
RESEARCH ARTICLE

Antimicrobial Activity of Novel Synthetic
Peptides Derived from Indolicidin and
Ranalexin against Streptococcus pneumoniae
Hassan Mahmood Jindal1, Cheng Foh Le2, Mohd Yasim Mohd Yusof1, Rukumani
Devi Velayuthan1, Vannajan Sanghiran Lee3, Sharifuddin Md Zain3, Diyana Mohd Isa3,
Shamala Devi Sekaran1*

1 Department of Medical Microbiology, Faculty of Medicine, University of Malaya, 50603, Kuala Lumpur,
Malaysia, 2 School of Pharmacy, Faculty of Science, University of NottinghamMalaysia Campus, Jalan
Broga, 43500, Semenyih, Selangor, Malaysia, 3 Department of Chemistry, Faculty of Science, University of
Malaya, 50603, Kuala Lumpur, Malaysia

* shamalamy@yahoo.com

Abstract
Antimicrobial peptides (AMPs) represent promising alternatives to conventional antibiotics

in order to defeat multidrug-resistant bacteria such as Streptococcus pneumoniae. In this

study, thirteen antimicrobial peptides were designed based on two natural peptides indolici-

din and ranalexin. Our results revealed that four hybrid peptides RN7-IN10, RN7-IN9, RN7-

IN8, and RN7-IN6 possess potent antibacterial activity against 30 pneumococcal clinical

isolates (MIC 7.81-15.62µg/ml). These four hybrid peptides also showed broad spectrum

antibacterial activity (7.81µg/ml) against S. aureus, methicillin resistant S. aureus (MRSA),

and E. coli. Furthermore, the time killing assay results showed that the hybrid peptides were

able to eliminate S. pneumoniae within less than one hour which is faster than the standard

drugs erythromycin and ceftriaxone. The cytotoxic effects of peptides were tested against

human erythrocytes, WRL-68 normal liver cell line, and NL-20 normal lung cell line. The re-

sults revealed that none of the thirteen peptides have cytotoxic or hemolytic effects at their

MIC values. The in silicomolecular docking study was carried out to investigate the binding

properties of peptides with three pneumococcal virulent targets by Autodock Vina. RN7IN6

showed a strong affinity to target proteins; autolysin, pneumolysin, and pneumococcal sur-

face protein A (PspA) based on rigid docking studies. Our results suggest that the hybrid

peptides could be suitable candidates for antibacterial drug development.

Introduction
Streptococcus pneumoniae (S. pneumoniae or pneumococcus) is a major human pathogen that
colonizes the upper respiratory tract and causes invasive and non-invasive infections [1–3].
Globally, this pathogen is the leading cause of community-acquired pneumonia and is the sec-
ond most causative agent of bacterial meningitis after Neisseria meningitides [4]. This pathogen
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is also responsible for other important infections such as otitis media, bacteremia, pleurisy,
peritonitis, and sepsis [5–8]. According to WHO, 1.6 million deaths are caused by pneumococ-
cal infections every year with 0.7 to 1 million in children younger than 5 years mostly in Asia
and Africa [9–12]. In the United States, Streptococcus pneumoniae is the leading cause of bacte-
rial pneumonia and meningitis. US Centers for Disease Control and Prevention (CDC) esti-
mated 4 million disease episodes and 22,000 deaths caused by pneumococcal infections per
annum (http://www.cdc.gov/drugresistance/threat-report-2013/). Like other gram positive
bacteria, Streptococcus pneumoniae is increasingly difficult to treat due to the irrational use of
antibiotics. At present, Streptococcus pneumoniae has developed resistance to conventional
drugs including novel antibiotics such as vancomycin [13–15]. Therefore, there is an urgent
need for the development of a new class of antimicrobial agents to overwhelm the phenomenon
of antimicrobial resistant pathogens worldwide[16,17].

Antimicrobial peptides (AMPs) represent a possible alternative for current antibiotics
against drug resistant microbes [18,19]. AMPs are essential components of the innate immune
system and are produced by all classes of life from prokaryotes to mammalians to protect
themselves against invasion by microbial pathogens [20,21]. AMPs have a number of advan-
tages over conventional antibiotics including broad spectrum activity against pathogens (bacte-
ria, fungi, viruses, and parasites) and microorganisms are less effective in developing resistance
against antimicrobial peptides as killing occurs in a short contact time [22].

In general, antimicrobial peptides are short in length (12–50 amino acid residues long), pos-
itively charged (net charge of +2 to +9), and are amphipathic [23]. In this study, we aimed to
develop novel antimicrobial peptides against Streptococcus pneumoniae based on two natural
peptides indolicidin and ranalexin. These two peptides were chosen based on several criteria.
they are short 13 and 20 amino acids residues, allow cost effective chemical synthesis, both pos-
sess a net positive charge, and they have antibacterial activity against Gram positive bacteria
[24,25]. Thirteen peptides were designed in this study, four Indolicidin analogs, four Ranalexin
analogs, and five hybrid peptides. Four of the hybrid peptides showed stronger antimicrobial
activity than the parent peptides against 30 clinical pneumococcal isolates. The results of this
research would be the first step towards development of alternative antimicrobial drugs against
streptococcus pneumoniae.

Material and Methods

2.1 Design of AMPs
In order to identify natural AMPs as templates for designing novel peptides against Streptococ-
cus pneumoniae, two natural peptides (indolicidin and ranalexin) were selected according to
several criteria as mentioned above. One of the strategies to develop new antimicrobial peptides
is based on modifying the sequence of naturally occurring peptides to enhance their activity
[26]. In our research we focused on two parameters, hydrophobicity and net charge. Two
groups of AMPs were designed, indolicidin analogs and ranalexin analogs. The hydrophobicity
and net charge for those peptides ranged from 30% to 53% and +3 to +6 respectively. Addition-
ally, a third group of peptides were designed by linking the two active parts of the parent pep-
tides. Indolicidin (ILPWKWPWWPWRR) and ranalexin (FLGGLIKIVPAMICAVTKKC) are
two short peptides with amino acid sequences of 13 and 20 respectively. Indolicidin is a mem-
ber of the cathelicidins family of AMPs, and has the highest content of tryptophan which is
well known to be very important for membrane–peptide interaction [27]. The 10 aa region (4–
13) of indolicidin was linked to a 7 aa region (1–7) of ranalexin which was shown to be signifi-
cant for the peptide to act as a bactericidal [28]. The physico—chemical properties of all the
newly designed antimicrobial peptides were calculated using the Antimicrobial Peptide
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Database (APD: http://aps.unmc.edu/AP/prediction/prediction_main.php) [29] and ProtParam
(ExPASy Proteomics tools: http://www.expasy.org/tools/protparam.html) [30] (Table 1).

2.2 Peptides synthesis
All the peptides were chemically synthesized by the peptide manufacturer company Mimo-
topes Pty Ltd ABN (Victoria, Australia) using 9- fluorenylmethoxycarbonyl for solid phase
peptide synthesis. Quality analyses of peptides were validated using high performance liquid
chromatography and mass spectrometry. All Peptides for in vitro testing were synthesized as
white powder to> 90% purity. Deionized water was used to dilute the peptides for in vitro
activity assessment.

2.3 Bacterial strains
Thirty (30) Pneumococcal clinical isolates were obtained from University of Malaya Medical
Centre (UMMC). For broad-spectrum activity of AMPs, E. coli ATCC 25922, Staphylococcus
aureus ATCC 25923, P. aeruginosa ATCC 15442, Acinetobacter baumanii ATCC 15308, and
one clinical isolate of each methicillin resistant S. aureus (MRSA), Enterococcus cloacae, citro-
bacter spp., and K. pneumoniae were used in this study.

2.4 Antimicrobial activity assay
The minimum inhibitory concentration (MIC) of the peptides against 30 pneumococcal iso-
lates was determined by broth microdilution protocol as indicated by the CLSI guidelines
(Clinical and Laboratory Standards Institute) [31]. Briefly, bacterial strains were grown for 18–
24 hr at 37°C under 5% CO2. Direct suspension of the colonies were made in cationically-

Table 1. Properties of parental andmodified peptides.

Peptide Peptide Sequence aaa MWb Qc Pho%d GRAVYe

Indolicidin ILPWKWPWWPWRR-NH2 13 1907.3 +4 53% -1.069

IN1 LLPWKWPWWKWRR-NH2 13 1926.35 +5 53% -1.300

IN2 RRPWRWPWWPWRR-NH2 13 2003.371 +6 38% -2.446

IN3 RRPWRWPRWPWRR-NH2 13 1973.346 +7 30% -2.723

IN4 RLPWRWPRRPWRR-NH2 13 1900.293 +7 30% -2.362

Ranalexin FLGGLIKIVPAMICAVTKKC-OH 20 2105.70 +3 65% 1.400

RN1 FLGGLIKIVPAMICAVRKKC-OH 20 2154.824 +4 65% 1.210

RN2 FLGGLIKPVPAMICAVRKKC-OH 20 2132.781 +4 60% 0.905

RN3 FLGGLIKRVPAMICAVRKKC-OH 20 2197.852 +5 60% 0.760

RN4 FLGGLIKRPPAMICAVRKKC-OH 20 2189.836 +5 55% 0.470

RN7-IN10 FLGGLIKWKWPWWPWRR-NH2 17 2300.791 +5 52% -0.612

RN7-IN9 FLGGLIKKWPWWPWRR-NH2 16 2114.578 +5 50% -0.594

RN7-IN8 FLGGLIKWPWWPWRR-NH2 15 1986.408 +4 53% -0.373

RN7-IN7 FLGGLIKPWWPWRR-NH2 14 1800.195 +4 50% -0.336

RN7-IN6 FLGGLIKWWPWRR-NH2 13 1709.078 +4 53% -0.238

a Number of amino acids.
b Molecular weight.
c Net charge. Lys (K), Arg (R), and C-terminal amidation (NH2) was assigned with +1 charge.
d hydrophobic residues%.
e Grand Average hydropathy value of the peptide.

doi:10.1371/journal.pone.0128532.t001
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adjusted Müeller-Hinton broth (CAMHB) and adjusted to OD 625 0.08–0.1 which corre-
sponds to 1 ~ 2 x108 CFU/ml followed by serial ten-fold dilutions to give 1x106 CFU/ml. 50μl
of bacterial suspension were added to 96-well round bottom microtiter plates containing equal
volume of peptides at different concentrations (1.95, 3.90, 7.81, 15.62, 31.25, 62.5, 125, 250μg/
ml) and the 96-well plates were incubated for 20-24hr at 37°C in the presence of 5% CO2. The
minimum inhibitory concentration (MIC) is defined as the lowest concentration of peptide
that completely inhibits growth.

2.5 Hemolytic activity assay
The hemolytic activity of the peptides was tested using human erythrocytes as described previ-
ously [32]. Human red blood cells (RBCs) were freshly collected from a healthy donor, washed
three times using sterile phosphate buffered saline (PBS) and centrifuged at 2000 rpm for
10 min until the upper solution became clear. RBCs were diluted to a final concentration of
4%, and 100μl of peptides at different concentrations (1.95 to 250μg/ml) were mixed with
equivalent volumes of erythrocyte suspensions. After 1hr of incubation at 37°C, the cells were
centrifuged at 2000 rpm for 10 min and the absorbance of the supernatants was measured at
560 nm using GloMax Multi Detection System (Promega, USA). PBS and 0.1% Triton X-100
were used as negative and positive controls, respectively. The assay was done in triplicate, and
percentage of hemolysis was calculated using the following formula: 100% hemolysis = 100
(Apeptide-APBS) / (Atriton-APBS). We obtained the blood from the Blood Bank of University Ma-
laya Medical Centre and ethical clearance for this work was approved by the Scientific and Eth-
ical Committee of UMMC (Ethics Committee/IRB Reference No: 321.4). Written informed
consent was obtained for each collection.

2.6 Cytotoxicity against human cells
CellTiter 96 AQueous Non-Radioactive Cell Proliferation assay (Promega, USA) was used to
evaluate the cytotoxic effects of peptides [16]. WRL-68 (ATCC CL-48) and NL-20 (ATCC
CRL2503) cell lines were purchased from American Type Culture Collection (ATCC, USA).
The cell lines were grown in Dulbecco's modified Eagle's medium (DMEM) and Ham’s F-12
medium, respectively. Cells were supplemented with 10% (v/v) fetal bovine serum (FBS) in
T75 flasks and incubated at 37°C in the presence of 5% CO2. Cells were seeded into 96-well
plates at a density of 1×104 and 3×104 cells per well, respectively. Peptides were added to the
wells at different concentrations (1.95, 3.90, 7.81, 15.62, 31.25, 62.5, 125, and 250μg) and plates
were incubated at 37°C under 5% CO2 for 24, 48, and 72 hrs. Medium with and without cells
was used as positive and negative controls, respectively. After incubation, 20μl of the reagent
were added to each well and incubated for 1 hr at 37°C under 5% CO2. Metabolically active
cells convert the yellow MTS to purple formazan, allowing for monitoring of the reaction. The
absorbance was monitored at 490 nm using GloMax Multi Detection System (Promega, USA).
The percentage of viable cells was calculated according to the following formula: 100 (AT-AB/
AC-AB), where AT and AC are the absorbance of treated and control cells (100% survival). AB is
the absorbance of medium alone. The assay was done in triplicate.

2.7 Time killing assay
The bactericidal activities of peptides were performed as described previously [33]. The bacte-
ria (1×106 CFU/ml) were incubated with peptides and standard drugs (erythromycin and cef-
triaxone) at certain concentration (1 × MIC) in Müeller-Hinton broth (MHB) at 37°C. 10μl of
bacterial suspensions were removed at various time intervals (30, 60, 90, 120, 150, 180, 210,
and 240 min), serially diluted in PBS and plated onto Columbia agar with 5% sheep blood for
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20-24hr at 37°C in the presence of 5% CO2 to obtain viable colonies. Erythromycin and ceftri-
axone were used as positive control and the assay was performed in triplicate.

2.8 In silicomolecular docking study
The five hybrid peptides are designed based on two natural peptides, Indolicidin and Rana-
lexin, which both showed activity against gram positive bacteria. To understand the basis inter-
action of the newly designed peptides with virulent factors of Streptococcus pneumoniae, the
molecular docking was carried out to investigate the binding interaction with three protein tar-
gets namely autolysin, pneumolysin, and pneumococcal surface protein A (PspA). The high
resolution of crystal structure of choline-binding domain of major pneumococcal autolysin
(PDB ID: 1GVM) was obtained from the RCSB protein data bank (http://www.pdb.org). The
homodimer in chain A and B was used for autolysin while pneumolysin was homology mod-
eled with those deposited in SWISS-MODEL repository (UniProt: Q04IN8) [34,35]. Automat-
ed comparative modeling of three-dimensional (3D) protein structures for PspA
(ALA453-VAL653) was built using SWISS-MODEL [36] server (http://swissmodel.expasy.
org). The water and ligands were removed from the original crystal structures. The initial struc-
tures were modified according to the CHARMm force field with partial charge Momany-Rone
[37], and short minimizations of the structures were performed with RMS gradient tolerance
of 0.1000 kcal/(mol x Angstrom). The overall quality of the minimized model was evaluated to
ensure the model quality by utilizing PROCHECK [38] for evaluating Ramachandran plot
quality. PROSA [39] was employed for interaction energy testing and VERIFY3D [40] for as-
sessing the compatibility of each amino acid residue. The NMR structure of natural substrate,
an indolicidin peptide derivative with improved activity against gram-positive bacteria (PDB
ID: 1HR1 model 1) was initially used and further modeled by using Build Mutant Protocol in
Discovery Studio [41] to change all three alanine to proline as the sequence of natural indolici-
din substrate (Table 2). The conformation of the mutated residues and their neighbors were
optimized using MODELER [42]. Ranalexin and the five hybrid peptides (RN7-IN6, RN7-IN7,
RN7-IN8, RN7-IN9 and RN7-IN10) were modeled using peptide tertiary structure prediction
server (http://www.imtech.res.in/raghava/pepstr/) [43] with short minimizations. Docking of
peptides into the targets was performed using AUTODOCK VINA [44] with rigid docking and
the low interaction complex structures were further minimized. The binding site for autolysin
is at Chain B: LYS258-ALA277, for pneumolysin at ARG426-ARG437, and for PspA at
GLY577-LEU588. The binding site of pneumolysin and PspA has been predicted from prosite
(http://prosite.expasy.org/). Detailed interaction energy was investigated by using calculate
binding energies protocol in Discovery Studio [41]. This protocol allows us to estimate the in-
teraction energy between the target protein and designed peptides within 3 Å.

2.9 Statistical analysis
All assays were performed in triplicate, and statistical analyses of the experimental data were
performed with GraphPad prism 5 Statistical software (GrapPad Software, Inc., La Jolla, CA,
USA). Two-way analysis of variance was used to evaluate the effect of hybrid peptides com-
pared with erythromycin and ceftriaxone in time killing assay.

Results

3.1 Minimum inhibitory concentrations of antimicrobial peptides
The antimicrobial activities of designed peptides against Gram-positive and Gram-negative bacte-
ria were evaluated by the broth microdilution assay. Four hybrid peptides (RN7-IN10, RN7-IN9,
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RN7-IN8, and RN7-IN6) showed the strongest antibacterial activity against 30 S. pneumoniae
clinical isolates with MICs ranging from 7.81 to 15.62μg/ml which were lower than parent pep-
tides indolicidin (MIC = 15.62–31.25μg/ml) and ranalexin (62.5μg/ml) (Table 3). Streptococcus
pneumoniaewas less susceptible to hybrid peptide RN7-IN7 (MIC = 31.25–62.5μg/ml) (Table 3).
Indolicidin analogs showed moderate activity against pneumococcal isolates. IN1 and IN2 pep-
tides exhibitedMIC values of 31.25–62.5μg/ml, and IN3 showedMIC value of 62.5μg/ml. IN4
peptide failed to kill S. pneumoniae up to a concentration of 250μg/ml (Table 3). Ranalexin analog
RN1 showed the lowest antibacterial activity (250μg/ml), whereas RN2, RN3, and RN4 failed to
kill all the pneumococcal isolates up to a concentration of 250μg/ml (Table 3). In addition to kill-
ing S. pneumoniae at low concentrations, hybrid peptides revealed a potent broad spectrum of an-
tibacterial activity against different pathogens namely E. coli ATCC 25922 (7.81μg/ml), S. aureus
ATCC 25923 (7.81μg/ml), methicillin resistant S. aureus (MRSA) (7.81μg/ml) and P. aeruginosa
ATCC 15442 (15.62μg/ml) (Table 3). Indolicidin analogs IN1 and IN2 showed moderate activity
against E. coli ATCC 25922 (31.25μg/ml), S. aureusATCC 25923 (31.25μg/ml), methicillin resis-
tant S. aureus (MRSA) (31.25μg/ml) and P. aeruginosaATCC 15442 (31.25μg/ml). IN3 killed
these same bacteria at MIC of 31.25–62.5 μg/ml. IN4 and ranalexin analogs exhibited very weak
activity against the same bacteria. All the antimicrobial peptides failed to kill Enterococcus cloacae,
citrobacter spp., and K. pneumoniae up to a concentration of 250μg/ml (Table 3).

Table 2. Molecular docking results with Autodock Vina.

Receptor Peptide Sequence aa a length Binding affinity (kcal/mol)

Autolysin Indolicidin(natural peptide) ILAWKWAWWAWRR-NH2 13 -7.0 –(-5.6)

Indolicidin (lab) ILPWKWPWWPWRR-NH2 13 -6.4 –(-4.3)

Ranalexin (natural) FLGGLIKIVPAMICAVTKKC-OH 20 -6.5 –(-3.7)

RN7IN10 FLGGLIKWKWPWWPWRR-NH2 17 -4.9

RN7IN9 FLGGL IKKWPWWPWRR-NH2 16 -5.1 –(-4.3)

RN7IN8 FLGGLIKWPWWPWRR-NH2 15 -7.4 –(-5.3)

RN7IN7 FLGGLIKPWWPWRR-NH2 14 -7.1 –(-4.2)

RN7IN6 FLGGLIKWWPWRR-NH2 13 -8.7 –(-5.7)

Pneumolysin Indolicidin (natural peptide) ILAWKWAWWAWRR-NH2 13 -8.9 –(-6.9)

Indolicidin (lab) ILPWKWPWWPWRR-NH2 13 -8.5 –(-5.6)

Ranalexin (natural) FLGGLIKIVPAMICAVTKKC-OH 20 -7.7 –(-5.2)

RN7IN10 FLGGLIKWKWPWWPWRR-NH2 17 -6.4 –(-3.9)

RN7IN9 FLGGL IKKWPWWPWRR-NH2 16 -7.7 –(-5.5)

RN7IN8 FLGGLIKWPWWPWRR-NH2 15 -7.3 –(-6.0)

RN7IN7 FLGGLIKPWWPWRR-NH2 14 -8.4 –(-6.3)

RN7IN6 FLGGLIKWWPWRR-NH2 13 -8.5 –(-7.1)

PspA Indolicidin (natural peptide) ILAWKWAWWAWRR-NH2 13 -8.7 –(-6.2)

Indolicidin (lab) ILPWKWPWWPWRR-NH2 13 -9.3 –(-6.5)

Ranalexin (natural) FLGGLIKIVPAMICAVTKKC-OH 20 -6.5 –(-3.6)

RN7IN10 FLGGLIKWKWPWWPWRR-NH2 17 -7.3

RN7IN9 FLGGL IKKWPWWPWRR-NH2 16 -8.5 –(-5.9)

RN7IN8 FLGGLIKWPWWPWRR-NH2 15 -9.4 –(-6.6)

RN7IN7 FLGGLIKPWWPWRR-NH2 14 -7.6 (-5.9)

RN7IN6 FLGGLIKWWPWRR-NH2 13 -7.8 –(-5.6)

a Number of amino acids.

doi:10.1371/journal.pone.0128532.t002
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3.2 Hemolytic effects of peptides
The hemolytic activity of peptides with MIC of� 62.5μg/ml was tested by measuring their abil-
ity to lyse human RBCs at various concentrations (1.95 to 250μg/ml). None of the peptides
showed hemolytic activity at their MICs, all the hybrid peptides showed very low toxicity of
less than 6% at their MIC values. The hemolytic activities of RN7-IN10, RN7-IN9, RN7-IN8,
and RN7-IN6 at concentration of 15.62μg/ml were 5.9, 0.0, 0.0, and 0.0% respectively.
RN7-IN7 didn’t display any toxic effect up to a concentration of 250μg/ml (Fig 1A). Indolicidin
analogs didn’t revealed any toxicity toward human RBCs. The hemolytic activities of IN1 and
IN3 were 3.6 and 2.39% at 250μg/ml respectively. IN2 showed 15.39% hemolytic activity at
concentration of 250μg/ml. In contrast, the parent peptide indolicidin showed relatively high
hemolytic activity 56.98% at 250μg/ml, while ranalexin displayed<15% hemolysis at 250μg/ml
(Fig 1B).

Table 3. Antibacterial activities of the antimicrobial peptides against Streptococcus pneumoniae, E. coliATCC 25922, Sstaphylococcus aureus
ATCC 25923, P. aeruginosa ATCC 15442, Acinetobacter baumanii ATCC 15308, methicillin resistant S. aureus (MRSA), Enterococcus cloacae,
citrobacter spp., andK. pneumoniae.

Peptide MIC (μg/ml)*

S.
pneumoniae
(30 clinical
isolates)

E. coli
ATCC
25922

S.
aureus
ATCC
25923

Methicillin
resistant S.
aureus
(MRSA)

P.
aeruginosa
ATCC 15442

Acinetobacter
baumanii ATCC
15308

Enterococcus
cloacae

citrobacter
spp

K.
pneumoniae

Indolicidin 15.62–31.25
(8.19–16.39)

31.25
(16.39)

31.25
(16.39)

31.25 (16.39) 31.25 (16.39) >250 (131) >250 (>131) >250 (>131) >250 (>131)

IN1 31.25–62.5
(16.13–32.26)

31.25
(16.13)

31.25
(16.13)

31.25 (16.13) 31.25 (16.13) >250 (129) >250 (>129) >250 (>129) >250 (>129)

IN2 31.25–62.5
(15.46–30.93)

31.25
(15.46)

31.25
(15.46)

31.25 (15.46) 31.25 (15.46) >250 (>123) >250 (>123) >250 (>123) >250 (>123)

IN3 62.5 (31.4) 31.25
(15.7)

31.25
(15.7)

62.5 (31.4) 31.25 (15.7) >250 (>125) >250 (>125) >250 (>125) >250 (>125)

IN4 250 (130.4) 250
(130.4)

125 250 (130.4) 125 (65.2) >250 (>130.4) >250 (>130.4) >250
(>130.4)

>250
(>130.4)

Ranalexin 62.5 (29.7) 62.5
(29.7)

31.25
(14.84)

31.25 (14.84) 125 (59.36) >250 (>118) >250 (>118) >250 (>118) >250 (>118)

RN1 250 (115.7) 250
(115.7)

125
(57.84)

250 (115.7) >250
(>115.7)

>250 (>115.7) >250 (>115.7) >250
(>115.7)

>250
(>115.7)

RN2 >250 (>116) >250
(>116)

>250
(>116)

>250 (>116) >250 (>116) >250 (>116) >250 (>116) >250 (>116) >250 (>116)

RN3 >250 (>113) >250
(>113)

>250
(>113)

>250 (>113) >250 (>113) >250 (>113) >250 (>113) >250 (>113) >250 (>113)

RN4 >250 (>113) >250
(>113)

>250
(>113)

>250 (>113) >250 (>113) >250 (>113) >250 (>113) >250 (>113) >250 (>113)

RN7-IN10 7.81–15.62
(3.37–6.75)

7.81
(3.37)

7.81
(3.37)

7.81 (3.37) 31.25 (13.51) 31.25 (13.51) >250 (>108) >250 (>108) >250 (>108)

RN7-IN9 7.81–15.62
(3.67–7.34)

7.81
(3.67)

7.81
(3.67)

7.81 (3.67) 31.25 (14.7) 31.25 (14.7) >250 (>117) >250 (>117) >250 (>117)

RN7-IN8 7.81–15.62
(3.91–7.82)

7.81
(3.91)

7.81
(3.91)

7.81 (3.91) 31.25 (15.64) 62.5 (31.3) >250 (>125) >250 (>125) >250 (>125)

RN7-IN7 31.25–62.5
(17.25–34.5)

31.25
(17.25)

31.25
(17.25)

31.25 (17.25) 62.5 (34.5) 125 (69) >250 (>138) >250 (>138) >250 (>138)

RN7-IN6 7.81–15.62
(4.55–9.11)

7.81
(4.55)

7.81
(4.55)

7.81 (4.55) 31.25 (18.23) 31.25 (18.23) >250 (>145.84) >250
(>145.84)

>250
(>145.84)

* Numbers in parentheses are micromolar concentrations.

doi:10.1371/journal.pone.0128532.t003

Synthetic AMPs against Stretococcus pneumoniae

PLOSONE | DOI:10.1371/journal.pone.0128532 June 5, 2015 7 / 23



3.3 Cytotoxic effects of peptides
The effects of the peptides (with MIC value of� 62.5μg/ml) on the viability of two different
cells WRL-68 normal liver cell line and NL-20 normal lung cell line were tested in order to un-
derstand the cytotoxicity of these peptides. The results revealed that all the peptides tested
didn’t display any toxic effect up to 72hr of incubation at their MICs. NL-20 cell viability was
not affected (<50%) by hybrid peptides at 62.5μg/ml, however, over 50% cytotoxicity was ob-
served upon treatment with peptides at 125–250μg/ml (Fig 2A–2C). Hybrid peptides showed
strong cytotoxic effects (>50%) toward WRL-68 cells at concentration of 62.5μg/ml which is
3–4 times the MIC values of these peptides (Fig 3A–3C). Parent peptides and indolicidin ana-
logs IN1 and IN2 didn’t display any toxicity toward NL-20 and WRL-68 cells up to a concen-
tration of 62.5μg/ml. IN3 was the least toxic peptide among all up to a concentration of
125μg/ml. (Figs 2D–2F and 3D–3F, respectively).

3.4 Time killing assay
The bactericidal activity of peptides was assessed by evaluating the time course to kill suspen-
sions of Streptococcus pneumoniae. Hybrid peptides showed rapid bactericidal kinetics in com-
parison with standard drugs erythromycin and ceftriaxone. RN7-IN10 was the most active
peptide eliminating 106 CFU/ml of S. pneumoniae at 1×MIC over a period of 30 min. RN7-IN8
and RN7-IN7 took 120 min to completely eradicate 106 CFU/ml, whereas peptide RN7-IN9
was able to completely kill the bacteria within 150 min. RN7-IN6 had the slowest killing rate
against S. pneumoniae, taking 240 min to kill the bacteria (Fig 4A and 4B). Indolicidin analogs
IN1 and IN2 had slower killing kinetics than their parent peptide. They required 210 min to to-
tally eliminate the bacteria, whereas indolicidin and IN3 took 150 min to kill 106 CFU/ml of
pneumococcus. Standard drugs erythromycin and ceftriaxone eradicated susceptible pneumo-
coccal isolate at 120 and 150 min respectively and failed to totally eliminate resistant strain up
to 240 min of treatment (Fig 4C and 4D).

3.5 Possible interactions with protein targets from in silicomolecular
docking study
Molecular docking was applied to assess the mechanism of binding receptors with peptides.
The x-ray structure of homodimer in chain A and B was used for autolysin while pneumolysin

Fig 1. Hemolytic activity against human erythrocytes. Hemolytic activity of synthetic peptides against human erythrocytes. Hemolytic effect of hybrid
peptides (A) and indolicidin and its analogs (B). Hemolysis was determined by measuring hemoglobin absorbance at 560 nm in the supernatant presented as
percentage hemolysis achieved with 0.1% Triton X-100.

doi:10.1371/journal.pone.0128532.g001
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and PspA were homology modeled using SWISS-MODEL. The results obtained indicated that
peptides have strong bind affinity against targets proteins autolysin, pneumolysin and PspA.
The binding affinity ranged from -7.0 to (-3.7), -8.9 –(-3.9), and -9.4 –(-3.6) for the target pro-
teins, respectively (Table 2). Among the hybrid peptides, RN7-IN6, the shortest peptide, have

Fig 2. Cytotoxicity of peptides against NL-20 cell line. Cytotoxic effects of peptides incubated at different concentrations with NL-20 normal lung cell line
for 24, 48, and 72hr. Hybrid peptides (A, C, and E) and indolicidin and its analogs (B, D, and F).

doi:10.1371/journal.pone.0128532.g002
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Fig 3. Cytotoxicity of peptides against WRL-68 cell line. Viability of WRL-68 normal liver cells incubated with different concentrations of hybrid peptides
for 24, 48 and 72hr (A, C, and E) and indolicidin and its analogs (B, D, and F).

doi:10.1371/journal.pone.0128532.g003
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the lowest binding affinity toward autolysin and pneumolysin. The more negative and lower
the value of binding affinity the stronger the bonds between receptor and peptide. In addition,
the length of the designed peptides affect the stability and binding affinity. The minimized of
lowest docking energy complexes of peptides with CHARMm force field against autolysin,
pneumolysin, and PspA were visualized in discovery studio (Figs 5, 6, and 7 respectively). In
the representation, peptide a) Indolicidin (lab) b) Ranalexin c) RN7-IN6 d) RN7-IN8 in blue,
purple, yellow and orange, respectively. A close view of interactions has been depicted; whereas
green dotted lines represented the hydrogen bonds. The details of van der Waal (VDW) and
electrostatic with amino acids in 3 Å vicinity of the peptides, and total interaction energy (IE)
value were tabulated (Tables 4, 5 and 6).

Fig 4. Time killing assay. Bactericidal kinetics of peptides at 1×MIC, bactericidal kinetics of indolicidin and its analogs against resistant and susceptible S.
pneumoniae to ceftriaxone (CFX) and erythromycin (ERY) (A and B respectively). Bactericidal kinetics of hybrid peptides against resistant and susceptible S.
pneumoniae (C and D). All the designed peptides showed stronger bactericidal activity than standard drugs at 1x MIC (with statistical significance using two-
way analysis of variance. An asterisk (*) adjacent to peptide name indicates statistical analysis significance (P <0.0001).

doi:10.1371/journal.pone.0128532.g004
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Ranalexin showed the strongest binding interactions -266.78, -232.72 and -206.52 kcal/mol
for autolysin, pneumolysin and PspA respectively. The contribution of the interaction mainly
comes from the electrostatic interaction than van der Waals. For pneumolysin and PspA,
RN7-IN6 exhibited stronger binding interaction compared to indolicidin. Only one hydrogen
bonding interaction (Fig 6) at ILE6 of RN7-IN6 between RN7-IN6:ILE6:HN and A:ALA370:O
was found, and strong contributions (<-10 kcal/mol Table 5) are from the interaction with

Fig 5. The interaction of autolysin and peptides. (A) Hydrogen bonding interaction of indolicidin lab (blue) at B:THR259:HG1 and indolicidin lab:PRO10:O.
B) Interaction of hydrogen bonds were observed at ranalexin:PHE1:HT2-A:ASP312:OD1, ranalexin:PHE1:HT2-A:ASP312:OD2, ranalexin:PHE1:HT3-A:
ASP312:OD2, ranalexin:LEU2:HN-A:ASP312:OD1, ranalexin:LEU2:HN-A:ASP312:OD2 and ranalexin:PHE1:HT3-B:TYR293:OH for ranalexin (purple). (C)
Hydrogen bonds of RN7IN6 (yellow) were B:LYS263HN-RN7IN6:NH214:N1 and RN7IN6:GLY4:HN-B:THR259:O.

doi:10.1371/journal.pone.0128532.g005
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ALA370, TYR371, THR405, CYS428, THR429, GLY430, LEU431, ALA432 and TRP435 of
pneumolysin. Several hydrogen bond interactions of the N-terminal of RN7-IN6 with PspA
are illustrated in (Fig 7).

Fig 6. The interaction of pneumolysin and peptides. (A) Indolicidin lab (blue) showed one hydrogen bonding interaction at A:TRP436:HE1 and indolicidin
lab:ARG13:OXT. (B) No hydrogen bond interaction for ranalexin (purple). (C) Hydrogen bond between RN7IN6 (yellow) and pneumolysin at RN7IN6:ILE6:
HN-A:ALA370:O.

doi:10.1371/journal.pone.0128532.g006
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Discussion
The extensive use of antibiotics has led to the emergence of multidrug resistant bacteria, which
caused the traditional antibiotics to be ineffective or of limited use. As a result, developing a
new class of anti-bacterial agents to overwhelm the antibiotics resistant issue is desperately
needed [45–47]. There are several ways to design new AMPs based on known models including

Fig 7. The interaction of pspA and peptides. (A) No hydrogen bonding interaction of indolicidin lab (blue) with pspA. (B) Hydrogen bond was observed at
ranalexin:LYS7:HZ3-A:ASP573:OD2 for ranalexin (purple). (C) No hydrogen bond showed in RN7IN8 (orange). D RN7IN6 (yellow) has several hydrogen
bonding interaction at A:ASN569:HD21–RN7IN6:LEU2:O, A:GLY577:HN–RN7IN6:NH214:N1, A:TRP578:HN–RN7IN6:ARG13:OXT and RN7IN6:LEU2:
HN–A:ASP573:OD2.

doi:10.1371/journal.pone.0128532.g007
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amino acids substitution, deletion, and hybridization of active parts of two or more naturally
occurring peptides [48].

In this study, we report the antibacterial activity of novel designed AMPs based on two nat-
ural peptides indolicidin (a natural peptide present in the cytoplasmic granules of bovine neu-
trophils) and ranalexin (a natural peptide isolated from the skin of bullfrog, Rana catesbeiana).
These two peptides were chosen because both showed activity against Gram positive bacteria,
both have short sequences (13 and 20 amino acids respectively), and both are positively
charged (+4 and +3 respectively) leading to attraction between cationic peptides and negatively
charged microbial membranes [24,25]. Cationicity is one of the main parameters that influence
the antimicrobial activity of AMPs. Unlike mammalian cell membranes, microbial membranes
are rich in anionic phospholipids which attract the positively charged AMPs to bind to the

Table 4. Contribution of the interactions energy in kcal/mol of the autolysin binding residues in the 3Å from peptides.

Residue Interaction
Energy (IE)

VDW Electrostatic Residue Interaction
Energy (IE)

VDW Electrostatic Residue Interaction
Energy (IE)

VDW Electrostatic

Indolicidin (lab) ILPWKWPWWPWRR-NH2 Ranalexin FLGGLIKIVPAMICAVTKKC-OH RN7IN6 FLGGLIKWWPWRR-NH2

B_TYR250 -25.35 -2.02 -23.33 A_ASP312 -193.44 1.39 -194.83 B_ASN252 -31.03 -1.68 -29.35

B_ASN252 -8.09 -2.17 -5.92 B_ASN252 -23.74 -1.26 -22.48 B_LYS258 -19.64 -5.97 -13.67

B_GLU253 -61.26 -1.14 -60.12 B_LYS258 -2.35 -6.31 3.96 B_THR259 -33.85 -1.99 -31.86

B_LYS258 -11.28 -3.98 -7.31 B_TRP261 -27.68 -3.52 -24.16 B_GLY260 8.58 -2.13 10.71

B_THR259 -13.85 -4.78 -9.07 B_VAL262 -16.49 -1.52 -14.96 B_TRP261 -26.87 -6.92 -19.95

B_GLY260 3.41 -2.37 5.77 B_LYS263 36.97 -1.97 38.94 B_VAL262 -14.95 -2.78 -12.17

B_TRP261 -22.07 -1.27 -20.80 B_TRP268 -10.34 -4.89 -5.45 B_LYS263 -31.42 0.10 -31.53

B_LYS263 7.75 -2.00 9.75 B_TYR293 -29.71 -1.13 -28.58 B_TRP268 -14.69 -4.77 -9.92

B_TYR264 -0.65 -0.92 0.27 B_TYR293 -14.90 -1.64 -13.25

B_TYR270 -15.30 -2.01 -13.29

B_LEU271 -23.34 -0.63 -22.71

B_ALA273 -12.43 -3.51 -8.92

Total IE -182.48 -26.80 -155.68 Total IE -266.78 -19.23 -247.56 Total IE -178.76 -27.76 -151.00

doi:10.1371/journal.pone.0128532.t004

Table 5. Contribution of the interactions energy in kcal/mol of the pneumolysin residues in the 3Å from peptides.

Residue Interaction
Energy (IE)

VDW Electrostatic Residue Interaction
Energy (IE)

VDW Electrostatic Residue Interaction
Energy (IE)

VDW Electrostatic

Indolicidin (lab) ILPWKWPWWPWRR-NH2 Ranalexin FLGGLIKIVPAMICAVTKKC-OH RN7IN6 FLGGLIKWWPWRR-NH2

A_GLN374 -29.91 -1.22 -28.69 A_ALA370 -19.43 -2.75 -16.68 A_ALA370 -17.76 -3.85 -13.90

A_TYR376 -9.97 -1.69 -8.28 A_TYR371 -22.13 -2.12 -20.01 A_TYR371 -10.00 -3.07 -6.93

A_ARG426 46.94 -3.27 50.20 A_VAL372 -8.38 -5.03 -3.35 A_VAL372 -9.50 -2.39 -7.11

A_LEU431 -6.80 -1.06 -5.74 A_ASP403 -67.39 -3.31 -64.08 A_THR405 -13.17 -1.79 -11.38

A_TRP433 1.05 -2.72 3.77 A_CYS428 -16.55 -1.46 -15.09 A_ALA406 -2.78 -0.11 -2.68

A_GLU434 -105.07 -7.07 -98.00 A_GLY430 -6.85 -2.21 -4.64 A_CYS428 -24.18 -1.50 -22.68

A_TRP435 -21.68 -2.42 -19.26 A_ALA432 -31.90 -1.67 -30.23 A_THR429 -13.30 -1.47 -11.83

A_TRP436 -18.76 -4.19 -14.57 A_TRP435 -19.21 -5.27 -13.94 A_GLY430 -23.40 -3.36 -20.04

A_ARG437 18.99 -5.21 24.20 A_TRP436 -23.80 -2.25 -21.55 A_LEU431 -12.73 -2.08 -10.65

A_THR438 -22.35 -3.50 -18.86 A_THR459 -17.08 -2.02 -15.06 A_ALA432 -29.16 -2.72 -26.45

A_TRP435 -13.58 -3.37 -10.21

A_THR459 -7.68 -1.49 -6.19

Total IE -147.56 -32.34 -115.22 Total IE -232.72 -28.09 -204.63 Total IE -177.23 -27.18 -150.04

doi:10.1371/journal.pone.0128532.t005
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microbial cells membranes over the mammalian cells membranes [49]. On the contrary, the
cell membranes of animals are rich in neutral phospholipids and cholesterol substances that in-
hibit the integration of AMPs into membranes and the formation of pores [50]. In addition to
net charge, both parent peptides have high content of hydrophobic residues (53% and 65% re-
spectively). Hydrophobicity is another crucial parameter responsible for activity of AMPs. Hy-
drophobicity of AMPs is linked to the interaction of AMPs against the lipid head groups of
microbial phospholipid bilayer membrane [51]. However, increasing levels of hydrophobicity
are strongly associated with mammalian cell toxicity and loss of antimicrobial specificity [49].
Thus, careful consideration is necessary when altering peptide hydrophobicity.

Indolicidin is rich in tryptophan residues (39%) and this group of peptides is well known to
possess activity against a wide range of microbial pathogens[27,52]. Several groups have de-
signed novel analogs based on indolicidin [53,54]. However, to our knowledge none of these
peptides have been tested against S. pneumoniae. Besides, this is the first time indolicidin is
being used in combination with another peptide (ranalexin) to design novel hybrid peptides.
Four indolicidin analogs IN1, IN2, IN3 and IN4, were designed, and their net charge was +5,
+6, +7 and, +7 respectively (Table 1). Although they have a higher positive charge than indoli-
cidin, they were less potent than their parent peptide. This is probably due to the decrease of
their hydrophobicity, and hence decrease in their affinity to lipid bilayer of bacterial membrane
(Table 2). Nevertheless, due to the decrease of their hydrophobicity, indolicidin analogs
showed less toxicity toward RBCs and human cell lines than their parent peptide (Figs 1, 2 and
3). These results are in agreement with previous results showing that decreasing peptides’ hy-
drophobicity was associated with reduced antimicrobial activity [55].

Hybridization is one of the effective techniques to design new AMPs with better properties
than parent peptides [56]. Designing of hybrid peptides have been reported in several studies.
Saugar and his colleagues have reported that cecropin A-melittin hybrid peptides possess
stronger activity than colistin against Acinetobacter baumannii [57], while Tian and his co-
workers designed four hybrid peptides from LFB15(W4,10), HP(2–20), and cecropin A and
their results demonstrated that the hybrid peptides CL23 and LH28 had an enhanced antimi-
crobial activity than the parent peptides [48].

Four hybrid peptides (RN7-IN10, RN7-IN9, RN7-IN8, and RN7-IN6) showed the strongest
antipneumococcal activity. The MICs of these four peptides ranging from 7.81 to 15.62μg/ml,
which is less than parent peptides indolicidin (31.25μg/ml) and ranalexin (62.5μg/ml). More-
over, these peptides showed potent activity against S. aureus, E.coli, and meticillin-resistant
Staphylococcus aureus (Table 3). These four peptides possess high positive charge and hydro-
phobicity and these two properties enable them to bind more effectively to negatively charged
membranes of bacteria and subsequently kill the bacteria [58]. Furthermore, these peptides
preserve the hydrophobic amino-terminal residues (Phe-Leu-Gly-Gly) of parent peptide rana-
lexin (Table 1). Deletion of these residues have dramatically increased the MIC of ranalexin
against E. coli (from 32 to 256μg/ml) and S. aureus (from 4 to 256μg/ml) [24]. Additionally, the
hybrid peptides have a high content of tryptophan (Trp) residues (Table 1). It’s well known
that Trp play a crucial role in membrane spanning proteins, as this amino acid has a strong
preference for the interfacial regions of lipid bilayers [59]. RN7-IN10, RN7-IN9, and RN7-IN8
have longer chains (17, 16, and 15 aa) as compared to indolicidin. Previous reports have
showed that antimicrobial activity increases with an increase in chain length of the peptides
[60,61]. We believe that these parameters together have enhanced the antibacterial activity of
hybrid peptides over indolicidin and ranalexin. Time killing data of the peptides revealed that
at 1×MIC, hybrid peptides RN7-IN10, RN7-IN9, RN7-IN8, RN7-IN7 and RN7-IN6 were capa-
ble of causing critical damages to S. pneumoniae cells within 30 min of incubation which is
faster than standard drugs erythromycin and ceftriaxone. All the peptides tested showed low
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hemolytic and cytotoxic effects at their MICs. Although RN7-IN10, RN7-IN9, RN7-IN8, and
RN7-IN6 didn’t show any toxic effect at their MICs, they were toxic at high concentrations of
�62.5μg/ml (WRL-68) and�125μg/ml (NL-20) (Figs 1, 2 and 3). Several strategies can be ap-
plied to reduce the toxicity of peptides without affecting their activity such as replacing lysine
residues for prolines [62], or by shifting the position of tryptophan residue within the hydro-
phobic part of the amphipathic helix [63]. Oren and Shai have showed that cyclization is an-
other effective way to reduce the toxicity of linear peptides without affecting their activity [64].

The protein-peptide interaction plays a significant role in structural based drug designing.
Molecular docking study was used to understand the binding mode of the peptides with three
virulent factors; autolysin (LytA), pneumolysin (Ply), and pneumococcal surface protein A
(PspA). These three proteins play an important role in the pathogenicity of pneumococci and
they seem to be the best candidates for drug or vaccine development [13]. Previous studies
have showed that mutant pneumococcal isolates lacking the expression of these proteins cause
very mild or no disease [65,66]. Our aim was to investigate the ability of the hybrid peptides to
inhibit these targets as part of their mechanism of action. Taken together, our docking results
showed the negative binding energy which indicate the favorable binding of peptides with all
three receptors. Detailed amino acids involved in binding of the minimized lowest docking
complexes are analyzed in term of the van Der Waal (VDW) and electrostatic with amino
acids in 3 Å vicinity of the peptides and total interaction energy (IE) value CHARMm force-
field. RN7-IN6 exposed the best binding by docking and correlated with our experimental re-
sults possibly due to the inhibition of autolysin and pneumolysin receptor. For pspA, RN7-IN8
has lowest binding affinity due to the more number of amino acids in binding interaction.
RN7-IN6 peptide are involved in forming several hydrogen bonds in both end chain with sev-
eral protein residues at RN7-IN6:GLY4:HN–B:THR259:O, RN7-IN6:ILE6:HN—A:ALA370:O,
A:ASN569:HD21 –RN7-IN6:LEU2:O, A:GLY577:HN–RN7-IN6:NH214:N1, A:TRP578:HN–
RN7-IN6:ARG13:OXT and RN7-IN6:LEU2:HN–A:ASP573:OD2.

Conclusion
In conclusion, our results indicated that hybrid peptides RN7-IN10, RN7-IN9, RN7-IN8,
RN7-IN7 and RN7-IN6 represent promising first templates for developing a new class of anti-
bacterial agents against S. pneumoniae. Further investigations are being carried at the moment
to reveal the mechanism of action of hybrid peptides. Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) along with other assays are being conducted
to understand the effects of hybrid peptides on bacterial membranes. Furthermore, in vivo test-
ing of the hybrid peptides will be conducted to provide a better understanding of the therapeu-
tic efficacy and toxicity in animal model mimicking human bacterial infection. With the
growing resistance to traditional antibiotics, our hybrid peptides have the potential to be devel-
oped as antibacterial agents against Streptococcus pneumoniae.

Acknowledgments
The authors thank Centre of Research for Computational Sciences and Informatics in Biology,
Bioindustry, Environment, Agriculture and Healthcare (CRYSTAL), University of Malaya for
software usage.

Author Contributions
Conceived and designed the experiments: SDS HMJ MYMY CFL. Performed the experiments:
HMJ RDV DMI. Analyzed the data: SDS VSL SMZ HMJ CFL. Contributed reagents/materials/
analysis tools: SDS MYMY VSL. Wrote the paper: HMJ SDS RDV VSL DMI.

Synthetic AMPs against Stretococcus pneumoniae

PLOSONE | DOI:10.1371/journal.pone.0128532 June 5, 2015 18 / 23



References
1. Aljunid S, Abuduxike G, Ahmed Z, Sulong S, Nur AM, Goh A. Impact of routine PCV7 (Prevenar) vacci-

nation of infants on the clinical and economic burden of pneumococcal disease in Malaysia. BMC Infect
Dis [Internet]. BioMed Central Ltd; 2011 Jan [cited 2014 Jun 26]; 11(1):248. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=3189895&tool = pmcentrez&rendertype = abstract

2. Chaïbou Y, Sanou I, Congo-Ouedraogo M, Kienou MC, Ouattara K, Somlaré H, et al. Streptococcus
pneumoniae invasive infections in Burkina Faso, 2007 to 2011. Médecine Mal Infect [Internet]. Elsevier
Masson SAS; 2014 Mar [cited 2014 May 13]; 44(3):117–22. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/24612507

3. Cao J, Chen D, XuW, Chen T, Xu S, Luo J, et al. Enhanced protection against pneumococcal infection
elicited by immunization with the combination of PspA, PspC, and ClpP. Vaccine [Internet]. 2007 Jun
28 [cited 2014 May 18]; 25(27):4996–5005. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
17524530 PMID: 17524530

4. AlonsoDeVelasco E, Verheul AF, Verhoef J, Snippe H. Streptococcus pneumoniae: virulence factors,
pathogenesis, and vaccines. Microbiol Rev [Internet]. 1995 Dec; 59(4):591–603. Available from: http://
www.pubmedcentral.nih.gov/articlerender.fcgi?artid=239389&tool = pmcentrez&rendertype = abstract
PMID: 8531887

5. Moschioni M, De Angelis G, Harfouche C, Bizzarri E, Filippini S, Mori E, et al. Immunization with the
RrgB321 fusion protein protects mice against both high and low pilus-expressing Streptococcus pneu-
moniae populations. Vaccine [Internet]. Elsevier Ltd; 2012 Feb 8 [cited 2014 May 18]; 30(7):1349–56.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/22210141 doi: 10.1016/j.vaccine.2011.12.080
PMID: 22210141

6. Mitchell a M, Mitchell TJ. Streptococcus pneumoniae: virulence factors and variation. Clin Microbiol In-
fect [Internet]. 2010 May; 16(5):411–8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/20132250
doi: 10.1111/j.1469-0691.2010.03183.x PMID: 20132250

7. Hirst R a, Kadioglu a, O’callaghan C, Andrew PW. The role of pneumolysin in pneumococcal pneumo-
nia and meningitis. Clin Exp Immunol [Internet]. 2004 Nov [cited 2014 Apr 29]; 138(2):195–201. Avail-
able from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1809205&tool =
pmcentrez&rendertype = abstract PMID: 15498026

8. Staples M, Jennison A V, Ariotti L, Hicks V, GrahamRM a, Smith H V. Prevalence and molecular char-
acterisation of Streptococcus pneumoniae serotype 6C in Queensland, Australia. Diagn Microbiol Infect
Dis [Internet]. Elsevier B.V.; 2014 Mar [cited 2014 May 13]; 78(3):307–12. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/24369995 doi: 10.1016/j.diagmicrobio.2013.11.017 PMID: 24369995

9. Jauneikaite E, Jefferies JM, Hibberd ML, Clarke SC. Prevalence of Streptococcus pneumoniae sero-
types causing invasive and non-invasive disease in South East Asia: a review. Vaccine [Internet]. 2012
May 21 [cited 2014 May 18]; 30(24):3503–14. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
22475858 doi: 10.1016/j.vaccine.2012.03.066 PMID: 22475858

10. O’Brien KL, Wolfson LJ, Watt JP, Henkle E, Deloria-Knoll M, McCall N, et al. Burden of disease caused
by Streptococcus pneumoniae in children younger than 5 years: global estimates. Lancet [Internet].
Elsevier Ltd; 2009 Sep 12 [cited 2014 May 18]; 374(9693):893–902. Available from: http://www.ncbi.
nlm.nih.gov/pubmed/19748398 doi: 10.1016/S0140-6736(09)61204-6 PMID: 19748398

11. Lin T-Y, Shah NK, Brooks D, Garcia CS. Summary of invasive pneumococcal disease burden among
children in the Asia-Pacific region. Vaccine [Internet]. Elsevier Ltd; 2010 Nov 10 [cited 2014 May 18]; 28
(48):7589–605. Available from: http://www.ncbi.nlm.nih.gov/pubmed/20674872 doi: 10.1016/j.vaccine.
2010.07.053 PMID: 20674872

12. Bravo LC. Overview of the disease burden of invasive pneumococcal disease in Asia. Vaccine [Inter-
net]. 2009 Dec 9 [cited 2014 May 18]; 27(52):7282–91. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/19393708 doi: 10.1016/j.vaccine.2009.04.046 PMID: 19393708

13. Jedrzejas MJ. Pneumococcal virulence factors: structure and function. Microbiol Mol Biol Rev [Internet].
2001 [cited 2014 Jun 2]; 65(2):187–207; first page, table of contents. Available from: http://mmbr.asm.
org/content/65/2/187.short PMID: 11381099

14. Fassi Fehri L, Wróblewski H, Blanchard A. Activities of antimicrobial peptides and synergy with enro-
floxacin against Mycoplasma pulmonis. Antimicrob Agents Chemother [Internet]. 2007 Feb [cited 2014
Jun 2]; 51(2):468–74. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=
1797740&tool = pmcentrez&rendertype = abstract PMID: 17101680

15. Li L, Shi Y, Cheserek MJ, Su G, Le G. Antibacterial activity and dual mechanisms of peptide analog de-
rived from cell-penetrating peptide against Salmonella typhimurium and Streptococcus pyogenes. Appl
Microbiol Biotechnol [Internet]. 2013 Feb [cited 2013 Aug 15]; 97(4):1711–23. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/22923068 doi: 10.1007/s00253-012-4352-1 PMID: 22923068

Synthetic AMPs against Stretococcus pneumoniae

PLOSONE | DOI:10.1371/journal.pone.0128532 June 5, 2015 19 / 23

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3189895&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3189895&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/24612507
http://www.ncbi.nlm.nih.gov/pubmed/24612507
http://www.ncbi.nlm.nih.gov/pubmed/17524530
http://www.ncbi.nlm.nih.gov/pubmed/17524530
http://www.ncbi.nlm.nih.gov/pubmed/17524530
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=239389&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=239389&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/8531887
http://www.ncbi.nlm.nih.gov/pubmed/22210141
http://dx.doi.org/10.1016/j.vaccine.2011.12.080
http://www.ncbi.nlm.nih.gov/pubmed/22210141
http://www.ncbi.nlm.nih.gov/pubmed/20132250
http://dx.doi.org/10.1111/j.1469-0691.2010.03183.x
http://www.ncbi.nlm.nih.gov/pubmed/20132250
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1809205&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1809205&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/15498026
http://www.ncbi.nlm.nih.gov/pubmed/24369995
http://www.ncbi.nlm.nih.gov/pubmed/24369995
http://dx.doi.org/10.1016/j.diagmicrobio.2013.11.017
http://www.ncbi.nlm.nih.gov/pubmed/24369995
http://www.ncbi.nlm.nih.gov/pubmed/22475858
http://www.ncbi.nlm.nih.gov/pubmed/22475858
http://dx.doi.org/10.1016/j.vaccine.2012.03.066
http://www.ncbi.nlm.nih.gov/pubmed/22475858
http://www.ncbi.nlm.nih.gov/pubmed/19748398
http://www.ncbi.nlm.nih.gov/pubmed/19748398
http://dx.doi.org/10.1016/S0140-6736(09)61204-6
http://www.ncbi.nlm.nih.gov/pubmed/19748398
http://www.ncbi.nlm.nih.gov/pubmed/20674872
http://dx.doi.org/10.1016/j.vaccine.2010.07.053
http://dx.doi.org/10.1016/j.vaccine.2010.07.053
http://www.ncbi.nlm.nih.gov/pubmed/20674872
http://www.ncbi.nlm.nih.gov/pubmed/19393708
http://www.ncbi.nlm.nih.gov/pubmed/19393708
http://dx.doi.org/10.1016/j.vaccine.2009.04.046
http://www.ncbi.nlm.nih.gov/pubmed/19393708
http://mmbr.asm.org/content/65/2/187.short
http://mmbr.asm.org/content/65/2/187.short
http://www.ncbi.nlm.nih.gov/pubmed/11381099
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1797740&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1797740&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/17101680
http://www.ncbi.nlm.nih.gov/pubmed/22923068
http://www.ncbi.nlm.nih.gov/pubmed/22923068
http://dx.doi.org/10.1007/s00253-012-4352-1
http://www.ncbi.nlm.nih.gov/pubmed/22923068


16. Sánchez-Vásquez L, Silva-Sanchez J, Jiménez-Vargas JM, Rodríguez-Romero A, Muñoz-Garay C,
Rodríguez MC, et al. Enhanced antimicrobial activity of novel synthetic peptides derived from vejovine
and hadrurin. Biochim Biophys Acta [Internet]. Elsevier B.V.; 2013 Jun [cited 2013 Aug 15]; 1830
(6):3427–36. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23403131 doi: 10.1016/j.bbagen.
2013.01.028 PMID: 23403131

17. Wang K, Yan J, DangW, Liu X, Chen R, Zhang J, et al. Membrane active antimicrobial activity and mo-
lecular dynamics study of a novel cationic antimicrobial peptide polybia-MPI, from the venom of Polybia
paulista. Peptides [Internet]. Elsevier Inc.; 2013 Jan [cited 2014 Jun 2]; 39:80–8. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/23159560 doi: 10.1016/j.peptides.2012.11.002 PMID: 23159560

18. Urbán E, Nagy E, Pál T, Sonnevend A, Conlon JM. Activities of four frog skin-derived antimicrobial pep-
tides (temporin-1DRa, temporin-1Va and the melittin-related peptides AR-23 and RV-23) against an-
aerobic bacteria. Int J Antimicrob Agents [Internet]. 2007 Mar [cited 2013 Aug 15]; 29(3):317–21.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/17196372 PMID: 17196372

19. Serrano GN, Zhanel GG, Schweizer F. Antibacterial activity of ultrashort cationic lipo-beta-peptides.
Antimicrob Agents Chemother [Internet]. 2009 May [cited 2013 Aug 15]; 53(5):2215–7. Available from:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2681537&tool = pmcentrez&rendertype =
abstract doi: 10.1128/AAC.01100-08 PMID: 19237652

20. Badosa E, Ferre R, Planas M, Feliu L, Besalú E, Cabrefiga J, et al. A library of linear undecapeptides
with bactericidal activity against phytopathogenic bacteria. Peptides [Internet]. 2007 Dec [cited 2013
Aug 15]; 28(12):2276–85. Available from: http://www.ncbi.nlm.nih.gov/pubmed/17980935 PMID:
17980935

21. Hara S, Mukae H, Sakamoto N, Ishimoto H, Amenomori M, Fujita H, et al. Plectasin has antibacterial
activity and no affect on cell viability or IL-8 production. Biochem Biophys Res Commun [Internet]. 2008
Oct 3 [cited 2013 Aug 15]; 374(4):709–13. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
18675251 doi: 10.1016/j.bbrc.2008.07.093 PMID: 18675251

22. Torcato IM, Huang Y-H, Franquelim HG, Gaspar D, Craik DJ, Castanho M a RB, et al. Design and char-
acterization of novel antimicrobial peptides, R-BP100 and RW-BP100, with activity against Gram-nega-
tive and Gram-positive bacteria. Biochim Biophys Acta [Internet]. Elsevier B.V.; 2013 Mar [cited 2013
Aug 15]; 1828(3):944–55. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23246973 doi: 10.
1016/j.bbamem.2012.12.002 PMID: 23246973

23. Jenssen H, Hamill P, Hancock REW. Peptide antimicrobial agents. Clin Microbiol Rev [Internet]. 2006
Jul [cited 2013 Aug 7]; 19(3):491–511. Available from: http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=1539102&tool = pmcentrez&rendertype = abstract PMID: 16847082

24. Clark DP, Durell S, MaloyWL, Zaslof M. Ranalexin. A novel antimicrobial peptide from bullfrog (Rana
catesbeiana) skin, structurally related to the baterial antibiotic, Polymyxin. J Biol Chem [Internet]. 1994;
269(14):10849–55. Available from: http://www.jbc.org/content/269/14/10849.long PMID: 8144672

25. Selsted ME, Novotnytll MJ, Morris WL, Tang Y, Smith W, Cullor JS. Indolicidin, a Novel Bactericidal Tri-
decapeptide Amide from Neutrophils. J Biol Chem [Internet]. 1991; 267(7):4292–5. Available from:
http://www.jbc.org/content/267/7/4292.long

26. Duval E, Zatylny C, Laurencin M, Baudy-Floc’h M, Henry J. KKKKPLFGLFFGLF: a cationic peptide de-
signed to exert antibacterial activity. Peptides [Internet]. 2009 Sep [cited 2014 Jun 2]; 30(9):1608–12.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/19573572 doi: 10.1016/j.peptides.2009.06.022
PMID: 19573572

27. Chan D, Prenner E, Vogel H. Tryptophan-and arginine-rich antimicrobial peptides: structures and
mechanisms of action. Biochim Biophys Acta (BBA)- . . . [Internet]. 2006 [cited 2014 Jul 9]; 1758:1184–
202. Available from: http://www.sciencedirect.com/science/article/pii/S0005273606001404 PMID:
16756942

28. Clark D, Durell S, MaloyW, Zasloff M. Ranalexin. A novel antimicrobial peptide from bullfrog (Rana
catesbeiana) skin, structurally related to the bacterial antibiotic, polymyxin. J Biol Chem [Internet]. 1994
[cited 2014 Sep 24]; 269(14):10849–55. Available from: http://www.jbc.org/content/269/14/10849.short
PMID: 8144672

29. Wang G, Li X, Wang Z. APD2: the updated antimicrobial peptide database and its application in peptide
design. Nucleic Acids Res. 2009 Jan; 37(Database issue):D933–7. doi: 10.1093/nar/gkn823 PMID:
18957441

30. Wilkins MR, Gasteiger E, Bairoch a, Sanchez JC, Williams KL, Appel RD, et al. Protein identification
and analysis tools in the ExPASy server. Methods Mol Biol. 1999 Jan; 112:531–52. PMID: 10027275

31. Clinical and Laboratory Standards Institute. Methods for Dilution Antimicrobial Susceptibility Tests for
Bacteria That Grow Aerobically; Approved Standard— Ninth Edition. Ninth Edit. Wayne, Pennsylvania:
Clinical and Laboratory Standards Institute; 2012.

Synthetic AMPs against Stretococcus pneumoniae

PLOSONE | DOI:10.1371/journal.pone.0128532 June 5, 2015 20 / 23

http://www.ncbi.nlm.nih.gov/pubmed/23403131
http://dx.doi.org/10.1016/j.bbagen.2013.01.028
http://dx.doi.org/10.1016/j.bbagen.2013.01.028
http://www.ncbi.nlm.nih.gov/pubmed/23403131
http://www.ncbi.nlm.nih.gov/pubmed/23159560
http://www.ncbi.nlm.nih.gov/pubmed/23159560
http://dx.doi.org/10.1016/j.peptides.2012.11.002
http://www.ncbi.nlm.nih.gov/pubmed/23159560
http://www.ncbi.nlm.nih.gov/pubmed/17196372
http://www.ncbi.nlm.nih.gov/pubmed/17196372
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2681537&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2681537&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://dx.doi.org/10.1128/AAC.01100-08
http://www.ncbi.nlm.nih.gov/pubmed/19237652
http://www.ncbi.nlm.nih.gov/pubmed/17980935
http://www.ncbi.nlm.nih.gov/pubmed/17980935
http://www.ncbi.nlm.nih.gov/pubmed/18675251
http://www.ncbi.nlm.nih.gov/pubmed/18675251
http://dx.doi.org/10.1016/j.bbrc.2008.07.093
http://www.ncbi.nlm.nih.gov/pubmed/18675251
http://www.ncbi.nlm.nih.gov/pubmed/23246973
http://dx.doi.org/10.1016/j.bbamem.2012.12.002
http://dx.doi.org/10.1016/j.bbamem.2012.12.002
http://www.ncbi.nlm.nih.gov/pubmed/23246973
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1539102&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1539102&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/16847082
http://www.jbc.org/content/269/14/10849.long
http://www.ncbi.nlm.nih.gov/pubmed/8144672
http://www.jbc.org/content/267/7/4292.long
http://www.ncbi.nlm.nih.gov/pubmed/19573572
http://dx.doi.org/10.1016/j.peptides.2009.06.022
http://www.ncbi.nlm.nih.gov/pubmed/19573572
http://www.sciencedirect.com/science/article/pii/S0005273606001404
http://www.ncbi.nlm.nih.gov/pubmed/16756942
http://www.jbc.org/content/269/14/10849.short
http://www.ncbi.nlm.nih.gov/pubmed/8144672
http://dx.doi.org/10.1093/nar/gkn823
http://www.ncbi.nlm.nih.gov/pubmed/18957441
http://www.ncbi.nlm.nih.gov/pubmed/10027275


32. Xi D, Teng D, Wang X, Mao R, Yang Y, XiangW, et al. Design, expression and characterization of the
hybrid antimicrobial peptide LHP7, connected by a flexible linker, against Staphylococcus and Strepto-
coccus. Process Biochem [Internet]. 2013 Mar [cited 2013 Aug 15]; 48(3):453–61. Available from:
http://linkinghub.elsevier.com/retrieve/pii/S1359511313000317 doi: 10.1016/j.ejps.2012.12.003 PMID:
23238172

33. Giacometti a, Cirioni O, Barchiesi F, Fortuna M, Scalise G. In-vitro activity of cationic peptides alone
and in combination with clinically used antimicrobial agents against Pseudomonas aeruginosa. J Anti-
microb Chemother [Internet]. 1999 Nov; 44(5):641–5. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/10552980 PMID: 10552980

34. Kiefer F, Arnold K, Künzli M, Bordoli L, Schwede T. The SWISS-MODEL Repository and associated re-
sources. Nucleic Acids Res [Internet]. 2009 Jan [cited 2014 Jul 11]; 37(Database issue):D387–92.
Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2686475&tool =
pmcentrez&rendertype = abstract doi: 10.1093/nar/gkn750 PMID: 18931379

35. Kopp J, Schwede T. The SWISS-MODEL Repository of annotated three-dimensional protein structure
homology models. Nucleic Acids Res [Internet]. 2004 Jan 1 [cited 2014 Oct 9]; 32(Database issue):
D230–4. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=308743&tool =
pmcentrez&rendertype = abstract PMID: 14681401

36. Schwede T, Kopp J, Guex N, Peitsch MC. SWISS-MODEL: An automated protein homology-modeling
server. Nucleic Acids Res [Internet]. 2003 Jul 1 [cited 2014 Oct 28]; 31(13):3381–5. Available from:
http://nar.oxfordjournals.org/lookup/doi/10.1093/nar/gkg520 PMID: 12824332

37. Momany FA, Rone R. Validation of the general purpose QUANTA 3.2/CHARMm force field. J Comput
Chem [Internet]. 1992 Sep [cited 2014 Oct 10]; 13(7):888–900. Available from: http://doi.wiley.com/10.
1002/jcc.540130714

38. Laskowski RA, MacArthur MW, Moss DS, Thornton JM. PROCHECK: a program to check the stereo-
chemical quality of protein structures. J Appl Crystallogr [Internet]. 1993 Apr 1 [cited 2014 Jul 13]; 26
(2):283–91. Available from: http://scripts.iucr.org/cgi-bin/paper?S0021889892009944

39. Sippl MJ. Boltzmann’s principle, knowledge-based mean fields and protein folding. An approach to the
computational determination of protein structures. J Comput Aided Mol Des [Internet]. 1993 Aug [cited
2014 Oct 10]; 7(4):473–501. Available from: http://www.ncbi.nlm.nih.gov/pubmed/8229096 PMID:
8229096

40. Lüthy R, Bowie JU, Eisenberg D. Assessment of protein models with three-dimensional profiles. Nature
[Internet]. 1992; 356(6364):83–5. Available from: http://www.ncbi.nlm.nih.gov/pubmed/1538787 PMID:
1538787

41. Discovery Studio, version 2.5.5; Accelrys Inc.: San Diego, CA, USA, 2009.

42. Sali A, Potterton L, Yuan F, van Vlijmen H, Karplus M. Evaluation of comparative protein modeling by
MODELLER. Proteins [Internet]. 1995 Nov [cited 2014 Oct 10]; 23(3):318–26. Available from: http://
onlinelibrary.wiley.com/doi/10.1002/prot.340230306/pdf PMID: 8710825

43. Kaur H, Garg A, Raghava GPS. PEPstr: a de novo method for tertiary structure prediction of small bio-
active peptides. Protein Pept Lett. 2007; 14(7):626–31. PMID: 17897087

44. Trott O, Olson AJ. Software news and update AutoDock Vina: Improving the speed and accuracy of
docking with a new scoring function, efficient optimization, and multithreading. J Comput Chem. 2010;
31(2):455–61. doi: 10.1002/jcc.21334 PMID: 19499576

45. Jabés D, Brunati C, Candiani G, Riva S, Romanó G, Donadio S. Efficacy of the new lantibiotic NAI-107
in experimental infections induced by multidrug-resistant Gram-positive pathogens. Antimicrob Agents
Chemother [Internet]. 2011 Apr [cited 2013 Aug 15]; 55(4):1671–6. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=3067139&tool = pmcentrez&rendertype = abstract doi:
10.1128/AAC.01288-10 PMID: 21220527

46. Lin M-C, Hui C-F, Chen J-Y, Wu J-L. Truncated antimicrobial peptides frommarine organisms retain an-
ticancer activity and antibacterial activity against multidrug-resistant Staphylococcus aureus. Peptides
[Internet]. Elsevier Inc.; 2013 Jun [cited 2014 May 25]; 44:139–48. Available from: http://www.ncbi.nlm.
nih.gov/pubmed/23598079 doi: 10.1016/j.peptides.2013.04.004 PMID: 23598079

47. Nüsslein K, Arnt L, Rennie J, Owens C, Tew GN. Broad-spectrum antibacterial activity by a novel abio-
genic peptide mimic. Microbiology [Internet]. 2006 Jul [cited 2014 Jun 2]; 152(Pt 7):1913–8. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/16804167

48. Tian Z, Dong T, Teng D, Yang Y, Wang J. Design and characterization of novel hybrid peptides from
LFB15(W4,10), HP(2–20), and cecropin A based on structure parameters by computer-aided method.
Appl Microbiol Biotechnol [Internet]. 2009 Apr [cited 2014 Jul 10]; 82(6):1097–103. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19148638 doi: 10.1007/s00253-008-1839-x PMID: 19148638

Synthetic AMPs against Stretococcus pneumoniae

PLOSONE | DOI:10.1371/journal.pone.0128532 June 5, 2015 21 / 23

http://linkinghub.elsevier.com/retrieve/pii/S1359511313000317
http://dx.doi.org/10.1016/j.ejps.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23238172
http://www.ncbi.nlm.nih.gov/pubmed/10552980
http://www.ncbi.nlm.nih.gov/pubmed/10552980
http://www.ncbi.nlm.nih.gov/pubmed/10552980
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2686475&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2686475&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://dx.doi.org/10.1093/nar/gkn750
http://www.ncbi.nlm.nih.gov/pubmed/18931379
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=308743&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=308743&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/14681401
http://nar.oxfordjournals.org/lookup/doi/10.1093/nar/gkg520
http://www.ncbi.nlm.nih.gov/pubmed/12824332
http://doi.wiley.com/10.1002/jcc.540130714
http://doi.wiley.com/10.1002/jcc.540130714
http://scripts.iucr.org/cgi-bin/paper?S0021889892009944
http://www.ncbi.nlm.nih.gov/pubmed/8229096
http://www.ncbi.nlm.nih.gov/pubmed/8229096
http://www.ncbi.nlm.nih.gov/pubmed/1538787
http://www.ncbi.nlm.nih.gov/pubmed/1538787
http://onlinelibrary.wiley.com/doi/10.1002/prot.340230306/pdf
http://onlinelibrary.wiley.com/doi/10.1002/prot.340230306/pdf
http://www.ncbi.nlm.nih.gov/pubmed/8710825
http://www.ncbi.nlm.nih.gov/pubmed/17897087
http://dx.doi.org/10.1002/jcc.21334
http://www.ncbi.nlm.nih.gov/pubmed/19499576
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3067139&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3067139&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://dx.doi.org/10.1128/AAC.01288-10
http://www.ncbi.nlm.nih.gov/pubmed/21220527
http://www.ncbi.nlm.nih.gov/pubmed/23598079
http://www.ncbi.nlm.nih.gov/pubmed/23598079
http://dx.doi.org/10.1016/j.peptides.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23598079
http://www.ncbi.nlm.nih.gov/pubmed/16804167
http://www.ncbi.nlm.nih.gov/pubmed/19148638
http://dx.doi.org/10.1007/s00253-008-1839-x
http://www.ncbi.nlm.nih.gov/pubmed/19148638


49. YeamanMMR, Yount NNY. Mechanisms of Antimicrobial Peptide Action and Resistance. Pharmacol
Rev [Internet]. 2003 [cited 2013 Sep 6]; 55(1):27–55. Available from: http://pharmrev.aspetjournals.org/
content/55/1/27.short PMID: 12615953

50. Lohner K, Latal a, Lehrer RI, Ganz T. Differential scanning microcalorimetry indicates that human
defensin, HNP-2, interacts specifically with biomembrane mimetic systems. Biochemistry [Internet].
1997 Feb 11; 36(6):1525–31. Available from: http://www.ncbi.nlm.nih.gov/pubmed/9063901 PMID:
9063901

51. Tachi T, Epand RF, Epand RM, Matsuzaki K. Position-dependent hydrophobicity of the antimicrobial
magainin peptide affects the mode of peptide-lipid interactions and selective toxicity. Biochemistry [In-
ternet]. 2002 Aug 27; 41(34):10723–31. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
12186559 PMID: 12186559

52. Vaara M. New approaches in peptide antibiotics. Curr Opin Pharmacol [Internet]. 2009 Oct [cited 2013
Aug 15]; 9(5):571–6. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19734091 doi: 10.1016/j.
coph.2009.08.002 PMID: 19734091

53. Falla TJ, Hancock REW. Improved activity of a synthetic indolicidin analog. Antimicrob Agents Che-
mother. 1997; 41(4):771–5. PMID: 9087487

54. Yang ST, Shin SY, Hahm KS, Kim JI. Design of perfectly symmetric Trp-rich peptides with potent and
broad-spectrum antimicrobial activities. Int J Antimicrob Agents. 2006; 27(4):325–30. PMID: 16563706

55. Chen Y, Guarnieri MT, Vasil AI, Vasil ML, Mant CT, Hodges RS. Role of peptide hydrophobicity in the
mechanism of action of alpha-helical antimicrobial peptides. Antimicrob Agents Chemother [Internet].
2007 Apr [cited 2013 Aug 15]; 51(4):1398–406. Available from: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=1855469&tool = pmcentrez&rendertype = abstract PMID: 17158938

56. Brogden NK, Brogden K a. Will new generations of modified antimicrobial peptides improve their poten-
tial as pharmaceuticals? Int J Antimicrob Agents [Internet]. Elsevier B.V.; 2011 Sep [cited 2014 Jun 2];
38(3):217–25. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=
3159164&tool = pmcentrez&rendertype = abstract doi: 10.1016/j.ijantimicag.2011.05.004 PMID:
21733662

57. Saugar JM, Rodríguez-Hernández MJ, de la Torre BG, Pachón-Ibañez ME, Fernández-Reyes M,
Andreu D, et al. Activity of cecropin A-melittin hybrid peptides against colistin-resistant clinical strains of
Acinetobacter baumannii: molecular basis for the differential mechanisms of action. Antimicrob Agents
Chemother [Internet]. 2006 Apr [cited 2014 Aug 11]; 50(4):1251–6. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=1426946&tool = pmcentrez&rendertype = abstract
PMID: 16569836

58. Beisswenger C, Bals R. Functions of antimicrobial peptides in host defense and immunity. Curr Protein
Pept Sci [Internet]. 2005 Jun; 6(3):255–64. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
15974951 PMID: 15974951

59. Sun H, Greathouse D V, Andersen OS, Koeppe RE. The preference of tryptophan for membrane inter-
faces: insights from N-methylation of tryptophans in gramicidin channels. J Biol Chem [Internet]. 2008
Aug 8 [cited 2013 Aug 20]; 283(32):22233–43. Available from: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=2494914&tool = pmcentrez&rendertype = abstract doi: 10.1074/jbc.
M802074200 PMID: 18550546

60. Liu Z, Brady A, Young A, Rasimick B, Chen K, Zhou C, et al. Length effects in antimicrobial peptides of
the (RW)n series. Antimicrob Agents Chemother. 2007; 51(2):597–603. PMID: 17145799

61. Deslouches B, Phadke SM, Lazarevic V, Cascio M, Islam K, Montelaro RC, et al. De novo generation
of cationic antimicrobial peptides: Influence of length and tryptophan substitution on antimicrobial activi-
ty. Antimicrob Agents Chemother. 2005; 49(1):316–22. PMID: 15616311

62. ZhuWL, Lan H, Park Y, Yang S-T, Kim J Il, Park I-S, et al. Effects of Pro—> peptoid residue substitution
on cell selectivity and mechanism of antibacterial action of tritrpticin-amide antimicrobial peptide. Bio-
chemistry [Internet]. 2006 Oct 31; 45(43):13007–17. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/17059217 PMID: 17059217

63. RekdalØ, Haug BE, Kalaaji M, Hunter HN, Lindin I, Israelsson I, et al. Relative spatial positions of tryp-
tophan and cationic residues in helical membrane-active peptides determine their cytotoxicity. J Biol
Chem [Internet]. 2012 Jan 2 [cited 2014 Jul 13]; 287(1):233–44. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=3249074&tool = pmcentrez&rendertype = abstract doi:
10.1074/jbc.M111.279281 PMID: 22057278

64. Matsuzaki K. Control of cell selectivity of antimicrobial peptides [Internet]. Biochimica et Biophysica
Acta—Biomembranes. Elsevier B.V.; 2009. p. 1687–92. Available from: http://dx.doi.org/10.1016/j.
bbamem.2008.09.013

65. Hirst R a, Gosai B, Rutman A, Guerin CJ, Nicotera P, Andrew PW, et al. Streptococcus pneumoniae de-
ficient in pneumolysin or autolysin has reduced virulence in meningitis. J Infect Dis [Internet]. 2008 Mar

Synthetic AMPs against Stretococcus pneumoniae

PLOSONE | DOI:10.1371/journal.pone.0128532 June 5, 2015 22 / 23

http://pharmrev.aspetjournals.org/content/55/1/27.short
http://pharmrev.aspetjournals.org/content/55/1/27.short
http://www.ncbi.nlm.nih.gov/pubmed/12615953
http://www.ncbi.nlm.nih.gov/pubmed/9063901
http://www.ncbi.nlm.nih.gov/pubmed/9063901
http://www.ncbi.nlm.nih.gov/pubmed/12186559
http://www.ncbi.nlm.nih.gov/pubmed/12186559
http://www.ncbi.nlm.nih.gov/pubmed/12186559
http://www.ncbi.nlm.nih.gov/pubmed/19734091
http://dx.doi.org/10.1016/j.coph.2009.08.002
http://dx.doi.org/10.1016/j.coph.2009.08.002
http://www.ncbi.nlm.nih.gov/pubmed/19734091
http://www.ncbi.nlm.nih.gov/pubmed/9087487
http://www.ncbi.nlm.nih.gov/pubmed/16563706
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1855469&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1855469&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/17158938
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3159164&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3159164&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://dx.doi.org/10.1016/j.ijantimicag.2011.05.004
http://www.ncbi.nlm.nih.gov/pubmed/21733662
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1426946&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1426946&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/16569836
http://www.ncbi.nlm.nih.gov/pubmed/15974951
http://www.ncbi.nlm.nih.gov/pubmed/15974951
http://www.ncbi.nlm.nih.gov/pubmed/15974951
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2494914&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2494914&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://dx.doi.org/10.1074/jbc.M802074200
http://dx.doi.org/10.1074/jbc.M802074200
http://www.ncbi.nlm.nih.gov/pubmed/18550546
http://www.ncbi.nlm.nih.gov/pubmed/17145799
http://www.ncbi.nlm.nih.gov/pubmed/15616311
http://www.ncbi.nlm.nih.gov/pubmed/17059217
http://www.ncbi.nlm.nih.gov/pubmed/17059217
http://www.ncbi.nlm.nih.gov/pubmed/17059217
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3249074&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3249074&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://dx.doi.org/10.1074/jbc.M111.279281
http://www.ncbi.nlm.nih.gov/pubmed/22057278
http://dx.doi.org/10.1016/j.bbamem.2008.09.013
http://dx.doi.org/10.1016/j.bbamem.2008.09.013


1 [cited 2014 May 13]; 197(5):744–51. Available from: http://www.ncbi.nlm.nih.gov/pubmed/18260758
doi: 10.1086/527322 PMID: 18260758

66. Ren B, Li J, Genschmer K, Hollingshead SK, Briles DE. The absence of PspA or presence of antibody
to PspA facilitates the complement-dependent phagocytosis of pneumococci in vitro. Clin Vaccine
Immunol [Internet]. 2012 Oct [cited 2014 May 7]; 19(10):1574–82. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=3485889&tool = pmcentrez&rendertype = abstract
PMID: 22855389

Synthetic AMPs against Stretococcus pneumoniae

PLOSONE | DOI:10.1371/journal.pone.0128532 June 5, 2015 23 / 23

http://www.ncbi.nlm.nih.gov/pubmed/18260758
http://dx.doi.org/10.1086/527322
http://www.ncbi.nlm.nih.gov/pubmed/18260758
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3485889&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3485889&amp;tool�=�pmcentrez&amp;rendertype�=�abstract
http://www.ncbi.nlm.nih.gov/pubmed/22855389

