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Abstract
Quorum sensing peptides (QSPs) are the signaling molecules used by the Gram-positive

bacteria in orchestrating cell-to-cell communication. In spite of their enormous importance

in signaling process, their detailed bioinformatics analysis is lacking. In this study, QSPs

and non-QSPs were examined according to their amino acid composition, residues posi-

tion, motifs and physicochemical properties. Compositional analysis concludes that QSPs

are enriched with aromatic residues like Trp, Tyr and Phe. At the N-terminal, Ser was a dom-

inant residue at maximum positions, namely, first, second, third and fifth while Phe was a

preferred residue at first, third and fifth positions from the C-terminal. A few motifs from

QSPs were also extracted. Physicochemical properties like aromaticity, molecular weight

and secondary structure were found to be distinguishing features of QSPs. Exploiting

above properties, we have developed a Support Vector Machine (SVM) based predictive

model. During 10-fold cross-validation, SVM achieves maximum accuracy of 93.00%, Math-

ew’s correlation coefficient (MCC) of 0.86 and Receiver operating characteristic (ROC) of

0.98 on the training/testing dataset (T200p+200n). Developed models performed equally well

on the validation dataset (V20p+20n). The server also integrates several useful analysis tools

like “QSMotifScan”, “ProtFrag”, “MutGen”and “PhysicoProp”. Our analysis reveals impor-

tant characteristics of QSPs and on the basis of these unique features, we have developed

a prediction algorithm “QSPpred” (freely available at: http://crdd.osdd.net/servers/qsppred).

Introduction
Bacteria communicate and coordinate their behavior by the use of signal molecules secreted by
self, other bacteria or both [1]. Quorum sensing (QS) is a biological phenomenon through
which bacteria communicate with each other by sending and receiving these chemical signals
[1,2]. They use this phenomenon to assess the size of their population by measuring the con-
centration of these signals [3,4]. This phenomenon was first described in a Gram-positive bac-
teria, Streptococcus pneumonia, in which competence was supposed to be controlled by a
hormone-like extracellular peptide [5]. It was later discovered in two luminous Gram-negative
marine bacterial species, Vibrio fischeri and Vibrio harveyi [6]. QS helps bacteria in their
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survival through biofilm formation, virulence, swarming motility, genetic competence, biolu-
minescence and sporulation [1,3,7].

Quorum sensing phenomenon is driven by the involvement of signaling molecules that are
oligopeptides (or autoinducing peptides (AIPs) [1] or Quorum sensing peptides (QSPs)) in
Gram-positive bacteria and acylated homoserine lactone (AHL) in Gram-negative bacteria [1].
In Gram-positive bacteria, QSPs are secreted into the extracellular space by ATP-binding cas-
settes (ABC transporters) and accumulates in high density, after reaching a threshold it initi-
ates a signaling cascade of events via two-component system [8] or by direct binding to
transcription factorafter peptide import [9]. After the detection of QSPs by bacteria, response
regulator or transcriptional factor get activated and stimulates change in target gene expression
[9]. QSPs are species specific having varied lengths that may adopt a linear or cyclic conforma-
tion after post-translational modifications [4]. Besides, QSP and AHL, other signaling mole-
cules like Diketopiperazines (DKPs) and Pseudomonas quinolone signal (PQS) have also been
reported in some bacteria [10,11].

Several QSPs have been reported to perform various functions in different clinically relevant
bacteria. For example, biofilm formation regulated by AIP2 in Staphylococcus epidermidis [12];
mating response [13] and expression of pathogenicity-related extracellular protease in Entero-
coccus faecalis [14]. Further, natural competence is synchronized by peptide pheromone i.e.,
competence-stimulating peptides (CSPs) in S. pneumonia and Streptococcus gordonii [15]. An-
timicrobial peptides (AMPs), namely, lantibiotics and bacteriocins are known to produced
with the help of AIPs [16]. Besides Gram-positive bacteria, QSPs have lately been reported in
Gram-negative bacteria Escherichia coli as linear pentapeptides responsible for programmed
cell death [17]. The mechanism, importance and application of these peptides have been re-
viewed in several studies [1,18].

Targeting of QSPs may provide an alternative strategy to combat bacterial pathogenicity
[19]. Quorum quenching (QQ) is an approach for disrupting the quorum-sensing mechanism.
It can be achieved using small molecules, monoclonal antibodies and antagonists against the
receptors [18,20]. For example, ambuic acid, a secondary fungal metabolite acts as an active in-
hibitor of cyclic peptides (also known as Quoromones) in Gram-positive bacteria [21]. Siamy-
cin I, a secondary metabolite of actinomycetes inhibits quorum sensing in E. faecalis [22]. RNA
III Inhibiting Peptide (RIP), a heptapeptide impedes S. aureus pathogenesis by disrupting quo-
rum sensing mechanism [22]. AP4–24 H11, an anti-autoinducer monoclonal antibody, helps
in hindering auto inducing peptide (AIP)-4 produced by S. aureus RN4850 [23].

Despite the immense importance of QSPs, only one database of experimental QSPs, Quor-
umpeps is available [7]. However, their detailed bioinformatics analysis is lacking. Therefore,
in this study we have analyzed QSPs exploiting various peptide features, namely, amino acid
compositions, amino acids positional preferences, motifs and important physicochemical
properties. Additionally, distinctiveness of these peptides was used to develop an SVM based
algorithm QSPPred for predicting unknown peptides as QSP or not.

Materials and Methods

Data collection
For this study, QSPs were extracted from Quorumpeps database [7] having 231 entries re-
ported from 1955–2012. For subsequent period, we have searched PubMed and collected 10
more entries. From the total of 241 entries, 100% identical peptides (redundant) were removed
and 220 unique experimentally verified QSPs were utilized for further analysis. The length of
these QSPs varies from 5 to 48 with an average length of 12 amino acids.
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For negative data set i.e. non-QSPs, we searched the literature and found only 5 experimen-
tally validated entries. Due to lack of experimentally proven non-QSPs, two strategies were
used for selecting negative datasets. Firstly, a negative dataset was extracted from UniProt.
Query “Gram-positive bacteria NOT quorum sensing AND sequence length range 5 to 65” was
used to obtain negative data equivalent to positive data set. We could extract only 215 peptides
that were not involved in quorum sensing. In the case of inadequate experimentally proven
negative dataset, this strategy of selecting a negative data set from UniProt has also been re-
ported in previous studies [24,25]. From a total data of 440 (220p+220n), we have extracted 20
peptides each from positive and negative data sets by using random number generator to final-
ly have a training/testing data set of 400 peptide sequences (T200p+200n) and a validation data
set of 40 peptide sequences (V20p+20n). Secondly, each QSP sequence was scrambled using soft-
ware (http://users.umassmed.edu/ian.york/Scramble.shtml) for generating equal number of
negative dataset. Complete data 440 (220p+220sn) divided in training/test data set 400 peptide
sequences (T200p+200sn) and validation data set of 40 peptide sequences (V20p+20sn) using ran-
dom number generator.

QSP properties
Amino acid composition. Amino acid composition (AAC) is an important feature to be

explored in case of peptides and proteins. It represents the frequency of each amino acid in a
sequence. Fraction of each amino acid can be calculated by the formula:

Fraction ofaminoacid xð Þ ¼ Totalnumberofx
sequencelength

Amino acid residue position. Sequence logos are used which gives position specific fre-
quency of amino acids in a sequence [24]. A stack of symbols represents each position in a se-
quence whereas stack height corresponds to the sequence conservation at that position. While
relative frequency of each amino acid determines the height of the symbol within a stack. In
this study we are using an extended form of WebLogo (http://www.twosamplelogo.org/), Two
sample logo, that displays the difference between two sets of groups on the basis of a position-
specific symbol composition [26].

Motif identification. Presence of specific motifs has been reported in different peptides
[24,27]. Therefore, we have also explored motifs present in QSPs using MEME/MAST 4.9.1
[28]. Positive and negative QSPs were scanned to identify motifs at different E-values (10-7 to
10) and Positive Predictive Value (PPV) along with percent coverage was calculated as:

PPV ¼ TP
TP þ FP

% coverage ¼ TP
TP þ FN

� 100

Where, TP, FP and FN are true positive, false positive and false negative respectively. These
extracted motifs will be searched in other organisms using Bioinformatics Toolkit [29].

Physicochemical properties. The QSPs are functional peptides like others viz. antiviral
peptides (AVPs) [30] and antimicrobial peptides (AMPs) [25] etc. Therefore, we have selected
some of the properties reported earlier to analyze other functional peptides. These general
properties like length, aromaticity, instability index, isoelectric point, molecular weight, α-
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helix, β-sheet, coil and hydrophobicity were used to see whether these differ between QSPs and
non-QSPs. In addition, top physicochemical indices among 544 physicochemical properties
from AAindex [31] that performed well during SVM based classification were also used for
analysis of QSPs and non-QSPs.

Some basic physicochemical properties like isoelectric point and molecular weight have
been estimated using ProtParam tool from ExPASy.

Aromaticity: ProtParam tool is utilized to calculate aromaticity. It is the relative frequency
of aromatic amino acids present in any peptide/ protein [32]. It is calculated as:

Aromaticity ¼
X20

i¼1

difi

Where, fi is a relative frequency of amino acids of kind i in peptide/protein and δi = 1 when
the amino-acid is aromatic (Phe, Tyr, Trp) and δi = 0 otherwise.

Instability index: It is calculated by ProtParam tool. It is the measurement of the stability of
peptide/protein. It is estimated as:

II ¼ 10

L

Xi¼L�1

i¼1

DIWV xiyiþ1

� �

Where, L is the length of a sequence and 10 is a scaling factor. DIWV is the dipeptide insta-
bility weight value of a dipeptide starting at position I [33]. A sequence having II smaller than
40 is considered to be stable.

Grand average of hydropathy (GRAVY): GRAVY Calculator (http://www.gravy-calculator.
de/) is used to calculate the average hydropathy of sequence. It is the sum of hydropathy values
[34] of all amino acids divided by the protein length.

Secondary structure: PSSpred V2 (Protein Secondary Structure PREDiction), a bioinformat-
ics tool in I-TASSER [35] was used to predict secondary structure of sequences in our datasets.
PSSpred V2 predicts the propensity of each amino acid to be in α-helix, β-sheet or coil confor-
mation. We have evaluated these propensities in every sequence.

Algorithm development
For developing prediction algorithm of QSPs, we utilized various sequence features of a pep-
tide-like amino acid composition (AAC), dipeptide composition (DPC), binary patterns
(N5C5Bin), physicochemical properties (Physico) and their hybrids. These properties have al-
ready been reported in various prediction methods [24,27].

Support vector machine
A support vector machine is a supervised machine learning technique (MLT) used for both
classification and regression analysis. SVM develops the predictive model by recognizing pat-
terns in the training/testing data set which is used to assign categories to the unknown se-
quence [27]. For SVM implementation, variable peptide lengths were converted to fixed length
patterns using several sequence properties. We have developed predictive models by applying
SVMlightversion 6.02. Performance was optimized using RBF kernel on diverse g and c values.
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Ten-fold cross validation
We used 10-fold cross-validation to evaluate the performance of predictive models. In 10-fold
cross-validation, complete data set is randomly divided into 10 sets, out of which 1 set (test) is
tested by a model developed on the remaining 9 sets (training) and this process is iterated
10 times.

Performance measures
Performance of various models in this study was computed using two modules, threshold de-
pendent and threshold independent. In threshold dependent, we used the specificity, sensitivi-
ty, accuracy and Mathew's correlation coefficient (MCC) as calculated by the following
equations:

Sensitivity ¼ TP
TP þ FN

� 100

Specificity ¼ TN
TN þ FP

� 100

Accuracy ¼ TP þ TN
TP þ FP þ TN þ FN

� 100

MCC ¼ ðTP � TNÞ � ðFP � FNÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðTP þ FPÞðTP þ FNÞðTN þ FPÞðTN þ FNÞp � 100

Where, TP, TN, FP and FN are true positive, true negative, false positive and false negative re-
spectively while MCC is Mathew's correlation coefficient.

In threshold independent parameter, we used ROC (Receiver Operating Characteristic) to
assess performance of different SVMmodels. We created ROC plots showing area under curve
(AUC) using ROCR [36] statistical package available in R.

Results

Evaluation of QSPs using different sequence properties
Analysis of QSPs using amino acids composition. To recognize whether certain types of

residues are favored in QSPs, we compared amino acid residues present in QSPs and non-
QSPs as shown in Fig. 1. In QSPs, aromatic amino acids were found to prefer as compared to
non-QSPs like Trp, Tyr and Phe. In addition, the overall composition of QSPs was also com-
pared with that of Gram-positive, Gram-negative bacteria proteome and proteins present in
Swiss-Prot as shown in Fig. A in S1 File. Preference of certain amino acids in 5 N- and 5 C- ter-
minal residues of QSPs were also checked. We observed that N-terminal contains small resi-
dues like Ser, Asn and Pro while less proportion of Gln, Phe and Lys. C-terminal has more
propensities of large residues including Phe, Lys, Cys, Gln, Trp while less frequency of Asn,
Ser, Pro, Asp as shown in Fig. 2.

Analysis of QSPs using amino acids position
To analyze which residues are favored at specific positions in QSPs, we examined the frequency
of residues at both N and C-terminal using two sample sequence logos. Sequence logos of 5
amino acids of N and C terminus were generated as shown in Figs. 3A and 3B, respectively. Po-
sitional analysis of 5 N-terminal residues showed that Ser is found at maximum positions viz
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first, second, third and fifth while Gly is preferred at first and second positions in QSPs. Be-
sides, some more residues like Asn and Pro were also found. Whereas at the C-terminal, Phe
was preferred at first, third and fifth positions and Cys at fifth position.

Identification of QSPs motif
We have extracted motifs from QSPs using the MEME software at E-values ranging from 10 to
10-7. At E-value 10, the positive predictive value (PPV) was 0.92 with percent coverage of
71.92%. At E-value 1, PPV increased to maximum 1.00 with a slight decrease in percent cover-
age to 65.07%. From E-value 0.1–10-7, the PPV remains 1.00 and percent coverage decreases to
20.55%. Detailed information of about QSPs motifs is provided in Table 1. List of the motifs at
E- value 1 along with their regular expression are shown in Table 2.

We searched nine QS motifs (obtained at E-value 1) using the pattern search tool of Bioin-
formatics Toolkit [29]. Maximum hits were obtained from Gram-positive bacteria namely,

Fig 1. Amino acid compositional comparison of quorum sensing peptides (QSPs) and non-quorum sensing peptides (non-QSPs).

doi:10.1371/journal.pone.0120066.g001

Fig 2. Amino acid compositional analysis of Quorum sensing peptides (QSPs).Comparison of percent amino acid composition of QSPs with their 5 N-
terminal and 5 C-terminal residues.

doi:10.1371/journal.pone.0120066.g002
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Streptococcus mutans, E. faecalis, Carnobacterium maltaromaticum, Enterococcus faecium,
S.pneumonia, Streptococcus oralis, B. subtilis, Streptococcus pseudopneumoniae, etc. Hits were
found in some Gram–negative bacteria like Desulfatibacillum sps, Niastella koreensis, Campylo-
bacter cuniculorum, Burkholderia sps, Vibrio nigripulchritudo, etc. In addition, QS motif hits
were also located in archea likeMethanobrevibacter sps and fungus Blumeria graminis, Arthro-
derma otae, Agaricus bisporus.

Analysis of general physicochemical properties
We have analyzed nine general physicochemical properties namely, length, aromaticity, insta-
bility index, isoelectric point, molecular weight, α-helix, β-sheet, coil and hydrophobicity. Sta-
tistical analysis of each parameter differentiating QSPs and non-QSPs was illustrated in Fig. 4.
In case of length of QSPs, whiskers of boxplot represent that peptide ranged from 5 to 30
amino acids with an average of 11.5, while non-QSPs length varies from 7 to 77 amino acids
having an average of 31.8 (Fig. 4A). So, the QSPs have lesser peptide length than non-QSPs.
Aromaticity box-plot analysis indicated that QSPs were having more abundant aromatic
amino acids than that of non-QSPs. QSPs have average aromaticity of 0.18 while for non-
QSPs, the average aromaticity is 0.08 (Fig. 4B). A peptide is considered stable if its average in-
stability index is less than 40[33]. Average instability index of QS and non-QSPs were 28.2 and

Fig 3. Two sample sequence logo. Figure depicting amino acid residues of Quorum sensing peptides (QSPs) at A) 5 N- terminal, B) 5 C- terminal.

doi:10.1371/journal.pone.0120066.g003

Table 1. Motifs present at different E-values along with their corresponding positive predictive value
(PPV) and percent coverage.

E-value PPV % Coverage

10 0.92 71.92

1 1 65.07

0.1 1 60.27

1.00E-02 1 54.11

1.00E-03 1 46.57

1.00E-04 1 29.45

1.00E-05 1 25.34

1.00E-06 1 22.60

1.00E-07 1 20.55

doi:10.1371/journal.pone.0120066.t001
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32.6, respectively. It portrayed that QSPs are comparatively stable than non-QSPs (Fig. 4C).
Average isoelectric point of QS and non-QSPs were 7.1 and 8.3, respectively. It indicates that
these peptides may bear net positive or negative charge if their pH is below or above their re-
spective average isoelectric points (Fig. 4D). Average molecular weight of QSPs was 1322.9
while that of non-QSPs was 3489.7 (Fig. 4E). Maximum QSPs had a tendency to behave as hy-
drophobic in comparison to non- QSPs (Fig. 4F) as their GRAVY score was positive than non-
QSPs. Each residue of QSPs and non-QSPs was categorized into α-helix, β-sheet or coil by pre-
dicting secondary structure. Box-plots of α-helix, β-sheet and coil between QSPs and non-
QSPs (Figs. 4G, 4H and 4I) showed variance and thus indicate the importance of secondary
structure in QSPs.

Analysis of top performing physicochemical properties from SVM
Additionally, we have also analyzed best performing physicochemical indices (from AAindex)
which mainly include secondary structure components like Normalized frequency of alpha-
helix (NAGK730101), Average relative probability of helix (KANM800101), Normalized posi-
tional residue frequency at helix termini C" (AURR980118), Normalized positional residue fre-
quency at helix termini N" (AURR980103), Normalized positional residue frequency at helix
termini N4' (AURR980101), The Chou-Fasman parameter of the coil conformation
(CHAM830101), Normalized frequency of N-terminal non beta region (CHOP780210) and
Normalized frequency of beta-turn (CHOP780101). This further emphasizes and endorses
conclusion from general physicochemical properties regarding importance of secondary struc-
ture in QSPs. Other features like pK-C (FASG760105), Radius of gyration of side chain
(LEVM760105), Relative preference value at N2 (RICJ880105) and Polar requirement
(WOEC730101) also displayed variance between QSPs and non-QSPs. Box-plots of these phys-
icochemical indices are shown in Fig. B in S1 File.

QSPpred algorithm development
Using negative dataset from UniProt. Prediction of QSPs using 10-fold cross-validation

technique: 10-fold cross-validation was performed on QSP training/testing dataset (T200p+200n)
using SVM by employing various peptide properties like amino acid compositions, binary pat-
terns, physicochemical properties and their hybrids.

Composition (AAC+DPC) hybrid achieved an accuracy of 89.80% with MCC of 0.80. Posi-
tional (N5C5Bin) hybrid performed with an accuracy of 87.25% with MCC of 0.75. We
checked the performance of each property from a total of 544 physicochemical properties

Table 2. Motifs list at E-value 1 along with their regular expression and number of sequences having
respective motifs.

Motifs Regular Expression Number of motifs

Motif 1 LSTFFRLFNRSFTQA 20

Motif 2 [YP][NS][PTI][CF]GQ[YW][MF] 38

Motif 3 [TA]S[NS][IL][SV][KE]CVFS[FL]FKKC 8

Motif 4 E[SM]R[LI][SP][KR]I[LI][LR]DF 7

Motif 5 [DE]I[IL]IIVGG 7

Motif 6 LPYF[AF][GK][CH]L 5

Motif 7 [DS]SAC[VY][VW][GC] 7

Motif 8 G[LW]WE[DE][LI]L[YH] 3

Motif 9 DPITRQW 2

doi:10.1371/journal.pone.0120066.t002
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Fig 4. Statistical distribution of the physicochemical properties of Quorum sensing peptides (QSPs) and non-Quorum sensing peptides (non-
QSPs). Each panel corresponds to respective parameter A) Length, B) Aromaticity, C) Instability Index, D) Isoelectric point, E) Molecular Weight, F) Grand
Average of hydropathy (GRAVY), G) β- sheet, H) α-helix, and I) Random coil.

doi:10.1371/journal.pone.0120066.g004

Prediction and Analysis of Quorum Sensing Peptides

PLOS ONE | DOI:10.1371/journal.pone.0120066 March 17, 2015 9 / 16



available in the AAindex database [31]. An SVMmodel based on combined top 10 physico-
chemical properties (termed Physico) attained an accuracy of 93.00% with MCC 0.86. Further,
we have also exploited hybrid approaches like AAC+DPC+N5C5Bin and AAC+DPC
+N5C5Bin+Physico by combining different properties. These hybrids managed accuracy of
91.00% and 91.25% with MCC of 0.82 and 0.83, respectively. All the results are summarized in
Table 3.

Performance evaluation on independent dataset: As 10-fold cross-validation evaluation is
not considered sufficient; therefore, an independent validation dataset V20p+20n (not included
anywhere in the SVM training) was used to assess models performance. Composition (AAC
+DPC) model’s reached an accuracy of 88.10% and MCC of 0.78 whereas binary profile
(N5C5Bin) got an accuracy of 87.50% and MCC of 0.75. Similarly, Physico model achieved an
accuracy of 87.50% and MCC of 0.76. However, both hybrid models AAC+DPC+N5C5Bin
and AAC+DPC+N5C5Bin+Physico performed slightly well with an accuracy of 90.00% with
MCC of 0.82 as detailed in Table 3.

ROC plot for validating threshold independent performance of hybrid models: To check the
threshold independent performance of various hybrid SVMmodels, ROC was plotted for AAC
+DPC, N5C5Bin, Physico and AAC+DPC+Physico+N5C5Bin. ROC shows Area under the
curve (AUC) between sensitivity and 1-specificity. These hybrid models contributed AUC of
0.96, 0.95, 0.98 and 0.96, respectively, as displayed in Fig. 5.

Using negative dataset from scrambled QSP sequences. Performance evaluation of QSPs
using negative dataset as scrambled sequences: 10-fold cross validation was performed on QSPs
and negative dataset by scrambling QSPs training/testing data set (T200p+200sn) on various pep-
tide features like amino acid composition, dipeptide composition, binary patterns, physico-
chemical and their hybrids.

Composition peptide features, AAC and DPC achieved an accuracy of 50.50%, 77.50% and
MCC of 0.03, 0.59 respectively. Binary pattern (N5C5Bin) attains accuracy of 80.75% and
MCC of 0.63 while Physico gave accuracy of 100.00% with MCC of 1.00. Hybrid of all proper-
ties (AAC+DPC+N5C5Bin+Physico) reached an accuracy of 80.75% with MCC of 0.63 as de-
tailed in Table 4.

Table 3. Performance of SVM by employing distinct peptide properties during 10-fold cross validation using negative dataset from UniProt.

Training/Testing dataset (T200p+200n) Validation dataset (V20p+20n)

Properties Accuracy MCC ROC Accuracy MCC ROC

AAC 89.00 0.78 0.95 82.50 0.65 0.94

DPC 91.00 0.82 0.95 87.50 0.75 0.94

AAC+DPC 89.80 0.80 0.96 85.71 0.72 0.95

N5Bin 84.25 0.69 0.92 85.00 0.70 0.95

C5Bin 86.00 0.72 0.92 77.50 0.55 0.92

N5C5Bin 87.25 0.75 0.95 90.00 0.80 0.93

Physico 93.00 0.86 0.98 90.00 0.82 0.97

AAC+DPC+N5C5Bin 91.00 0.82 0.96 92.50 0.86 0.95

AAC+DPC+N5C5Bin+Physico 91.25 0.83 0.96 90.00 0.80 0.95

AAC, Amino Acid Composition; DPC, Di Peptide Composition; N5AAC, Amino Acid Composition of 5 N-terminal residues; C5AAC, Amino Acid

Composition of 5 C-terminal residues; N5Bin, Binary pattern of 5 N-terminal residues; C5Bin, Binary pattern of 5 C-terminal residues; N5C5Bin, Binary

pattern of 5 N and 5 C terminal residues; Physico, top 10 physicochemical properties; SVM, Support Vector Machine; MCC, Mathew’s correlation

coefficient; AUC, Area Under the curve;

doi:10.1371/journal.pone.0120066.t003
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Independent dataset V20p+20sn used to check the performance of models developed during
training/testing. AAC, DPC, N5C5Bin, Physico and AAC+DPC+N5C5Bin+Physico achieved
accuracies of 50.00%, 75.00%, 80.00%, 50.00%, 50.00% with MCC of 0.00, 0.58, 0.63, 0.00, 0.00
respectively as shown in Table 4.

Comparison of QSPs, AVPs, AMPs and CPPs peptide sequences using
amino acid composition
We compared different functional peptides viz. QSPs [7], AVPs [37], AMPs[25] and cell-pene-
trating peptides (CPPs) [38]. Percent amino acid compositions of above diverse peptides were
compared with that of overall amino acid composition of proteins in Swiss-Prot as depicted in

Fig 5. ROC curves of hybrid models AAC+DPC, N5C5Bin, Physico and AAC+DPC+Physico+N5C5Bin
developed by SVM.

doi:10.1371/journal.pone.0120066.g005

Table 4. Performance of SVM by employing distinct peptide properties during 10-fold cross validation using negative dataset from scrambled
QSP sequences

Training/Testing dataset (T200p+200sn) Validation dataset (V20p+20sn)

Properties Accuracy MCC ROC Accuracy MCC ROC

AAC 50.50 0.03 0.51 50.00 0.00 0.50

DPC 77.50 0.59 0.84 75.00 0.58 0.80

N5C5Bin 80.75 0.63 0.86 80.00 0.63 0.82

Physico 100.00 1.00 0.50 50.00 0.00 0.50

AAC+DPC+N5C5Bin+Physico 80.75 0.63 0.86 50.00 0.00 0.50

AAC, Amino Acid Composition; DPC, Dipeptides Composition; N5C5Bin, 5N- and 5C-terminal binary pattern; Physico, hybrid of top 10 physicochemical

properties; MCC, Mathew’s correlation coefficient; ROC, Reciever Operating Characterstic;

doi:10.1371/journal.pone.0120066.t004
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Fig. 6. We checked the differences in terms of fold change in all four categories of peptides as
specified in Table A in S1 File.

Unique trends of amino acids occurrence in all four-category peptides were observed. First-
ly, Cys and Trp were the most preferred residues in all. Largest fold changes were 5.19, 3.48,
2.72 and 1.46 for Cys residue in AMPs followed by QSPs, antiviral and CPPs, respectively as
compared to Swiss-Prot. Whereas, Trp was abundant in AVPs followed by CPPs, QSPs and
AMPs by 4.48, 3.97, 3.11 and 1.93 folds, respectively. Secondly, Asp and Glu were the most de-
pleted residues among all four-category peptides. Asp residue was depleted in CPPs, AMPs,
QSPs and AVPs by 3.33, 2.48, 1.74 and 1.44 folds, respectively. While, Glu composition de-
creased by 3.66, 2.68, 2.41 and 1.09 folds in CPPs, QSPs, AMPs and AVPs, respectively.

Interestingly, Lys and Arg were depleted by 1.24 and 1.48 fold, respectively, in QSPs.
Whereas, both of these residues are highly abundant by 1.58 to 2.3 and 1.38 to 3.54 folds, re-
spectively, among remaining three categories of peptides. Moreover, QSPs were enriched with
Phe, Asn and Tyr residues by 2.74, 1.79 and 1.51 folds, respectively, in addition to Cys and Trp.
It shows that all aromatic amino acids are favored in QSPs. However, in QSPs, apart from Asp
and Glu, other residues like His, Val and Arg were depleted by 2.20, 1.54 and 1.48, respectively.

Web server development
QSPpred web server hosts SVM based predictive models i.e. QSPepPred, QSPepDesign and
QSPepMap utilizing compositional, binary, physicochemical features and their hybrids.
QSPepPred predicts the extent of an input peptide (fasta or multifasta format) as QSP or non-
QSP. QSPepDesign can design all possible single position mutants of a given peptide sequence
and subsequently predict their QS status. QSPepMap helps to identify potential regions in pro-
tein, which may function as QSPs. In addition, it also includes various analysis tools like
QSMotifScan,MutGen, PhysicoProp and ProtFrag.

Discussion
QSPs play key role in numerous applications like infection by Staphylococcal species [39] and
E. faecalis [14]; a potential role in oncology [40,41]; fermentation technology for the production
of bioethanol by Clostridium acetobutylicum [42] and many more. Despite such significances of

Fig 6. Amino acid compositional comparison of quorum sensing peptides (QSPs), antiviral peptides (AVPs), cell-penetrating peptides (CPPs) and
antimicrobial peptides (AMPs) with overall amino acids composition in Swiss-Prot.

doi:10.1371/journal.pone.0120066.g006
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QSPs, there is no approach in the literature to identify QSPs. Therefore, we have performed
analysis and prediction of QSPs as they are of immense importance in coordinating the behavior
of Gram-positive bacteria.

Various peptide sequence properties like amino acid composition, position, motifs and
physicochemical properties were analyzed for QSPs and non-QSPs. For the present study ex-
perimentally validated non-redundant positive data set were used.

Several important characteristics and properties were identified based on the QSPs analysis.
Their compositional analysis concluded that they are rich in aromatic amino acids, namely,
Phe, Trp and Tyr. We found small residues such as Asn, Pro and Ser at N-terminal of which
Ser was also reported earlier at N-terminal in S.mutans JH1005 [43]. Conversely, larger amino
acids like Trp, Phe, Lys, Gln were preferred at the C-terminal along with Cys, a small residue.
Out of these, role of Trp and Cys were also highlighted in previous studies [44]. Furthermore,
dipeptide composition analysis revealed Leu-Phe, Asn-Asn, Ile-Phe, Ser-Thr, Ser-Leu, Cys-Val,
Pro-Cys, Val-Gly, and Phe-Phe as preferred consecutive residues.

Several identified QS motifs were searched in the PROSITE database. Interestingly, we dis-
covered some of these motifs not only in the proteome of Gram-positive bacteria, but also in
Gram-negative bacteria and archea. Both of these were reported to have quorum sensing
through AHLs [45,46]. Presence of the predicted QSP motifs in Gram-negative bacteria and
archea needs to be experimentally validated for their role in the quorum sensing.

Additionally, in the context to various physiochemical properties, like aromaticity, molecu-
lar weight and secondary structure etc., some of them majorly differentiate QSPs from non-
QSPs. Moreover, the role of aromaticity is also affirmed from AAC analysis in which aromatic
residues like Phe, Trp and Tyr are preferred in QSPs. Further, we observed that QSPs prefer
secondary structure conformations (α-helix, coil and β-sheet). This observation was further en-
dorsed by results of box-plot from top physicochemical indices extracted using SVM. However,
the previous study [47] has shown the preference of α-helix by CSP in S. pneumoniae. On the
other hand, CSP of S.mutans has been reported to be in random coil initially but adopted an
α-helix conformation upon binding to the receptor [48,49].

On comparing QSPs, AVPs, AMPs and CPPs along with proteins in Swiss-Prot we observed
that all categories of peptides have abundant Cys and Trp residues. These amino acids are im-
portant for peptides to be functional as Trp has been reported to have a role in binding sites
[50,51] and anchoring [52]. While, Cys residue is reported to form disulfide bonds that in-
crease activity [53] and stability [54] in secretory peptides.

On the basis of these analyzed QSPs features, we have developed “QSPpred”, a QSPs predic-
tion algorithm using SVM. For this, two negative data sets (first from UniProt and second by
scrambled QSP sequences) along with QSPs were employed. Our predictor achieved a high ac-
curacy of 93.00% during 10-fold cross-validation and 90.00% on independent dataset using first
approach. Performance of the first strategy was better than the second during 10-fold cross vali-
dation and also on independent validation data sets. The drawback in the performance of second
strategy could be attributed to the fact that both QSPs and scrambled sequences as non-QSPs
share same amino acid compositions. Hence, second strategy is unable to efficiently predict
QSPs. We also explored the feasibility of BLAST similarity search to identify QSPs (accuracy of
77.50%). However, performance of our SVM based predictor is far better. Finally, QSPs analysis
and their predictor “QSPpred” would accelerate research in the field of quorum sensing.

Supporting Information
S1 File. Fig. A. Amino acid compositional analysis of Quorum sensing peptides (QSPs). Com-
parison of percent amino acid composition of QSPs with proteins of Gram-negative bacteria,
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Gram-positive bacteria and total proteins in Swiss-Prot. Fig. B. Statistical distribution of physi-
cochemical properties of Quorum sensing (QSPs) and non-Quorum sensing peptides (non-
QSPs). Table A. Amino acid compositional comparison. Study of Quorum sensing peptides
(QSPs), antiviral peptides (AVPs), antimicrobial peptides (AMPs) and Cell-penetrating pep-
tides (CPPs) with reference to amino acid composition of complete Swiss-Prot proteins (on
basis of fold change)
(DOC)

S2 File. Table B. List of 220 Quorum sensing peptides. Table C. List of 220 non Quorum
sensing peptides.
(XLS)

Author Contributions
Conceived and designed the experiments: MK. Performed the experiments: AR. Analyzed the
data: AR AGMK. Contributed reagents/materials/analysis tools: AR AG. Wrote the paper: AR
MK. Designed the Web server and analysis tools: AG.

References
1. Miller MB, Bassler BL. Quorum sensing in bacteria. Annu Rev Microbiol. 2001; 55:165–99. PMID:

11544353

2. Garsin DA. Microbiology. Peptide signals sense and destroy target cells. Science. 2004; 306
(5705):2202–3. PMID: 15619588

3. Ni N, Li M, Wang J, Wang B. Inhibitors and antagonists of bacterial quorum sensing. Med Res Rev.
2009; 29(1):65–124. doi: 10.1002/med.20145 PMID: 18956421

4. Sturme MH, KleerebezemM, Nakayama J, Akkermans AD, Vaugha EE, de VosWM. Cell to cell com-
munication by autoinducing peptides in gram-positive bacteria. Antonie Van Leeuwenhoek. 2002;
81(1–4):233–43. PMID: 12530416

5. Tomasz A. Control of the competent state in Pneumococcus by a hormone-like cell product: an exam-
ple for a new type of regulatory mechanism in bacteria. Nature. 1965; 208(5006):155–9. PMID:
5884251

6. Nealson KH, Platt T, Hastings JW. Cellular control of the synthesis and activity of the bacterial lumines-
cent system. J Bacteriol. 1970; 104(1):313–22. PMID: 5473898

7. Wynendaele E, Bronselaer A, Nielandt J, D'Hondt M, Stalmans S, Bracke N, et al. Quorumpeps data-
base: chemical space, microbial origin and functionality of quorum sensing peptides. Nucleic Acids
Res. 2013; 41(Database issue):D655–9. doi: 10.1093/nar/gks1137 PMID: 23180797

8. Schauder S, Bassler BL. The languages of bacteria. Genes Dev. 2001; 15(12):1468–80. PMID:
11410527

9. Jimenez JC, Federle MJ. Quorum sensing in group A Streptococcus. Front Cell Infect Microbiol. 2014;
4:127. doi: 10.3389/fcimb.2014.00127 PMID: 25309879

10. Michiels J, Dirix G, Vanderleyden J, Xi C. Processing and export of peptide pheromones and bacterio-
cins in Gram-negative bacteria. Trends Microbiol. 2001; 9(4):164–8. PMID: 11286880

11. Pesci EC, Milbank JB, Pearson JP, McKnight S, Kende AS, Greenberg EP, et al. Quinolone signaling
in the cell-to-cell communication system of Pseudomonas aeruginosa. Proc Natl Acad Sci U S A. 1999;
96(20):11229–34. PMID: 10500159

12. Krämer R, Jung K. Bacterial signaling: JohnWiley & Sons; 2009.

13. Clewell DB, Weaver KE. Sex pheromones and plasmid transfer in Enterococcus faecalis. Plasmid.
1989; 21(3):175–84. PMID: 2550976

14. Nishiguchi K, Nagata K, Tanokura M, Sonomoto K, Nakayama J. Structure-activity relationship of gela-
tinase biosynthesis-activating pheromone of Enterococcus faecalis. J Bacteriol. 2009; 191(2):641–50.
doi: 10.1128/JB.01029-08 PMID: 18996993

15. Havarstein LS, Hakenbeck R, Gaustad P. Natural competence in the genus Streptococcus: evidence
that streptococci can change pherotype by interspecies recombinational exchanges. J Bacteriol. 1997;
179(21):6589–94. PMID: 9352904

Prediction and Analysis of Quorum Sensing Peptides

PLOS ONE | DOI:10.1371/journal.pone.0120066 March 17, 2015 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120066.s002
http://www.ncbi.nlm.nih.gov/pubmed/11544353
http://www.ncbi.nlm.nih.gov/pubmed/15619588
http://dx.doi.org/10.1002/med.20145
http://www.ncbi.nlm.nih.gov/pubmed/18956421
http://www.ncbi.nlm.nih.gov/pubmed/12530416
http://www.ncbi.nlm.nih.gov/pubmed/5884251
http://www.ncbi.nlm.nih.gov/pubmed/5473898
http://dx.doi.org/10.1093/nar/gks1137
http://www.ncbi.nlm.nih.gov/pubmed/23180797
http://www.ncbi.nlm.nih.gov/pubmed/11410527
http://dx.doi.org/10.3389/fcimb.2014.00127
http://www.ncbi.nlm.nih.gov/pubmed/25309879
http://www.ncbi.nlm.nih.gov/pubmed/11286880
http://www.ncbi.nlm.nih.gov/pubmed/10500159
http://www.ncbi.nlm.nih.gov/pubmed/2550976
http://dx.doi.org/10.1128/JB.01029-08
http://www.ncbi.nlm.nih.gov/pubmed/18996993
http://www.ncbi.nlm.nih.gov/pubmed/9352904


16. Brurberg MB, Nes IF, Eijsink VG. Pheromone-induced production of antimicrobial peptides in Lactoba-
cillus. Mol Microbiol. 1997; 26(2):347–60. PMID: 9383159

17. Kolodkin-Gal I, Hazan R, Gaathon A, Carmeli S, Engelberg-Kulka H. A linear pentapeptide is a quo-
rum-sensing factor required for mazEF-mediated cell death in Escherichia coli. Science. 2007; 318
(5850):652–5. PMID: 17962566

18. Thoendel M, Horswill AR. Biosynthesis of peptide signals in gram-positive bacteria. Adv Appl Microbiol.
2010; 71:91–112. doi: 10.1016/S0065-2164(10)71004-2 PMID: 20378052

19. Kumar S, Kolodkin-Gal I, Engelberg-Kulka H. Novel quorum-sensing peptides mediating interspecies
bacterial cell death. MBio. 2013; 4(3):e00314–13. doi: 10.1128/mBio.00314-13 PMID: 23736285

20. Dong YH, Wang LY, Zhang LH. Quorum-quenching microbial infections: mechanisms and implications.
Philos Trans R Soc Lond B Biol Sci. 2007; 362(1483):1201–11. PMID: 17360274

21. Nakayama J, Uemura Y, Nishiguchi K, Yoshimura N, Igarashi Y, Sonomoto K. Ambuic acid inhibits the
biosynthesis of cyclic peptide quormones in gram-positive bacteria. Antimicrob Agents Chemother.
2009; 53(2):580–6. doi: 10.1128/AAC.00995-08 PMID: 19015326

22. Nakayama J, Tanaka E, Kariyama R, Nagata K, Nishiguchi K, Mitsuhata R, et al. Siamycin attenuates
fsr quorum sensing mediated by a gelatinase biosynthesis-activating pheromone in Enterococcus fae-
calis. J Bacteriol. 2007; 189(4):1358–65. PMID: 17071762

23. Park J, Jagasia R, Kaufmann GF, Mathison JC, Ruiz DI, Moss JA, et al. Infection control by antibody
disruption of bacterial quorum sensing signaling. Chem Biol. 2007; 14(10):1119–27. PMID: 17961824

24. Gautam A, Chaudhary K, Kumar R, Sharma A, Kapoor P, Tyagi A, et al. In silico approaches for design-
ing highly effective cell penetrating peptides. J Transl Med. 2013; 11:74. doi: 10.1186/1479-5876-11-74
PMID: 23517638

25. Torrent M, Andreu D, Nogues VM, Boix E. Connecting peptide physicochemical and antimicrobial prop-
erties by a rational prediction model. PLoS One. 2011; 6(2):e16968. doi: 10.1371/journal.pone.
0016968 PMID: 21347392

26. Vacic V, Iakoucheva LM, Radivojac P. Two Sample Logo: a graphical representation of the differences
between two sets of sequence alignments. Bioinformatics. 2006; 22(12):1536–7. PMID: 16632492

27. Thakur N, Qureshi A, Kumar M. AVPpred: collection and prediction of highly effective antiviral peptides.
Nucleic Acids Res. 2012; 40(Web Server issue):W199–204. doi: 10.1093/nar/gks450 PMID: 22638580

28. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, et al. MEME SUITE: tools for motif dis-
covery and searching. Nucleic Acids Res. 2009; 37(Web Server issue):W202–8. doi: 10.1093/nar/
gkp335 PMID: 19458158

29. Biegert A, Mayer C, Remmert M, Soding J, Lupas AN. The MPI Bioinformatics Toolkit for protein se-
quence analysis. Nucleic Acids Res. 2006; 34(Web Server issue):W335–9. PMID: 16845021

30. Chang KY, Yang JR. Analysis and prediction of highly effective antiviral peptides based on random for-
ests. PLoS One. 2013; 8(8):e70166. doi: 10.1371/journal.pone.0070166 PMID: 23940542

31. Kawashima S, Ogata H, Kanehisa M. AAindex: Amino Acid Index Database. Nucleic Acids Res. 1999;
27(1):368–9. PMID: 9847231

32. Lobry JR, Gautier C. Hydrophobicity, expressivity and aromaticity are the major trends of amino-acid
usage in 999 Escherichia coli chromosome-encoded genes. Nucleic Acids Res. 1994; 22(15):3174–80.
PMID: 8065933

33. Guruprasad K, Reddy BV, Pandit MW. Correlation between stability of a protein and its dipeptide com-
position: a novel approach for predicting in vivo stability of a protein from its primary sequence. Protein
Eng. 1990; 4(2):155–61. PMID: 2075190

34. Kyte J, Doolittle RF. A simple method for displaying the hydropathic character of a protein. J Mol Biol.
1982; 157(1):105–32. PMID: 7108955

35. Zhang Y. I-TASSER server for protein 3D structure prediction. BMC Bioinformatics. 2008; 9:40. doi: 10.
1186/1471-2105-9-40 PMID: 18215316

36. Sing T, Sander O, Beerenwinkel N, Lengauer T. ROCR: visualizing classifier performance in R. Bioin-
formatics. 2005; 21(20):3940–1. PMID: 16096348

37. Qureshi A, Thakur N, Tandon H, Kumar M. AVPdb: a database of experimentally validated antiviral pep-
tides targeting medically important viruses. Nucleic Acids Res. 2014; 42(Database issue):D1147–53.
doi: 10.1093/nar/gkt1191 PMID: 24285301

38. Stalmans S, Wynendaele E, Bracke N, Gevaert B, D'Hondt M, Peremans K, et al. Chemical-functional
diversity in cell-penetrating peptides. PLoS One. 2013; 8(8):e71752. doi: 10.1371/journal.pone.
0071752 PMID: 23951237

Prediction and Analysis of Quorum Sensing Peptides

PLOS ONE | DOI:10.1371/journal.pone.0120066 March 17, 2015 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/9383159
http://www.ncbi.nlm.nih.gov/pubmed/17962566
http://dx.doi.org/10.1016/S0065-2164(10)71004-2
http://www.ncbi.nlm.nih.gov/pubmed/20378052
http://dx.doi.org/10.1128/mBio.00314-13
http://www.ncbi.nlm.nih.gov/pubmed/23736285
http://www.ncbi.nlm.nih.gov/pubmed/17360274
http://dx.doi.org/10.1128/AAC.00995-08
http://www.ncbi.nlm.nih.gov/pubmed/19015326
http://www.ncbi.nlm.nih.gov/pubmed/17071762
http://www.ncbi.nlm.nih.gov/pubmed/17961824
http://dx.doi.org/10.1186/1479-5876-11-74
http://www.ncbi.nlm.nih.gov/pubmed/23517638
http://dx.doi.org/10.1371/journal.pone.0016968
http://dx.doi.org/10.1371/journal.pone.0016968
http://www.ncbi.nlm.nih.gov/pubmed/21347392
http://www.ncbi.nlm.nih.gov/pubmed/16632492
http://dx.doi.org/10.1093/nar/gks450
http://www.ncbi.nlm.nih.gov/pubmed/22638580
http://dx.doi.org/10.1093/nar/gkp335
http://dx.doi.org/10.1093/nar/gkp335
http://www.ncbi.nlm.nih.gov/pubmed/19458158
http://www.ncbi.nlm.nih.gov/pubmed/16845021
http://dx.doi.org/10.1371/journal.pone.0070166
http://www.ncbi.nlm.nih.gov/pubmed/23940542
http://www.ncbi.nlm.nih.gov/pubmed/9847231
http://www.ncbi.nlm.nih.gov/pubmed/8065933
http://www.ncbi.nlm.nih.gov/pubmed/2075190
http://www.ncbi.nlm.nih.gov/pubmed/7108955
http://dx.doi.org/10.1186/1471-2105-9-40
http://dx.doi.org/10.1186/1471-2105-9-40
http://www.ncbi.nlm.nih.gov/pubmed/18215316
http://www.ncbi.nlm.nih.gov/pubmed/16096348
http://dx.doi.org/10.1093/nar/gkt1191
http://www.ncbi.nlm.nih.gov/pubmed/24285301
http://dx.doi.org/10.1371/journal.pone.0071752
http://dx.doi.org/10.1371/journal.pone.0071752
http://www.ncbi.nlm.nih.gov/pubmed/23951237


39. Martin CA, Hoven AD, Cook AM. Therapeutic frontiers: preventing and treating infectious diseases by
inhibiting bacterial quorum sensing. Eur J Clin Microbiol Infect Dis. 2008; 27(8):635–42. doi: 10.1007/
s10096-008-0489-3 PMID: 18322716

40. Wynendaele E, Pauwels E, Van deWiele C, Burvenich C, De Spiegeleer B. The potential role of quo-
rum-sensing peptides in oncology. Med Hypotheses. 2012; 78(6):814–7. doi: 10.1016/j.mehy.2012.03.
018 PMID: 22513236

41. Wynendaele E, Verbeke F, D'Hondt M, Hendrix A, Van DeWiele C, Burvenich C, et al. Crosstalk be-
tween the microbiome and cancer cells by quorum sensing peptides. Peptides. 2015; 64C:40–8. doi:
10.1016/j.peptides.2014.12.009 PMID: 25559405

42. Steiner E, Scott J, Minton NP, Winzer K. An agr quorum sensing system that regulates granulose for-
mation and sporulation in Clostridium acetobutylicum. Appl Environ Microbiol. 2012; 78(4):1113–22.
doi: 10.1128/AEM.06376-11 PMID: 22179241

43. Petersen FC, Fimland G, Scheie AA. Purification and functional studies of a potent modified quorum-
sensing peptide and a two-peptide bacteriocin in Streptococcus mutans. Mol Microbiol. 2006;
61(5):1322–34. PMID: 16925560

44. KalkumM, Lyon GJ, Chait BT. Detection of secreted peptides by using hypothesis-driven multistage
mass spectrometry. Proc Natl Acad Sci U S A. 2003; 100(5):2795–800. PMID: 12591958

45. Guo X, Zhang G, Liu X, Ma K, Dong X. [Detection of the quorum sensing signals in methanogenic ar-
chaea]. Wei ShengWu Xue Bao. 2011; 51(9):1200–4. PMID: 22126075

46. Paggi RA, Martone CB, Fuqua C, De Castro RE. Detection of quorum sensing signals in the haloalkali-
philic archaeon Natronococcus occultus. FEMSMicrobiol Lett. 2003; 221(1):49–52. PMID: 12694909

47. Johnsborg O, Kristiansen PE, Blomqvist T, Havarstein LS. A hydrophobic patch in the competence-
stimulating Peptide, a pneumococcal competence pheromone, is essential for specificity and biological
activity. J Bacteriol. 2006; 188(5):1744–9. PMID: 16484185

48. Tian X, Syvitski RT, Liu T, Livingstone N, Jakeman DL, Li YH. A method for structure-activity analysis
of quorum-sensing signaling peptides from naturally transformable streptococci. Biol Proced Online.
2009; 11:207–26. doi: 10.1007/s12575-009-9009-9 PMID: 19517207

49. Syvitski RT, Tian XL, Sampara K, Salman A, Lee SF, Jakeman DL, et al. Structure-activity analysis of
quorum-sensing signaling peptides from Streptococcus mutans. J Bacteriol. 2007; 189(4):1441–50.
PMID: 16936029

50. Samanta U, Chakrabarti P. Assessing the role of tryptophan residues in the binding site. Protein Eng.
2001; 14(1):7–15. PMID: 11287674

51. Rasmussen A, Rasmussen T, Edwards MD, Schauer D, Schumann U, Miller S, et al. The role of trypto-
phan residues in the function and stability of the mechanosensitive channel MscS from Escherichia
coli. Biochemistry. 2007; 46(38):10899–908. PMID: 17718516

52. de Jesus AJ, Allen TW. The role of tryptophan side chains in membrane protein anchoring and hydro-
phobic mismatch. Biochim Biophys Acta. 2013; 1828(2):864–76. doi: 10.1016/j.bbamem.2012.09.009
PMID: 22989724

53. Haag AF, Kerscher B, Dall'Angelo S, Sani M, Longhi R, Baloban M, et al. Role of cysteine residues and
disulfide bonds in the activity of a legume root nodule-specific, cysteine-rich peptide. J Biol Chem.
2012; 287(14):10791–8. doi: 10.1074/jbc.M111.311316 PMID: 22351783

54. Meitzler JL, Hinde S, Banfi B, Nauseef WM, Ortiz de Montellano PR. Conserved cysteine residues pro-
vide a protein-protein interaction surface in dual oxidase (DUOX) proteins. J Biol Chem. 2013; 288
(10):7147–57. doi: 10.1074/jbc.M112.414797 PMID: 23362256

Prediction and Analysis of Quorum Sensing Peptides

PLOS ONE | DOI:10.1371/journal.pone.0120066 March 17, 2015 16 / 16

http://dx.doi.org/10.1007/s10096-008-0489-3
http://dx.doi.org/10.1007/s10096-008-0489-3
http://www.ncbi.nlm.nih.gov/pubmed/18322716
http://dx.doi.org/10.1016/j.mehy.2012.03.018
http://dx.doi.org/10.1016/j.mehy.2012.03.018
http://www.ncbi.nlm.nih.gov/pubmed/22513236
http://dx.doi.org/10.1016/j.peptides.2014.12.009
http://www.ncbi.nlm.nih.gov/pubmed/25559405
http://dx.doi.org/10.1128/AEM.06376-11
http://www.ncbi.nlm.nih.gov/pubmed/22179241
http://www.ncbi.nlm.nih.gov/pubmed/16925560
http://www.ncbi.nlm.nih.gov/pubmed/12591958
http://www.ncbi.nlm.nih.gov/pubmed/22126075
http://www.ncbi.nlm.nih.gov/pubmed/12694909
http://www.ncbi.nlm.nih.gov/pubmed/16484185
http://dx.doi.org/10.1007/s12575-009-9009-9
http://www.ncbi.nlm.nih.gov/pubmed/19517207
http://www.ncbi.nlm.nih.gov/pubmed/16936029
http://www.ncbi.nlm.nih.gov/pubmed/11287674
http://www.ncbi.nlm.nih.gov/pubmed/17718516
http://dx.doi.org/10.1016/j.bbamem.2012.09.009
http://www.ncbi.nlm.nih.gov/pubmed/22989724
http://dx.doi.org/10.1074/jbc.M111.311316
http://www.ncbi.nlm.nih.gov/pubmed/22351783
http://dx.doi.org/10.1074/jbc.M112.414797
http://www.ncbi.nlm.nih.gov/pubmed/23362256

