult due to poor sequence similarity. We
reported an SVM-based method, LipoPred, for the pre-
diction of lipocalins from sequence using sequence-derived
properties. Very high prediction accuracies on the training
and testing datasets show that LipoPred is potentially
useful tool for the prediction of lipocalins from protein
primary sequence. Further, the capability of our method
was tested by an independent dataset consisting of 218
members and this method correctly predicted 194 lipocalin
proteins. LipoPred is shown to be useful in the identifica-
tion of new lipocalin members that have no sequence
homologs in the sequence database. LipoPred is also useful
for identifying lipocalins from the full length sequence
containing lipocalin and non-lipocalin domains. The
LipoPred program and dataset are available at http://www?3.
ntu.edu.sg/home/EPNSugan/index_files/lipopred.htm.
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