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Abstract Bacteriocins are proteinaceous toxins produced

and exported by both gram-negative and gram-positive bac-

teria as a defense mechanism. The bacteriocin protein family

is highly diverse, which complicates the identification of

bacteriocin-like sequences using alignment approaches. The

use of topological indices (TIs) irrespective of sequence

similarity can be a promising alternative to predict protein-

aceous bacteriocins. Thus, we present Topological Indices to

BioPolymers (TI2BioP) as an alignment-free approach

inspired in both the Topological Substructural Molecular

Design (TOPS-MODE) and Markov Chain Invariants for

Network Selection and Design (MARCH-INSIDE) method-

ology. TI2BioP allows the calculation of the spectral

moments as simple TIs to seek quantitative sequence-func-

tion relationships (QSFR) models. Since hydrophobicity and

basicity are major criteria for the bactericide activity of

bacteriocins, the spectral moments (HPlk) were derived for

the first time from protein artificial secondary structures

based on amino acid clustering into a Cartesian system of

hydrophobicity and polarity. Several orders of HPlk charac-

terized numerically 196 bacteriocin-like sequences and a

control group made up of 200 representative CATH domains.

Subsequently, they were used to develop an alignment-free

QSFR model allowing a 76.92% discrimination of bacterio-

cin proteins from other domains, a relevant result considering

the high sequence diversity among the members of both

groups. The model showed a prediction overall performance

of 72.16%, detecting specifically 66.7% of proteinaceous

bacteriocins whereas the InterProScan retrieved just

60.2%. As a practical validation, the model also predicted

successfully the cryptic bactericide function of the Cry 1Ab

C-terminal domain from Bacillus thuringiensis’s endotoxin,

which has not been detected by classical alignment methods.
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Introduction

Bacteriocins are proteinaceous toxins produced and

exported by both gram-negative and gram-positive bacteria
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to inhibit the growth of similar or more distant bacteria

species (de Jong et al. 2006; Hammami et al. 2007). Bac-

teriocins can be applied as food preservatives (Cotter et al.

2005) and are of great interest for novel antibiotics

development (Gillor et al. 2005) and as a diagnostic agents

for some cancers (Cruz-Chamorro et al. 2006; Sand et al.

2007). The classical way to identify a bacteriocin includes

the determination of its biological activity, which is

accomplished by the extensive testing of the (putative)

producer strain ability to inhibit the growth of other

bacteria.

The bacteriocin family includes a diversity of proteins in

terms of size, method of killing, method of production,

genetics, microbial target, immunity mechanisms, and

release. Given such high diversity, bacteriocin classifica-

tion has been challenging (Cotter et al. 2006). The few

bioinformatics approaches developed to identify bacterio-

cins recognize putative open-reading frames (ORFs) based

on sequence alignment (Dirix et al. 2004; Stein 2005)

demanding the implementation of complex strategies due

to the low conservation of the bacteriocin protein class.

The use of topological indices (TIs), irrespective of

sequence similarity, can be a promising alternative to

predict proteinaceous bacteriocins (Estrada and Uriarte

2001; Gonzalez-Diaz et al. 2008; Gonzalez-Diaz et al.

2007c). Thus, we present Topological Indices to BioPoly-

mers (TI2BioP) as an alignment-free approach inspired in

both the Topological Substructural Molecular Design

(TOPS-MODE) (Estrada 2000) and Markov Chain Invari-

ants for Network Selection and Design (MARCH-INSIDE)

methodology (González-Dı́az et al. 2007) that calculates

the spectral moments as simple TIs to obtain alignment-

free models from quantitative sequence-function relation-

ships (QSFR). This methodology takes advantage of the

calculation of one-dimension (1D), two-dimension (2D),

and three-dimension (3D) parameters based on the graph-

ical representation of the chemical structure of biopolymers

such as DNA, RNA, and proteins. We evaluated the

TI2BioP accuracy to successfully identify proteinaceous

bacteriocins in spite of its high sequence diversity. Since

hydrophobicity and basicity are major criteria for the

bactericide activity of bacteriocins (Fimland et al. 2002;

Hammami et al. 2007), we derived the TIs from linear

sequences plotting its amino acids (aas) into an 2D

Cartesian Hydrophobicity-Polarity (2D-HP) lattice resem-

bling a protein pseudo-secondary structure (see Figs. 1, 7).

Thus, we calculated for the first time the spectral moments

(HPlk) of the edge matrix associated with such artificial

secondary structures as TIs. The new spectral moments are

based on the 2D spectral moments calculated by TOPS-

MODE as well as on the 3D and HP-Lattice stochastic

spectral moments calculated by MARCH-INSIDE (Agü-

ero-Chapin et al. 2009; Gonzalez-Diaz et al. 2007a;

Gonzalez-Diaz et al. 2007b; Munteanu et al. 2009), but

have a different definition and contain new structural

information. Its values characterized numerically 196

bacteriocin-like sequences and a control group made up of

200 representative CATH domains. Subsequently, several

orders of HPlk were used to develop an alignment-free

QSFR model that allowed a 76.92% discrimination of

bacteriocin proteins from other domains, a good result

considering the high sequence diversity among the mem-

bers of both groups. The model showed a prediction overall

performance of 72.16%, specifically retrieving 66.7% of

proteinaceous bacteriocins whereas the InterProScan clas-

sified just 60.2%. Our model further predicted successfully

the cryptic bactericide function of the Cry 1Ab C-terminal

domain from Bacillus thuringiensis’s endotoxin reported

by Vazquez-Padrón et al. (Vazquez-Padron et al. 2004).

We conclude that the TI2BioP approach based on the

higher-order encoding of the HP-spectral moments has a

high accuracy that justifies its use as an alternative method

to alignment approaches. TI2BioP retrieved successfully

the screening of putative proteinaceous bacteriocins in

spite of the high sequence diversity of this protein class.

Furthermore, TI2BioP allowed the prediction of protein

domains that have a cryptic bactericidal action, undetect-

able using alignment procedures. Finally, the alignment of

2D-HP protein maps offered a novel approach to explain

evolutionary relationships between the Cry 1Ab C-terminal

domain and the bacteriocin class.

Methods

Computational methods

An alignment-free methodology called ‘‘TI2BioP’’ is

presented to codify the structural information of

Fig. 1 Three structures for the colicin E1domain sequence. a Primary

structure b three-dimensional structure c the pseudo-secondary

Cartesian structure of hydropobicity and polarity
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proteinaceous bacteriocins and a control group designed

from 8,871 structurally non-redundant subset of the

CATH database (Cuff et al. 2009). TI2BioP was built up

on object-oriented Free Pascal IDE Tools (lazarus). The

program can be run on Windows and Linux operating

system. The user-friendly interface allows the users to

access the sequence list introduction, selecting the rep-

resentation type and calculations of TIs. It is based on

the graph theory considering the ‘‘building blocks’’ of

the biopolymers DNA, RNA, and protein as nodes or

vertexes and the bonds between them as edges into a

certain graph. Thus, the information contained in bio-

polymeric long strings is simplified in a graph consid-

ering some of its relevant features as the topology and

properties of the monomers. These factors determine

either the real secondary structure or the pseudo-folding

of linear sequences into 2D-HP lattice. TI2BioP was

developed on the basis of two well-known methodolo-

gies: ‘‘TOPS-MODE’’ (Estrada 2000) implemented in the

‘‘MODESLAB’’ software (Gutierrez and Estrada 2002)

and the MARCH-INSIDE program (González-Dı́az et al.

2007). TI2BioP shows a draw mode to represent auto-

matically linear sequences of DNA, RNA and proteins as

2D graphs, but can also import files containing 2D

structure inferred by other professional programs

(Mathews 2006). The calculation of the topological

indices from these 2D maps is performed following the

TOPS-MODE approach (Estrada 1996; Estrada 2000).

Finally, these TIs containing relevant information of the

sequence are used to carry out a QSFR, which allow

classifying gene and protein classes without the need to

perform an alignment procedure.

We used the 2D-HP graphs to encode information about

proteinaceous bacteriocin sequences following previous

experiences achieved using the MARCH-INSIDE meth-

odology (González-Dı́az et al. 2007) in the prediction of

protein function from linear sequences (Agüero-Chapin

et al. 2008b; Agüero-Chapin et al. 2009; Gonzalez-Diaz

et al. 2008).

The spectral moments (lk) introduced previously by

Estrada (Estrada 1996; Estrada 1997) were applied to

describe protein 2D-maps. These TIs have been widely

validated by many authors to encode the structure of small

molecules in QSAR studies (González et al. 2006;

Markovic et al. 2001) including the characterization of

macro molecular chains based on dihedral angles by

Estrada (Estrada 2007; Estrada and Hatano 2007). The

original adjacent matrix is modified according the building

of the 2HP-protein maps. The 20 different aas are clustered

into 4 HP classes. These four groups characterize the HP

physicochemical nature of the aas as polar, non-polar,

acidic or basic (Jacchieri 2000). Each amino acid (aa) in

the sequence is placed in a Cartesian 2D space starting with

the first monomer at the (0, 0) coordinates. The coordinates

of the successive aas are calculated as follows:

a. Decrease by -1 the abscissa axis coordinate for an

acid aa (leftwards-step) or:

b. Increase by ?1 the abscissa axis coordinate for a basic

aa (rightwards-step) or:

c. Increase by ?1 the ordinate axis coordinate for a non-

polar aa (upwards-step) or:

d. Decrease by -1 the ordinate axis coordinate for a

polar aa (downwards-step).

This 2D graphical representation for proteins is similar

to those previously reported for DNA (Nandy 1994; Nandy

1996; Randic and Vracko 2000) and has been also useful

for structural RNA classification (Agüero-Chapin et al.

2008a). The Fig. 1 shows the primary structure of the

channel-forming domain of colicin E1 bacteriocin (a), the

crystal structure of such domain (b) and its 2D-HP map (c).

The 191 aas of the colicin E1 domain sequence are rear-

ranged in a pseudo-secondary structure of hydrophobicity

and polarity that compact its linear sequence. Note that a

node (n) in the 2D-HP map could be made up for more than

one aa. The N and C termini of the protein sequence in the

2D-HP map are labeled with a red square dot and simple

dot, respectively.

We calculated for the first time the spectral moments

(HPlk) values as TIs describing these proteins maps. The
HPlk were selected based on the utility of lk to codify

structural information in small molecules (Cabrera-Pérez

et al. 2004; Estrada 2000) and also do to its relevance in

Proteomics, when stochastically calculated (HPpk) using the

Markov chain theory (Gonzalez-Diaz and Uriarte 2005;

Gonzalez-Diaz et al. 2005).

Spectral moments for 2D-HP protein maps

After the representation of the sequences we assigned to

each graph a bond matrix B for the computation of the

spectral moments. These TIs are defined as the trace, i.e.

sum of main diagonal entries of the different powers of the

bond adjacency matrix. This matrix is a square symmetric

matrix that its non-diagonal entries are ones or zeroes if the

corresponding bonds share or not one aa. Thus, it set up

connectivity relationships between the aa in the pseudo

secondary structure (2D-HP map). The number of edges

(e) in the graph is equal to the number of rows and col-

umns in B but may be equal or even smaller than the

number of peptide bonds in the sequence. Main diagonal

entries can have bonds weights describing hydrophobic/

polarity, electronic and steric features of the aas. Particu-

larly, the main diagonal was weighted with the average of

the electrostatic charge (Q) between two bound nodes that

in turn are weighted with electrostatic charge (q) from
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Amber 95 force field (Cornell et al. 1995). The q is equal

to the sum of the charges of all aas placed in a node. Thus,

it is easy to carry out the calculation of the spectral

moments of B in order to numerically characterize the

protein sequence.

HPlk ¼ Tr Bð Þk
h i

ð1Þ

where Tr is called the trace and indicates the sum of all the

values in the main diagonal of the matrices (B)k, which are

the natural powers of B.

In order to illustrate the calculation of the spectral

moments, an example is described below. The 2D-HP map

of the sequence (D1-E2-D3-K4-V5) is showed in the Fig. 2

as well as its bond adjacency matrix. The calculation of the

spectral moments up to the order k = 3 is also defined

downstream of the Fig. 2. Please note in the graph that the

central node contains both E, and K and the q values are

represented in the matrix as the aa symbols (E = 1.885,

V = 2.24, K = 2.254, D = 1.997).

Expansion of expression (1) for k = 1 gives the HPl1,

for k = 2 the HPl2 and for k = 3 the HPl3. The bond

adjacency matrix derived from this linear graph is descri-

bed for each case

HPl1 ¼ Tr B½ � ¼ Tr

3:068 1 1

1 3:068 1

1 1 3:189

2
4

3
5

0
@

1
A ¼ 9:325

ð1aÞ

HPl2 ¼ Tr Bð Þ2
h i

¼ Tr

3:068 1 1

1 3:068 1

1 1 3:189

2
64

3
75

0
B@

�
3:068 1 1

1 3:068 1

1 1 3:189

2
64

3
75

1
CA¼ 11:413ð Þ2þ 11:413ð Þ2

þ 12:170ð Þ2 ð1bÞ

HPl3 ¼ Tr Bð Þ3
h i

¼ Tr

3:068 1 1

1 3:068 1

1 1 3:189

2
64

3
75

0
B@

1
CA

3

¼ 49:405ð Þ3þ 49:405ð Þ3þ 53:323ð Þ3 ð1cÞ

The calculation of HPlk values for protein sequences of

both groups were carried out with our in-house software

TI2BioP version 1.0�, including sequence representation

(Molina et al. 2009). We proceeded to upload a row data

table containing the sixteen HPlk values for each sequence

(k = 1, 2, 3,…16), two additional TIs defined as Edge

Numbers and Edge Connectivity and the grouping variable

(Bact-score) that indicates the bacteriocin-like proteins

with value of 1 and -1 for control group sequences to

statistical analysis software (Statsoft 2007). The overall

methodology is represented schematically in order to

improve the understanding of our approach (see Fig. 3).

Database

A total of 196 bacteriocin-like proteins sequences belong-

ing to several bacterial species were collected from the two

major bacteriocin databases, BAGEL (de Jong et al. 2006)

and BACTIBASE (Hammami et al. 2007). A polypeptide

or proteinaceous bacteriocin was considered according its

sequence length ([100 bp). Each proteinaceous bacteriocin

sequence retrieved was labeled respecting its original

database ID code; see Table I in SM.

The negative group was selected from 8,871 protein

downloaded from the CATH domain database of protein

Fig. 2 The 2D-HP map for the protein fragment DEDKV, aside the

definition of its bond adjacency matrix. Note that all edges of the

graph are adjacent, thus all non-diagonal entries are ones

Fig. 3 The overall procedure followed for the classification of

bacteriocins
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structural families (version 3.2.0) (http://www.cathdb.info)

(Cuff et al. 2009). Particularly, we used the FASTA

sequence database for all CATH domains (based on

COMBS sequence data) sharing just the 35% of sequence

similarity as the starting group. The COMBS sequences

provide the full sequence instead of only the residues

present in the ATOM records (Brandt et al. 2008). The

FASTA database is made non-redundant case-sensitively

and IDs are concatenated. The 200 members of the final

control subset were selected using a k-means cluster

analysis (k-MCA) (Mc Farland and Gans 1995a). CATH

domains IDs that make up the control group are also

showed in Table Ia of SM. Training and predicting series of

the bacteriocin database were designed following the same

procedure.

Statistical analysis: k-means cluster analysis (k-MCA)

This method has been applied before in QSAR to design

the training and predicting series (Kowalski and Marcoin

2001; Mc Farland and Gans 1995b). The method requires a

partition of the bacteriocin and the starting control group

independently into several statistically representative

clusters of sequences. The members to conform the control

group are selected from all of these clusters and afterwards

the sequences of the training and predicting series. This

procedure ensures that the main protein classes will be

considered in the control group allowing the representation

of the entire ‘experimental universe’. The spectral moment

series were explored as clustering variables in order to

carry out k-MCA. The procedure described above is rep-

resented graphically in Fig. 4 for both groups.

General discriminant analysis (GDA)

The starting control group was reduced following the

k-MCA to balance both groups according to the GDA

requirements; then training and predicting series were

selected from 200 CATH members. The GDA best subset

was carried out for variable selection to build up the model

(Marrero-Ponce et al. 2005; Marrero-Ponce et al. 2004;

Meneses-Marcel et al. 2005; Ponce et al. 2004). The

STATISTICA software reviewed all the variable predictors

for finding the ‘‘best’’ possible sub model. The variables

were standardized in order to bring them onto the same

scale. Subsequently, a standardized linear discriminant

equation that allows comparison of their coefficients was

obtained (Kutner et al. 2005). The model selection was

based on the revision of Wilk’s (k) statistic (k = 0 perfect

discrimination, being 0 \ k\1) in order to assess the

discriminatory power of the model. We also inspected the

Fisher ratio (F), value of a variable indicating its statistical

significance in the discrimination between groups, which is

a measure of the extent of how a variable makes an unique

contribution to the prediction of group membership with a

probability of error (p level) p(F) \ 0.05.

Applicability domain

A simple method to investigate the applicability domain of

a prediction model is to carry out a leverage plot (plotting

residuals vs. leverage of proteins used in the training set)

(Eriksson et al. 2003; Niculescu et al. 2004). The leverage

(h) of a sequence in the original variable space which

measures its influence on the model is defined as

hi ¼ xT
i ðXT XÞ�1xði ¼ 1; . . .; nÞ

where xi is the descriptor vector of the considered sequence

and X is the model matrix derived from the training set

descriptor values. The warning leverage h* is defined as

follows:

h� ¼ 3� p0=n

where n is the number of training sequences and p0 is the

number of model adjustable parameters.

Alignment procedures

The Smith–Waterman algorithm was used to perform local

sequence alignment for determining similar regions

between pairs of bacteriocin protein sequences (all vs. all)

(Smith and Waterman 1981). The water program was

downloaded from the European Molecular Biology Open
Fig. 4 Scheme describing the design of training and predicting series

using k-MCA for both bacteriocins and control group
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Software Suite (EMBOSS) (http://www.ebi.ac.uk/Tools/

emboss) and run on Linux Ubuntu 8.04. Water uses the

Smith–Waterman algorithm (modified for speed enhance-

ments) to calculate the local alignment. EBLOSUM62 was

set as the substitution matrix and gap penalties values were

taken by default.

Bacteriocin classification using classical methods

Each bacteriocin protein sequence presented in this study

was also submitted to InterProScan for its classification

(Quevillon et al. 2005). Sequences in FASTA format were

analyzed one by one at the http://www.ebi.ac.uk/Tools/

InterProScan looking into the InterPro database (Hunter

et al. 2009).

Results and discussion

Prediction of proteinaceous Bacteriocins

using 2D-HP TIs

We calculated spectral moments (HPlk) of the bond adja-

cency matrix that describe electronically the connection

between the aas in the pseudo secondary structure or 2D-HP

map of the protein sequence. This calculation was carried

out for two groups of protein sequences, one made up of

bacteriocin-like proteins and the other formed by hetero-

geneous CATH domains. The members of both groups were

selected as follows: (1) the bacteriocin group contained 196

members in total; (2) the members of the training and pre-

dicting series were chosen according to the k-means cluster

analysis (k-MCA); (3) the k-MCA divided the data into four

clusters containing 75, 78, 27, and 16 members, respec-

tively; (4) the selection was based on the distance from each

member with respect to the cluster center (Euclidean dis-

tance); (5) the members of the external validation subset

were selected uniformly in respect to Euclidean distance

taking out the 25% in each cluster; and (6) the remaining

cases were used to train the model.

To set up the final control group, the original data of

8,871 proteins were reduced to 200 members in order to

balance the two groups as required by general discriminant

analysis (GDA). Data selection was also carried out using

the k-MCA to ensure the inclusion of representative protein

domains of each cluster in the control group. The original

data were split into six statistically representative clusters

of sequences made up by: 1,553, 1,416, 1,754, 1,863,

1,339, and 946 members. Afterwards, the members com-

prising the training and predicting subsets were selected

following the same procedure described above.

Cluster of cases were carried out using the TIs computed

in TI2BioP methodology. We have explored the standard

deviation between and within clusters, the respective Fisher

ratio and their p level of significance (Mc Farland and Gans

1995b). All variables were used to construct the clusters

but only the combination from the HPl12 to HPl16 showed

p levels\0.05 for Fisher test, as depicted in Table 1. Four

statistically homogeneous clusters of proteinaceous bacte-

riocins were described coinciding with the existence of

four proteinaceous subclasses described by Cotter et al.

(Cotter et al. 2006).

The k-MCA based on TI2BioP structural indices

revealed a high diversity between bacteriocins-like proteins

sequences, which was further supported by the pair-wise

alignment results performed between its 196 proteinaceous

members using the Smith–Waterman local algorithm. The

Smith–Waterman procedure is able to obtain correct

alignments in regions of low similarity between distantly

related biological sequences. Thus, it is possible to detect

sub regions or sub-sequences with an evolutionary con-

served signal of similarity. Bacteriocins are good candi-

dates to perform this procedure, because aa similarity

percentages can be as low as 25.7%. The 85% of the

sequences pairs aligned (16,240 pairs) showed similarity

percentage below 50% and the 23% sequences pairs (4,375

pairs) showed similarity below 35% in just short sub

regions. These outcomes are consistent with the high

diversity of bacteriocins and with the distinct performance

of the classification methods (see the Smith–Waterman

results in Table II of SM).

Once we performed a representative selection of the

training set for both groups, the discrimination functions

can be determined. Thus, we choose the functions with

higher statistical significance but with few parameters as

Table 1 Main results of the k-MCA for the proteinaceous bacterio-

cins class and the control group

Protein descriptors Between

SSa
Within

SSb
Fisher

ratio (F)

p levelc

Variance analysis bacteriocins-like proteins
HPl12 161.61 33.39 309.72 \0.001
HPl13 160.19 34.81 294.48 \0.001
HPl14 161.44 33.56 307.91 \0.001
HPl15 159.49 35.51 287.43 \0.001
HPl16 162.20 32.80 316.52 \0.001

Control group
HPl12 8347.91 522.09 28349.40 \0.001
HPl13 8319.39 550.61 26788.96 \0.001
HPl14 8334.12 535.88 27574.19 \0.001
HPl15 8313.42 556.58 26482.71 \0.001
HPl16 8336.86 533.14 27725.03 \0.001

a Variability between groups
b Variability within groups
c Level of significance
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possible. Each discriminant function expresses in proba-

bility terms the tendency or propensity of a given aa

sequence to belong to the bacteriocin-like protein class.

The model classifies the sequences according to its bio-

logical function providing a predicted probability as a

numerical score (0 B score B 1). The best classification

function equation found for the bacteriocin group after

GDA analyses was:

Bact-score ¼ 6:86� HPl1 � 2:06� HPl3 � 2:39

� HPl10 � 2:34� EdgeN� 0:08

� N ¼ 299 k ¼ 0:63 F ¼ 53:22 p\0:001 ð3Þ

Where, N is the number of proteins used to seek the

corresponding classification models, which discriminate

between proteinaceous bacteriocins and representative

CATH domains. The statistics parameters of the above

equation are the same usually shown for QSAR linear

discriminant models (Santana et al. 2006; Vilar et al.

2005), including Wilk’s statistical (k) and Fisher ratio (F)

with a probability of error (p level) p(F). The value of p(F)

shows significance, rejecting the null hypothesis (H0) (no

difference between two groups).

This discriminant function (equation 3) classified cor-

rectly 230 out of 299 proteins used in the training series

(level of accuracy of 76.92%). More specifically, the model

correctly classified 122/148 (82.43%) sequences of pro-

teinaceous bacteriocins and 108/151 (71.52%) of the con-

trol group. A validation procedure was subsequently

performed in order to assess the model predictability.

We used the subsampling test to examine the prediction

accuracy of our model. This validation procedure is easier

to implement and provides reliable results in the validation

of a predictive model at low computational cost (Rivals and

Personnaz 1999). Thus, we took out randomly subsamples

representing the 25% of the training set to assess the model

predictability. The procedure was repeated ten times

varying the composition of the subsamples. Afterwards the

mean values for the Wilk’s statistical, accuracy, sensitivity

and specificity in training and external validation subsets

were calculated. The respective classification matrices for

training and cross-validation are depicted in Table 2. The

classification results derived from the sub-sample test were

very similar to those achieved from the member’s selection

using k-MCA; notice that the Wilk’s statistical remained

almost invariant showing the robustness of the model.

An external validation was also performed using the

predicting series derived from the k-MCA. It is important

to highlight that this external set was not used to build the

model. This procedure was carried out with an external

series of 48 bacteriocin-like proteins and 49 CATH

domains (see Table 2). The model showed a prediction

overall performance of 72.16%, able to predict 32/48

(66.7%) of proteinaceous bacteriocins and 38/49 (77.5%)

of the functionally diverse domains. This result is

remarkable relatively to other QSAR studies using 2D

stochastic indices to classify protein classes with higher

degree of sequence conservation among its members

(Agüero-Chapin et al. 2009; Vilar et al. 2008). The clas-

sification of each protein sequence (bacteriocins and

CATH domains) is shown in more details in Table I and Ia

of SM.

As can be seen from the model equation, the spectral

moment HPl1 is the major predictor that contributes posi-

tively to the bacteriocin classification. However, the rest of

the predictors (HPl3, HPl10 and EdgeN) affect bacteriocin

identification in a negative way. This fact points out that

the increase of higher-order spectral moments and edge

numbers affects negatively the bacteriocin identification.

Proteins sequences pseudo folded into 2D-HP maps with

few edges numbers and high values of HPl1 are more likely

to present the antibiotic action on other bacteria. Edge

numbers are associated directly with the length of the linear

sequence but in our pseudo secondary structure are also

influenced by the composition of its acid, basic, polar and

non-polar aas. Thus, bacteriocins proteinaceous sequences

pseudo folded in a more compact 2D-HP map show a

balance of hydrophobicity due to its amino acidic compo-

sition. This fact agrees with the amphiphatic properties of

mature bacteriocins, which form domains or helices having

hydrophobic and hydrophilic regions; an essential struc-

tural feature to perform its antibiotic action (Kaur et al.

2004). It also supports the fact that naturally-occurring

antimicrobial agents are often peptide-like bacteriocins

rather than proteins (Sang and Blecha 2008).

The protein classification based solely on linear

sequence homology can perform poorly when the sequence

diversity is high, as in the case of bacteriocins. By contrast,

the classification based on higher structural organization is

much more effective because during the evolution of pro-

tein families often its secondary and tertiary structure

Table 2 Classification results derived from the model for training

and validation series

Training set (k-MCA) External validation (k-MCA)

Total% 76.92 Bact. Control Bact. Control 72.17 Total%

Bact. 82.43 122 26 32 16 66.67 Bact.

Control 71.52 43 108 11 38 77.5 Control

Cross-validation (Training set)

Training subset Validation subset

Bact. Control Total% k Bact. Control Total%

82.36 71.76 77.02 0.629 81.55 70.54 75.94

Numbers in bold highlight the well-classified cases
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remained more conserved than the primary sequence. Our

TIs reveal hidden but relevant information contained in the

primary sequence, as the hydrophobicity/polarity features

of its aas, which are important properties for the secondary

structure fold of bacteriocins (Hammami et al. 2007).

Consequently, the 2D-HP TIs are useful to determine with

more accuracy the biological function when higher struc-

tural levels are not available (e.g. 2D and 3D information).

This fact makes the TIs very useful to carry out easily the

screening of large protein databases, such as entire prote-

omes, by considering information beyond the primary

level.

In addition to validation procedures, the receiver oper-

ating characteristic (ROC) curve was also constructed for

our model. Notably, the curve presented a convexity with

respect to the y = x line for the training series (see Fig. 5).

This result confirms that the present model is a significant

classifier having an area under the curve above 0.8.

According to the ROC curve theory, random classifiers

have an area of only 0.5, which clearly differentiate our

classifiers from those working at random (Swets 1988).

Sequences with h [ h* = 0.05 are out of the model’s

applicability domain. As observed in Fig. 6, most of the

sequences in training and test set lies within the model’s

applicability domain; just seven training and three valida-

tion sequences are out.

Particularly, it is important for the model predictability

to recognize sequences used in the test set that are outside

of its applicability domain. Thus, sequences like

pdb1gkrB02 (h = 0.056), pdb1ys1X00 (h = 0.223) and

P22522.1 (h = 0.073) should not be predicted as protein-

aceous bacteriocins using this model or at least be

considered cautiously. Considering such analysis, these

three last cases will remain out of the external set

increasing slightly the overall prediction percentage from

72.17 up to 72.34%. The new classification results after the

removal of such cases from the external set are shown in

Table 3.

Bacteriocins prediction using classical methodologies

In order to compare the methodology reported here with

classical predictive sources of functional annotation, the

196 proteinaceous bacteriocins used in this study were

submitted to InterPro analysis using its InterProScan tool

(Quevillon et al. 2005). This tool combines different pro-

tein signature recognition methods native to the InterPro

member databases into one resource with look up of cor-

responding InterPro and Gene Ontology annotation. Pro-

tein signature databases have become vital tools for

identifying distant relationships in novel sequences and

hence are used for the classification and function deduction

of protein sequences. Most of the protein signature recog-

nition methods implemented in InterPro rely up to certain

Fig. 5 Receiver Operating Characteristic curve (ROC-curve) for the

bacteriocin model (dark line) and random classifier (tight line) with

areas under curve of 0.87, and 0.5, respectively

Fig. 6 Graphical representation for the applicability domain of the

model

Table 3 Results of the external set prediction after determining the

model’s applicability domain

External set Classification

percentage

Control

Group

Bacteriocins

Control Group 76.59 36 11

Bacteriocins 68.09 15 32

Total 72.34 47 47

Numbers in bold highlight the well-classified cases
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extend on alignment procedures, which justify why we

have selected it to carry out a comparative study using our

alignment-free approach. In this sense, InterProScan tool

did not classify 40 protein sequences out of a total of 196.

Out of these 40 non-classified sequences, 16 did not

retrieve any hits and the remaining sequences did not have

integrated signatures on InterPro database, thus just being

classifying 79.6% of the data. In addition, 38 proteinaceous

bacteriocins were recognized by InterPro as having other

protein signatures, unrelated to bacteriocins-like sequences,

thus decreasing the good classification percentage to 60.2%

(see Table III of SM). Despite the simplicity of our

alignment-free approach, the QSFR model showed a gen-

eral classification of 78.6% (154/196). This result is not

distant from the InterPro’s performance considering the

unclassified bacteriocins (79.6%), but is considerably

higher than the general classification percentage provided

by the InterPro (60.2%). Therefore, the identification of

proteinaceous bacteriocins using alignment approaches is

not a simple task considering the high diversity in its pri-

mary structure. Bacteriocins-like sequences could have

significant similarities to functional domains unrelated with

the bactericidal function per se or may not match any

recorded sequence, as suggested by this study. The use of

alignment methods will also make difficult the detection of

a putative bactericide function in polypeptides or domains

that have been traditionally classified in another class.

Thus, independent domains belonging to proteins with

completely different functions from the bacteriocin class

might never be detected unless if using experimental pro-

cedures. In this sense, the development of alternative

methods not relying on sequence similarity to detect bac-

tericidal function in proteins, polypeptides (domains) and

internal domains could be a solution.

An alignment-free prediction to a cryptic

bacteriocin-like domain

We provide a practical example of our approach to detect

putative bacteriocin-like sequences in internal domains of

proteins unrelated with the bactericidal function—the case

of the C-terminal domain of the Cry1Ab endotoxin from

Bacillus thuringiensis subsp. kurstaki (Vazquez-Padron

et al. 2004). Cry1Ab is one of the most studied insecticidal

proteins produced by B. thuringiensis as crystalline inclu-

sion body during sporulation (Bravo et al. 2004; Padilla

et al. 2006; Pardo-Lopez et al. 2006). Consequently, its

nucleotide and amino acid sequence have been recorded for

a large number of B. thuringiensis strains. Several

sequences are nearly identical, and have been designated as

variations of the same gene. The crystal protein (Cry)

genes specify a family of related insecticidal proteins

(Bravo 1997).

Although the Cry 1Ab C-terminal domain is not

exported to the medium due to its internal location into a

crystal protein, it shares relevant features to bacteriocins

such as (1) it is produced by a Gram-positive bacteria

(B. thuringiensis), (2) inhibits the growth of other bacteria

genera like A. tumefaciens and E. coli, both being Gram-

negative bacteria and showing a broad range of bactericidal

action, (3) it presents an immunity mechanism to its ori-

ginal host B. thuringiensis by binding to the N-terminal

portion of the d endotoxin, and (4) it is encoded by a large

B. thuringiensis plasmid despite others being chromosom-

ally encoded.

According to these evidences, the C-terminal domain of

549 aa is a bacteriocin-like sequence. However, the

sequence is recognized by alignment methods like Basic

Local Search Alignment Tool (BLAST) as a delta-endo-

toxin from B. thuringiensis. The InterProScan showed ‘‘no

hits’’ meaning no possible classification among the protein

classes recorded in the InterPro database. Therefore, the

use of alignment-free procedures as TI2BioP represents a

complementary alternative to the classical methodologies.

The Cry 1Ab C-terminal domain was pseudo folded in a

2D-HP lattice, afterwards the calculation of its TIs (spectral

moments) were carried out and the values of l1, l3, l10 and

Edge numbers were evaluated in our classification func-

tion. The discriminant equation predicted that the Cry 1Ab

C-terminal domain was a bacteriocin-like sequence with a

high score of 0.97. The QSFR model prediction is

consistent with our experimental observations (Vazquez-

Padron et al. 2004).

Moreover, we also applied the water program to find

maximal local similarities between the Cry 1Ab C-terminal

domain and all proteinaceous bacteriocins used in our

study. We investigated common structural features

accounting for the cryptic bactericidal action of the C-ter

domain. The pair-wise local alignment showed similarities

below 50% to the 88.8% of the bacteriocins, with 43.37%

of them sharing less than 35% of sequence similarities with

our query. That is the case of Q88LD6 classified as a

bacteriocin production protein reaching the maximal sim-

ilarity (80%) in a short region of 15 aa with a low aa

identity percentage (see Table IV of SM).

2D-HP maps insight into the bactericide function

and evolution of Cry 1Ab C-terminal domain

Alignment procedures based on linear homology are lim-

ited to search structural relationships between proteins with

similar biological functions but low conservation at the

primary level. However, exploiting sequence features

beyond the primary level can be insightful in the charac-

terization of a certain protein class. We selected the most

representative sequences (the closest ones to the cluster
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centroid) into the four clusters of proteinaceous bacterio-

cins divided by the HPlk to perform a bi-dimensional

alignment. The 2D alignment of the pseudo-secondary

structures of bacteriocins and Cry 1Ab C-terminal domain

provided graphical evidence that both are functionally

related. Starting from the coordinates (0, 0), a clear

superposition between the C-ter domain and the HP-lattice

conformed by bacteriocin sequences are shown in Fig. 7.

The matching region is evident in contrast with the low-

similarity percentages obtained by the Smith–Waterman

procedure. This fact supports the relevance of the hydro-

phobicity and basicity to characterize functionally a bac-

teriocin-like sequence and the cryptic bactericide action of

this Cry 1Ab portion.

The cry genes are mostly found in large conjugative

plasmids. Such plasmids also contain coding sequences to

other proteins being the gene cluster involved in the pro-

duction and exportation of antibiotic peptides, one of the

most amazing determiners (Bravo et al. 2007). For

instance, the sequencing on the coding plasmid (pBtoxis) to

Bt subsp. israelensis toxins showed the presence of toxin

short sequences with homology to central and C-terminal

regions of Cry proteins (Berry et al. 2002). These apparent

remainders have suggested that during the pBtoxis evolu-

tion, its ancestors have been host of other toxins that were

then lost. Considering that these genes are also character-

ized for their mobilization by transposition either into this

species or in-between others (Barloy et al. 1998; Yokoyama

et al. 2004), an evolutionary hypothesis to the finding of the

bactericide function of the Cry 1Ab C-ter from the Bt

subsp. kurstaki could be proposed. We believe that such

fragment belongs to an ancestral bacteriocin that could

have lost its mechanism of exportation.

These results confirmed the utility of our alignment-

independent method to recognize cryptic bacteriocins that

are difficult to identify if using solely alignment proce-

dures. Our method is also effective because it allows the

use of graphical procedures to find functional and evolu-

tionary relationships among very distant protein classes.

The simplicity and advantage of our approach make it

suitable for complementing classical alignment tools,

which can be of particular relevance to screen bacterial

proteomes for new polypeptides with antibiotic action.

Conclusions

We presented TI2BioP methodology as a successful alter-

native approach relatively to alignment procedures to

identify proteinaceous bacteriocins from domain sequen-

ces. Its usefulness stems from the use of 2D-HP protein

maps to calculate the spectral moments as TIs. Such TIs

condense the hydrophobicity and polarity information

of the sequences and were used to develop a simple

QSFR classifier. Despite the bacteriocins high diversity,

this QSFR model could discriminate successfully the

bacteriocin-like sequences among representative CATH

domains and showed a good predictability. TI2BioP pro-

vided several advantages for the bacteriocins classification

relatively to classical protein function annotation methods

like InterPro. Moreover, the predictions made by our model

for the Cry 1Ab C-ter domain coincided with its cryptic

bactericidal action demonstrated in practical experiments.

Thus, overlapping of protein pseudo-secondary structures

can be an useful alternative to reveal functional and evo-

lutionary relationships of orthologous proteins.
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Agüero-Chapin G, Antunes A, Ubeira FM, Chou KC, Gonzalez-Diaz

H (2008a) Comparative study of topological indices of macro/

supramolecular RNA complex networks. J Chem Inf Model

48:2265–2277
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