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Background:  Identifying  transcription  factors  binding  sites  (TFBSs)  plays  an  important  role  in  understand-
ing  gene  regulatory  processes.  The  underlying  mechanism  of  the  specific  binding  for  transcription  factors
(TFs) is still  poorly  understood.  Previous  machine  learning-based  approaches  to identifying  TFBSs  com-
monly  map  a known  TFBS  to  a one-dimensional  vector  using  its  physicochemical  properties.  However,
when  the dimension-sample  rate  is large  (i.e., number  of  dimensions/number  of  samples),  concatenating
different  physicochemical  properties  to  a one-dimensional  vector  not  only  is likely  to  lose  some  structural
information,  but  also  poses  significant  challenges  to recognition  methods.
Materials  and method:  In this  paper,  we  introduce  a purely  geometric  representation  method,  tensor  (also
called  multidimensional  array),  to  represent  TFs using  their  physicochemical  properties.  Accompanying
the  multidimensional  array representation,  we  also  develop  a tensor-based  recognition  method,  tensor
partial  least  squares  classifier  (abbreviated  as  TPLSC).  Intuitively,  multidimensional  arrays  enable  bor-
rowing  more  information  than one-dimensional  arrays.  The  performance  of each  method  is  evaluated  by
average  F-measure  on 51  Escherichia  coli TFs  from  RegulonDB  database.
Results:  In our  first experiment,  the  results  show  that  multiple  nucleotide  properties  can  obtain  more
power  than  dinucleotide  properties.  In  the second  experiment,  the  results  demonstrate  that  our  method
can gain  increased  prediction  power,  roughly  33%  improvements  more  than the  best  result  from  existing

methods.
Conclusion:  The  representation  method  for TFs  is  an  important  step  in TFBSs  recognition.  We  illustrate
the  benefits  of  this  representation  on real  data  application  via  a series  of  experiments.  This  method  can
gain  further  insights  into  the  mechanism  of  TF  binding  and be of great  use  for  metabolic  engineering
applications.
. Introduction

Transcription factors (TFs) are one of groups of proteins that
ind to specific regions on the DNA sequence, thereby activating or
epressing the rate of gene transcription [1,2]. In practical bioengi-
eering applications, an effective method for identifying new TFBSs
lays an important role in providing insights into cellular behav-

or, and helps us further understand the complex gene regulatory

etworks in cells [3,4].

Generally, the method for identifying TFBSs can be roughly
ivided into two categories: the experimental and computational
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approach. However, both categories are not mutually exclusive.
Experimental methods can identify binding sites in some cases,
such as DNase footprinting [5,6] and electrophoretic mobility shift
assays [7,8]. However, due to the relatively short length and high
degrees of degeneracy of such TFBSs, showing how the specificity of
protein-DNA interactions is challenging. More specifically, with the
advances in high-throughput sequencing technologies, the resolu-
tion is limited in hundreds of base-pairs (bps), and the procedure
to identify TFBSs is still laborious and difficult in in vivo protein
binding across the whole genome [9].

As supplement to the experimental method, the computational
method not only identifies the real TFBSs in practice, but also
provides useful instructions about the distribution of probes and

potential binding sites. For example, in previous studies, consen-
sus sequence and position-specific weight matrix (PWM)  have been
commonly used to model the sequence motifs [10–13]. In princi-
ple, these two  methods can predict the binding sites via comparing

dx.doi.org/10.1016/j.artmed.2016.11.004
http://www.sciencedirect.com/science/journal/09333657
http://www.elsevier.com/locate/aiim
http://crossmark.crossref.org/dialog/?doi=10.1016/j.artmed.2016.11.004&domain=pdf
mailto:shiquan_sun@126.com
mailto:panpan18022@163.com
mailto:qkpeng@xjtu.edu.cn
dx.doi.org/10.1016/j.artmed.2016.11.004


ence in Medicine 75 (2017) 16–23 17

t
r
t
T
f
o
e
d
a
[

i
m
m
s
a
m
p
v
o
h
w
t
p
t
f
d
s
a
[
t

t
w
s
t
T
o
i
a
T
f
c
i
f

i
r
p
s
o
r

2

o
b
d
T
t
n
t
(
i

Table 1
The combinations of different properties, and their corresponding values were col-
lected from [19,37]. n is the number of binding sites for a specific TF, and the number
n can be found in Fig. 4.

Combination Description Dimension

Di All possible 2-mers properties n × 111 × 35
DiL All possible 2-mers properties and the

letter features
n × 115 × 35

Mu  3-mers, 4-mers, and 7-mers properties n × 70 × 35
MuL  3-mers, 4-mers and 7-mers properties,

and the letter features
n × 74 × 35

DiMu 2-mers, 3-mers, 4-mers, and 7-mers
properties

n × 181 × 35

DiMuL 2-mers, 3-mers, 4-mers and 7-mers
properties, and the letter features

n × 185 × 35
S. Sun et al. / Artificial Intellig

est sequences and consensus sequences. However, both methods
esult in a low identification rate because they both assume that
he relationship between the nucleotide positions is independent.
o address this issue, physicochemical properties (e.g., shape) are
requently introduced to help gain more information about the
riginal DNA sequence [14–18]. To increase the prediction power,
xtensive studies leverage machine learning methods to train a pre-
iction model, providing a promising way to identify TFBSs, such
s support vector machine (SVM) [19,20,14], random forest (RF)
21,22], and deep learning [23].

Therefore, we can conclude that a well-performing method for
dentifying TFBSs mainly depends not only on a powerful prediction

odel but also a good representation method, which contains as
uch information about sequences as possible. However, there are

everal potential drawbacks when a DNA sequence is represented
s a one-dimensional numeric vector. Theoretically, randomly per-
uting (or re-ranking) features do not affect the accuracy of the

rediction model. In other words, the one-dimensional numeric
ector and its corresponding DNA sequence do not necessarily have
ne-to-one correspondence, and the different binding sites might
ave the same distribution pattern after we re-rank the features,
hich contradicts with our original intention. On the other hand,

he letter features (Section 2) will become useless if the identifying
rocedure incorporates a feature selection step. Because four fea-
ures together represent one type of nucleobases, separating the
our features becomes meaningless in practice. A promising way to
eal with this issue is to use multidimensional array-based repre-
entation [24,25]. This type of representation has been successfully
pplied to EEG signals classification in biomedical engineering
26–28], image processing in computer vision or pattern recogni-
ion [29–31], and other fields [32–34].

In this paper, moving beyond the one-dimensional representa-
ion of TFBSs, we first represent a TFBS as a multidimensional array
here the rows exhibit physicochemical properties of the DNA

equence, such as shear, stretch and shift, and the columns denote
he different base pair steps (k-mers) within subsequent motifs.
he elements in the multidimensional array indicate the value
f physicochemical features with respect to k-mers. Accompany-
ng the multidimensional array representation, we  also develop

 multidimensional array-based PLS classifier (TPLSC) to predict
FBSs. The experiments were conducted on 51 TFs in Escherichia coli
rom RegulonDB, and the results demonstrate that our method
an significantly improve the recognition rate, especially for the
ntegration host factor (IHF), which is well-known to exhibit both
eatures specific to each base and DNA structural properties [35].

The rest of the paper is organized as follows: in Section 2, we
llustrate the detailed process of multidimensional array-based
epresentation for TFBSs. In Section 3, we discuss the standard
artial least squares classifier and tensor partial least squares clas-
ifier together to demonstrate the relationship between two types
f classifiers. The results are given in Section 4. Some concluding
emarks are presented in Section 5.

. Materials and TFBSs representation

In this section, we illustrate the detailed process of high-
rder representation for TFBSs. The real data sets confirmed
y experiments can be downloaded from the RegulonDB v8.0
atabase (http://regulondb.ccg.unam.mx/ (accessed: 10.03.16)).
his database collects the E. coli k-12 transcription informa-
ion, and aims to build a comprehensive transcription regulation

etwork [36]. In the current study, the real transcription fac-
or binding sites were derived from the reference sequences
E. coli k-12 genome MG1655 (NCBI: NC 000913.3)), accord-
ng to the starting position and the ending position which
were from the RegulonDB database. To make comprehen-
sive comparison, we randomly selected 1000 sequences from
background genome sequences (non-coding sequences) as the
negative samples to distinguish from the known TFBSs (positive
samples).

Briefly, we summarized two ways to represent TFBSs from pre-
vious studies: base pair steps (e.g., 2-mer, 3-mer, and 7-mer),
and geometrical parameters of base pairs (e.g., shear, stretch, and
shift). In this paper, we focused on the physicochemical proper-
ties recorded as 2-mers to characterize the specific TFBSs, and the
extended physicochemical properties recorded as 3-mers, 4-mers,
and 7-mers from two  recent studies [37,19]. For 2-mers, we col-
lected all dinucleotide properties from DiProDB database (http://
diprodb.fli-leibniz.de/ShowTable.php (accessed: 10.03.16)), and
the total number of corresponding properties was  110. For k-mers
(k = 3, 4, 7), all dinucleotide properties were collected from the
Additional Materials in the paper [19] and the total number of cor-
responding properties for 3-mers was  62, 4-mers was 6, and 7-mers
was 2. The papers have not provided the properties for 5-mers, 6-
mers or other base pair steps; therefore, we left out these features in
our study. Additionally, we  also incorporated the letter features to
provide the same information as used in PWM-based approaches.
As described in previous studies [37,19], letter features were gen-
erated by designating the four kinds of nucleotides – A, C, G, and
T – as mutually orthogonal 4D vectors (1,0,0,0), (0,1,0,0), (0,0,1,0),
and (0,0,0,1), respectively.

We  extended the length of all TFBSs with flanking nucleotides
to 41 base pairs. As shown in the first step of Fig. 1, if we slide
a subwindow from left to right on a 41 base pairs sequence, it
will generate 35 features for 7-mers, 40 features for 2-mers, 39
features for 3-mers, and 38 features for 4-mers. To make a uni-
fied representation, we symmetrically discarded the nucleotides
from both sides to ensure all k-mers with the same length (35). To
clearly show the process of tensor representation, we take a bind-
ing site from AgaR TF as an example (Fig. 1), for 3-mers, we have 62
physicochemical properties and 35 features which form a 62 × 35
matrix, and the element a1,1 in the matrix indicates the value of
the physicochemical properties (such as ‘shear’) with respect to the
first 3-mer feature, TTA; for 4-mers, 6 physicochemical properties
and 35 features which form a 6 × 35 matrix; for 7-mers, 2 physic-
ochemical properties and 35 features which form a 2 × 35 matrix.
Then we  simply concatenate the three matrices to form a tensor
X(n) (1 × 70 × 35). Assuming there are 11 binding sites for AgaR TF,
therefore, we can obtain a third order tensor X  in which the order is
number of binding sites × number of physicochemical properties ×
Number of features (11 × 70 × 35). We  did not illustrate the 2-mers
(110 × 35 matrix) and the letter features (4 × 35 matrix) in Fig. 1.

However, the process is similar to what we described above. The
dimensionality of each tensor X  is shown in Table 1.

http://regulondb.ccg.unam.mx/
http://regulondb.ccg.unam.mx/
http://regulondb.ccg.unam.mx/
http://regulondb.ccg.unam.mx/
http://regulondb.ccg.unam.mx/
http://regulondb.ccg.unam.mx/
http://diprodb.fli-leibniz.de/ShowTable.php
http://diprodb.fli-leibniz.de/ShowTable.php
http://diprodb.fli-leibniz.de/ShowTable.php
http://diprodb.fli-leibniz.de/ShowTable.php
http://diprodb.fli-leibniz.de/ShowTable.php
http://diprodb.fli-leibniz.de/ShowTable.php
http://diprodb.fli-leibniz.de/ShowTable.php
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ig. 1. Schematic diagram of the process from a raw DNA sequence to a tensor. Thi
-mers, 4-mers, and 7-mers are 62, 6, and 2, respectively. We  concatenated the k-m
ites  for AgaR TF is 11; therefore, we  can obtain a tensor (11 × 70 × 35) for AgaR TF.

We  can summarize the process to form a tensor as the following
hree steps:

Obtaining different k-mers, and starting at different positions to
ensure the same length (35);
Mapping the k-mers to a vector using its physicochemical prop-
erties;
Concatenating each matrix from k-mers to forming a tensor.

. Methods overview

.1. Notation

Throughout this paper, N-dimensional vectors are denoted by
owercase boldface letters, e.g., x ∈ R

N; I1 × I2 order matrices are
enoted by uppercase boldface letters, e.g., X ∈ R

I1×I2 ; and N-order
ensors are denoted by calligraphic letters, e.g., X  ∈ R

I1×I2×···×IN .
ndices are denoted by lowercase letters and span the range from

 to its uppercase version, for example, iN = 1, 2, · · ·,  IN.

efinition 1. The n-model product of a tensor X  and a matrix
 ∈ R

Jn×In can be defined as:

 = X  ×n B

here A  ∈ R
I1×···×In−1×Jn×In+1×···×IN , ai1i2···in−1jnin+1···iN∑

in
xi1i2···in···iN bjnin .

efinition 2. The n-model cross covariance between X  and Y can
e defined as:

ov{n;1}(X, Y) = X  ×n YT

here X  and Y have the same size on the nth mode.

In the current study, each TF is represented as a 3-order ten-
or X  ∈ R

I1×I2×I3 , and the matrix Y ∈ R
J1×J2 is encoded as class

embership in binary form (J2 = 2, with each column denoting one
lass).
.2. Standard PLS classifier

Partial least squares (PLS) shares the characteristics of canon-
cal correlation analysis (CCA) and principal component analysis
 example for one of binding sites from AgaR TF. The total number of properties for
ith the same length (35) to form a tensor (1 × 70 × 35). The total number of binding

(PCA), and be applied in situations where the number of observed
variables (features) D is significantly greater than the number
of observations (instances) I (i.e., I � D, multicolinear problem)
[38–41].

The goal of PLS is to optimize the mathematical model formu-
lated as follows:

max
w,q

[cov (Xw, Yq)]2,

s.t. wT w = 1, qT q = 1.
(1)

Essentially, to solve this optimization problem, we  are required
to seek a set of latent vectors (also called score vectors) T = [t1, t2, . . .,
tR], and loading vectors P = [p1, p2, . . .,  pR] (related to X ∈ R

I×D) and
Q = [q1, q2, . . .,  qR] (related to Y ∈ R

I×K ) to reconstruct the original
data X and Y, i.e.,

X = TPT + E =
R∑

r=1

trpT
r + E (2)

Y = TDQT + F =
R∑

r=1

drrtrqT
r + F (3)

where T = XW (W is weight vectors). D is a diagonal matrix,
D = diag(d11, . . .,  dRR). The matrices E and F are the residual of X
and Y, respectively.

Multiple ways have been developed to solve standard PLS [42],
and we  can select one of them according to the intention of practical
applications when the data is presented by one-dimensional vector.
However, when the data is represented by a tensor, their corre-
sponding mathematical model and algorithm should be different
(Section 3.3).

Although PLS is not inherently designed for classification, it can
be easily modified for this purpose, and is routinely used for clas-
sification [43,44]. To predict the new data Xnew, the procedure can
be performed by

Ynew = XnewWDQT (4)
Once we  obtain the predicted value for the new data Ynew, two
ways can be used to identify which class they belong to. Firstly,
we can determine the maximum value of each column directly.
Secondly, we can use Bayesian discrimination to find the optimum



ence i

t
t
t
a

3

c
t
r

T
L

X

w
R
E
m
i
X
Y

u
m
a
d
A
s
(

A
T

4

p
l
l
w
m
(
p
w
t

S. Sun et al. / Artificial Intellig

hreshold in the training procedure, and then use the threshold in
he testing procedure. In the current study, we used the latter. For
he final decision of membership, the standard PLS and tensor PLS
re the same after obtaining Ynew.

.3. Tensor PLS classifier

Tensor PLS has been already proven useful in QSAR [45], brain
omputer interface [46,47] and other applications [48,49]. Similar
o optimizing the PLS model described above, tensor PLS can be
eformulated as follows:

max
{P(n)},q

[
cov

(
X  ×(2) P(1)T ×(3) · · · ×(N) P(N−1)T , Yq

)]2
,

s.t. P(n)T P(n) = I, qT q = 1.
(5)

he tensor data X  can be decomposed as the sum of rank-(1, L2, . . .,
N) tensors (Fig. 2(a)), i.e.,

 =
R∑

r=1

Rr ×1 tr ×2 P(1)
r ×3 · · · ×N P(N−1)

r + E (6)

here E is the residual of X  and R is the number of latent vectors.
 is a core tensor and P(n) is a factor matrix (n = 1, 2, . . .,  N − 1).
q. (6) is the Tucker model tensor decomposition [50,51]. The class
embership matrix Y can be also approximated by Eq. (3), which

s the same as standard PLS (Fig. 2(b)). To predict the new tensor
new , the procedure is performed by
new = Xnew

(1) WDQT (7)

After obtaining the predicted class membership matrix Ynew

sing Eq. (7), we utilize the Bayesian discrimination to deter-
ine the class membership of TFBSs, this procedure is the same

s that in standard PLS classifier. To clearly show the proce-
ure for TFBSs recognition, the TPLSC algorithm is outlined in
lgorithm 1. Moreover, the MATLAB source code and all TFBSs data
ets are freely available at https://github.com/sqsun/HOPLSC TFBSs
accessed 01.06.16).

lgorithm 1. Tensor partial least squares classifier (TPLSC) for
FBSs recognition

. Experiments and results

We  performed a series of experiments on 51 real TFs to com-
are the performance of TPLSC with four other popular machine

earning-based recognition methods: support vector machine with
inear kernel (SVML); support vector machine with linear kernel as

ell as incorporating feature selection (SVML FS); support vector
achine with RBF kernel as well as incorporating feature selection
SVMR FS); and random forest with feature selection (RF FS). The
arameter settings of SVM variants were the same as the previous
ork [19], i.e., the penalty parameter (C) and the RBF kernel func-

ion parameter (�) were performed with 2D grid search to find the
n Medicine 75 (2017) 16–23 19

optimal parameters; the range of C was set to {21, 22, 23, . . .,  215}
and the range of � was set to {2−10, 2−9, 2−8, . . .,  2−1}; and for each
pair of C and � , cross-validation was  conducted on the training data
to evaluate the performance of parameter pairs, {C, �}. For random
forest, we  also used the default parameter setting, i.e., the number
tree was  500.

In the training procedure, we performed 3-fold cross validation
(3-CV) on each TF data set, i.e., the training data set was  randomly
split into three parts, one of which was  a test set and the remaining
parts were training sets. The reason we  used 3-fold cross-validation
was that some TFs had only 5 or 6 positive samples in the training
procedure. All results were assessed by average F-measure over 10
independent runs. The F-measure is a commonly used measure-
ment to assess the performance of the classifier when the number
of positive samples is small [19]; it is formulated as follows:

F-measure = 2 × precision × recall
precision + recall

where recall = TP/(TP + FN), precision = TP/(TP + FP). Here, TP, FP, and
FN are true positive, false positive, and false negative, respectively.

Our first experiment was  designed to investigate how these
properties affect the performance of TFBSs recognition. We  con-
ducted the experiment on three possible groups of DNA  properties:
the conformational properties recorded as 2-mers [37] (i.e., dinu-
cleotide properties); the physicochemical properties recorded as
3-mers, 4-mers, and 7-mers [14,19]; and their combinations. For
simplicity, we denoted different combinations of the properties as
simple names, as shown in Table 1. The first two properties (Di and
DiL) represent dinucleotide properties, and dinucleotide properties
and the letter features, respectively. The next two  (Mu and MuL)
denote multiple nucleotide properties, and multiple nucleotide
properties and the letter features, respectively. The last two (DiMu
and DiMuL) are their combinations. Intuitively, combining the two
group properties is expected to provide increased power in predic-
tions because they characterize the different aspects using k-mers
for DNA sequences.

As shown in Fig. 3, Mu  (blue) or MuL  (magenta) outperforms
other properties for most data sets. The average performance of
Di, DiL, Mu,  MuL, DiMu, and DiMuL across 51 TFs are 0.1879,
0.1935, 0.4587, 0.4696, 0.2004, and 0.2093, respectively. Unexpect-
edly, combining Di (or DiL) and Mu  (or MuL) properties shows just
slightly better performance than using Di (or DiL) alone. More-
over, we  can see that incorporating the letter features into the
combinations does not consistently increase the prediction power
(F-measure). For AraC (the second TF in Fig. 3), incorporating the
letter feature into Di and Mu  can improve the performance while it
decreases the performance for ArcA (the third TF in Fig. 3). The
number of TFs improved by MuL  compared with Di, DiL, DiMu,
and DiMuL are 46 (with improvement roughly more than 90%),
45 (roughly more than 88%), 47 (roughly more than 92%), and 45
(roughly more than 88%), respectively.

Our second experiment was designed to assess the perfor-
mance of TPLSC with several other popular machine learning-based
methods in TFBSs recognition. In our first experiment, the results
illustrated that Mu  or MuL  can provide more increased power than
other properties. Therefore, in this experiment, we only focused on
Mu  and MuL. To illustrate how the letter features affect the perfor-
mance of each method, TPLSC method was  carried out on both Mu
and MuL, but other methods were carried out on MuL because of
incorporating feature selection step.

All results of the methods based on the average F-measure
are summarized in Table 2. As shown in Table 2, the best per-

formance is TPLSC on Mu  (denoted as TPLSC) or TPLSC on MuL
(denoted as TPLSC-Letter). For specific TF, some binding sites
could not be identified completely by existing methods but can
be recognized by the proposed method (TPLSC), such as CytR,

https://github.com/sqsun/HOPLSC_TFBSs
https://github.com/sqsun/HOPLSC_TFBSs
https://github.com/sqsun/HOPLSC_TFBSs
https://github.com/sqsun/HOPLSC_TFBSs
https://github.com/sqsun/HOPLSC_TFBSs
https://github.com/sqsun/HOPLSC_TFBSs
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Fig. 2. The Tucker decomposition process for tensor X  and matrix Y. (a) Approximation of the tensor X  which can be decomposed as three parts: latent matrix T, factor matrix
P,  and core tensor R. (b) Approximation of the matrix Y. The decomposition process of Y in TPLSC is the same as that in PLS.

Table 2
Comparison of six methods over 10 independent training runs on 51 TFs in E. coli. The performance of each method was evaluated by average F-measure and standard
deviation.

TF SVML SVML FS SVMR FS RF FS TPLSC TPLSC-Letter

AgaR 0.4179 ± 0.0895 0.3474 ± 0.0502 0.2822 ± 0.0563 0.1622 ± 0.0183 0.5259 ± 0.0850 0.4550 ± 0.0681
AraC  0.4685 ± 0.0939 0.4284 ± 0.0842 0.4880 ± 0.0605 0.3448 ± 0.0646 0.5545 ± 0.0525 0.6177 ± 0.0684
ArcA  0.3334 ± 0.0375 0.3794 ± 0.0529 0.3905 ± 0.0166 0.2551 ± 0.0175 0.6582 ± 0.0494 0.6507 ± 0.0492
ArgR  0.8122 ± 0.0302 0.8031 ± 0.0528 0.7781 ± 0.0540 0.3268 ± 0.0318 0.7928 ± 0.0294 0.7616 ± 0.0374
CpxR  0.2372 ± 0.0564 0.2403 ± 0.0310 0.2645 ± 0.0306 0.3312 ± 0.0210 0.5756 ± 0.0464 0.5849 ± 0.0272
CRP  0.8065 ± 0.0138 0.8074 ± 0.0148 0.8538 ± 0.0191 0.8100 ± 0.0101 0.9829 ± 0.0041 0.9176 ± 0.0112
CytR  0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0250 ± 0.0116 0.1232 ± 0.0194 0.1496 ± 0.0288
DeoR  0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0333 ± 0.0154 0.0000 ± 0.0000
DnaA  0.0190 ± 0.0402 0.1333 ± 0.0497 0.0000 ± 0.0000 0.0222 ± 0.0022 0.1881 ± 0.0083 0.2697 ± 0.0442
FadR  0.6897 ± 0.0785 0.5827 ± 0.0807 0.6476 ± 0.0586 0.5690 ± 0.0229 0.6979 ± 0.0456 0.7295 ± 0.0399
Fis  0.4752 ± 0.0177 0.4719 ± 0.0186 0.5591 ± 0.0181 0.3287 ± 0.0107 0.8848 ± 0.0164 0.8830 ± 0.0142
FlhDC 0.1887 ± 0.0988 0.2424 ± 0.0545 0.1533 ± 0.0236 0.2045 ± 0.0116 0.3608 ± 0.0607 0.3079 ± 0.0273
FNR  0.7349 ± 0.0196 0.7302 ± 0.0194 0.7525 ± 0.0208 0.7612 ± 0.0104 0.8602 ± 0.0239 0.8647 ± 0.0279
Fur  0.7385 ± 0.0125 0.7039 ± 0.0248 0.7505 ± 0.0146 0.4164 ± 0.0211 0.8653 ± 0.0208 0.8649 ± 0.0134
GadE  0.0000 ± 0.0000 0.0444 ± 0.0099 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0889 ± 0.0463 0.0833 ± 0.0416
GalR  0.2689 ± 0.0122 0.3390 ± 0.0406 0.3244 ± 0.0000 0.3556 ± 0.0192 0.4319 ± 0.0344 0.4886 ± 0.0148
GalS  0.3235 ± 0.0175 0.3048 ± 0.0246 0.3003 ± 0.0115 0.3956 ± 0.0138 0.4932 ± 0.0073 0.4944 ± 0.0112
GcvA  0.3044 ± 0.0234 0.2578 ± 0.0155 0.0444 ± 0.0000 0.0167 ± 0.0028 0.1967 ± 0.0074 0.1246 ± 0.0068
GlpR  0.1309 ± 0.0200 0.1881 ± 0.0353 0.1453 ± 0.0187 0.1917 ± 0.0103 0.3857 ± 0.0338 0.3821 ± 0.0118
GntR  0.0622 ± 0.0088 0.1581 ± 0.0087 0.0533 ± 0.0184 0.0644 ± 0.0047 0.4027 ± 0.0064 0.4040 ± 0.0068
H-NS  0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.1552 ± 0.0362 0.1440 ± 0.0438
IclR  0.0000 ± 0.0000 0.0000 ± 0.0000 0.0778 ± 0.0099 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0229 ± 0.0049
IHF  0.0722 ± 0.0101 0.1053 ± 0.0149 0.1084 ± 0.0142 0.0381 ± 0.0105 0.4947 ± 0.0195 0.4707 ± 0.0114
IscR  0.0933 ± 0.0144 0.1600 ± 0.0116 0.0990 ± 0.0000 0.0533 ± 0.0047 0.1672 ± 0.0065 0.2095 ± 0.0066
LexA  0.8148 ± 0.0190 0.7922 ± 0.0350 0.8155 ± 0.0155 0.8378 ± 0.0321 0.8355 ± 0.0351 0.8630 ± 0.0372
Lrp  0.0085 ± 0.0015 0.0324 ± 0.0100 0.0562 ± 0.0013 0.2004 ± 0.0026 0.3843 ± 0.0026 0.4215 ± 0.0013
MalT  0.2896 ± 0.0067 0.2906 ± 0.0069 0.2568 ± 0.0028 0.6155 ± 0.0107 0.5203 ± 0.0019 0.5337 ± 0.0016
MarA  0.0074 ± 0.0234 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0981 ± 0.0214 0.1933 ± 0.0380 0.1596 ± 0.0337
MelR  0.4084 ± 0.0244 0.4556 ± 0.0221 0.5674 ± 0.1659 0.2411 ± 0.0216 0.2184 ± 0.0310 0.3406 ± 0.0191
MetJ  0.0000 ± 0.0000 0.0000 ± 0.0000 0.0133 ± 0.0141 0.1710 ± 0.0057 0.1934 ± 0.0024 0.2675 ± 0.0178
MetR  0.3900 ± 0.0652 0.4244 ± 0.0521 0.0778 ± 0.0004 0.1444 ± 0.0207 0.6163 ± 0.0577 0.6015 ± 0.0380
ModE 0.0556 ± 0.0907 0.2000 ± 0.0944 0.0000 ± 0.0000 0.0000 ± 0.0000 0.2500 ± 0.0474 0.3133 ± 0.0310
Nac  0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0389 ± 0.0083
NagC  0.9029 ± 0.0279 0.8884 ± 0.0436 0.8869 ± 0.0249 0.9226 ± 0.0109 0.8843 ± 0.0350 0.8885 ± 0.0386
NanR  0.7489 ± 0.0638 0.7200 ± 0.0633 0.7822 ± 0.5132 0.7454 ± 0.0232 0.7508 ± 0.0330 0.8292 ± 0.0407
NarL  0.1870 ± 0.0362 0.2189 ± 0.0452 0.2443 ± 0.0233 0.1189 ± 0.0126 0.4649 ± 0.0249 0.5353 ± 0.0324
NarP  0.0324 ± 0.0419 0.0524 ± 0.0481 0.0167 ± 0.0162 0.0345 ± 0.0220 0.3079 ± 0.0138 0.3405 ± 0.0391
NtrC  0.8871 ± 0.0426 0.8875 ± 0.0193 0.8980 ± 0.0205 0.8954 ± 0.0314 0.8812 ± 0.0511 0.8732 ± 0.0756
OmpR 0.1274 ± 0.0121 0.1529 ± 0.0102 0.2351 ± 0.0288 0.5598 ± 0.0138 0.4323 ± 0.0165 0.4437 ± 0.0104
OxyR  0.7209 ± 0.0473 0.6761 ± 0.0423 0.7441 ± 0.0356 0.0940 ± 0.0119 0.7230 ± 0.0314 0.7304 ± 0.0221
PhoB  0.3440 ± 0.0655 0.4368 ± 0.0767 0.3937 ± 0.0501 0.5875 ± 0.0372 0.5073 ± 0.0512 0.4910 ± 0.0481
PhoP  0.4166 ± 0.0611 0.4686 ± 0.0720 0.4519 ± 0.0615 0.2913 ± 0.0226 0.5888 ± 0.0405 0.6217 ± 0.0445
PspF  0.5222 ± 0.0403 0.4222 ± 0.0648 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0333 ± 0.0805 0.0333 ± 0.0354
PurR  0.8872 ± 0.0323 0.8772 ± 0.0419 0.9208 ± 0.0523 0.9636 ± 0.0304 0.9121 ± 0.0533 0.9251 ± 0.0412
RcsAB 0.0611 ± 0.0100 0.1778 ± 0.0086 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0250 ± 0.0056 0.0000 ± 0.0000
Rob  0.0000 ± 0.0000 0.0711 ± 0.0655 0.0000 ± 0.0000 0.0133 ± 0.0318 0.2306 ± 0.0598 0.1100 ± 0.0532
SoxS  0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0720 ± 0.0429 0.0487 ± 0.0658 0.1445 ± 0.0516
TorR  0.2410 ± 0.0773 0.2889 ± 0.0497 0.0756 ± 0.0428 0.2133 ± 0.0126 0.4869 ± 0.0416 0.5274 ± 0.0578
TrpR  0.8189 ± 0.0641 0.8186 ± 0.0710 0.7692 ± 0.0467 0.5975 ± 0.0166 0.6822 ± 0.0648 0.7838 ± 0.0608
TyrR  0.4156 ± 0.0231 0.4541 ± 0.0380 0.4692 ± 0.0240 0.4822 ± 0.0178 0.6025 ± 0.0246 0.5272 ± 0.0361
UxuR  0.8370 ± 0.0080 0.8343 ± 0.0097 0.6800 ± 0.0060 0.7533 ± 0.0082 0.7002 ± 0.0072 0.7263 ± 0.0048

Avg.  0.3393 0.3543 0.3221 0.2947 0.4587 0.4696
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Fig. 3. Comparison of average F-measure over 51 TFs data sets. The performance of each combination was assessed by TPLSC. The dots with different colors denote the
different combinations of DNA properties. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Fig. 4. The improved magnitude from our method compared with the best results reported by existing methods. The bar indicates the magnitude of improvement, the
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ositive  bar illustrates the improvements, while the negative bar shows the deter
inding  sites (or sample sizes).

eoR, Nac, and SoxS. Furthermore, Fis, IHF, Lrp, and CpxR can
chieve more than 30% improvements compared with other meth-
ds, while the recognition rate of CRP can achieve as high as
8.29%. The last row of Table 2 reports the average F-measure
ver 51 TFs. TPLSC and TPLSC-Letter achieve 0.4587 and 0.4696,
espectively. The second best algorithm is SVML FS (average value
.3543).

Fig. 4 illustrates the difference between the results obtained
y TPLSC and the best results achieved by existing methods. As

hown in Fig. 4, the positive sample size can dramatically affect the
erformance of all methods. With large sample sizes of TFs, such
s Fis (232), IHF (106), Lrp (91), TPLSC can significantly improve
he performance. It should be noted that the methods may  lead
ons. The numbers after TF names connected by symbol ‘-’ indicate the number of

to unrealistic results when the positive sample size of TFs is less
than 10. Particularly, for PspF TF, SVML can achieve 0.5222 while
SVMR FS and RF FS can not identify it completely, and our method
can only achieve 0.0333. The performance of TPLSC on other small
sample size data sets is also not very well, such as TF GcvA (8),
MelR (10), RcsAB (6), PspF (5), and UxuR (9).

In terms of computational complexity, RF FS method depends
on the number of trees, while SVM-based methods are very time
consuming, especially for searching the optimal parameters for RBF

kernel (C and �). The average running time of SVM-based motif
models [19] is roughly one day over 5 independent runs. However,
the running time of our method is no more than 9 minutes over 10
independent runs.
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. Discussion and conclusion

In this paper, we have proposed a promising way  to represent
he DNA sequence for TFBSs, and developed a tensor-based PLS
lassifier for the identification of TFBSs. The experimental results
emonstrate that our approach can significantly improve the iden-
ification rate compared with existing methods. The results also
ndicate that the performance of classifiers with dinucleotide prop-
rties (Di or DiL) is inferior to those with multiple nucleotide
roperties (Mu  or MuL). However, incorporating the feature selec-
ion step into training model procedure does not improve the
erformance of the SVM-based motif models, while incorporat-

ng the letter features into the physicochemical properties can
lightly improve the performance. For example, TPLSC with the let-
er features achieves 0.4696 while without the letter features, it can
chieve 0.4587. The increased power obtained by our approach is
ue to two key benefits, which are summarized as follows:

Tensor-based representation has the ability to capture more
structural information of DNA sequences than vector represen-
tation. Mapping a given DNA sequence to a one-dimensional
feature vector is likely to lose some structural information of
DNA sequences. This issue is similar to vector representation in
the image processing field, in which reshaping image data into
vectors commonly loses the neighborhood characteristics of the
image. The tensor representation used in this study may  capture
the potential interaction among physicochemical properties of
DNA sequences.
With high-dimensional, small sample size data sets, tensor-based
representation also alleviates the limitations of the recognition
method, such as the risk of over-fitting in the training model
procedure. Vectorial representation can significantly increase the
dimensionality of training data sets. For example, the physico-
chemical properties are recorded as 56 properties for each 3-mer
nucleotides and the length of the sequence is 39. Thus, we can
obtain a 2184 (56 × 39) dimensions vector each binding site.
However, in our paper, we only obtain a 1 × 56 × 39 tensor.

With small sample size data sets (less than 10), the methods may
ead to unrealistic results. Fortunately, with the rapid development
f sequencing techniques, the cost of sequencing is decreasing. The
atabase for TFBSs is updating and more and more positive samples
ill be available for analysis. In future studies, we plan to extend our
ethod to other TFBS recognition for further insights into cellular

ehavior and the complex gene regulatory networks in cells [52,53].
ow to represent the raw data as tensor data is an open problem. In

he current study, we only concatenate different mers with a two-
rder tensor to recognize binding sites. A very promising direction
s to model our experimental data as three-order tensor data in the

olecular dynamics phase.
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