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Abstract
Previous work demonstrated that lysine homopeptides adopt a polyproline II (PPII) structure. Lysine homopeptides with 
odd number of residues, especially with 11 residues (K11), were capable of inhibiting the growth of a broader spectrum 
of bacteria than those with an even number. Confocal studies also determined that K11 was able to localize exclusively in 
the bacterial membrane, leading to cell death. In this work, the mechanism of action of this peptide was further analyzed 
focused on examining the structural changes in bacterial membrane induced by K11, and in K11 itself when interacting 
with bacterial membrane lipids. Moreover, alanine and proline scans were performed for K11 to identify relevant positions 
in structure conformation and antibacterial activity. To do so, circular dichroism spectroscopy (CD) was conducted in 
saline phosphate buffer (PBS) and in lipidic vesicles, using large unilamellar vesicles (LUV), composed of 2-dimyristoyl-
sn-glycero-3-phosphoglycerol (DMPG) or bacterial membrane lipid. Antimicrobial activity of K11 and their analogs was 
evaluated in Gram-positive and Gram-negative bacterial strains. The scanning electron microscopy (SEM) micrographs of 
Staphylococcus aureus ATCC 25923 exposed to the Lys homopeptide at MIC concentration showed blisters and bubbles 
formed on the bacterial surface, suggesting that K11 exerts its action by destabilizing the bacterial membrane. CD analysis 
revealed a remarkably enhanced PPII structure of K11 when replacing some of its central residues by proline in PBS. How-
ever, when such peptide analogs were confronted with either DMPG-LUV or membrane lipid extract-LUV, the tendency to 
form PPII structure was severely weakened. On the contrary, K11 peptide showed a remarkably enhanced PPII structure in 
the presence of DMPG-LUV. Antibacterial tests revealed that K11 was able to inhibit all tested bacteria with an MIC value 
of 5 µM, while proline and alanine analogs have a reduced activity on Listeria monocytogenes. Besides, the activity against 
Vibrio parahaemolyticus was affected in most of the alanine-substituted analogs. However, lysine substitutions by alanine or 
proline at position 7 did not alter the activity against all tested bacterial strains, suggesting that this position can be screened 
to find a substitute amino acid yielding a peptide with increased antibacterial activity. These results also indicate that the 
PPII secondary structure of K11 is stabilized by the interaction of the peptide with negatively charged phospholipids in the 
bacterial membrane, though not being the sole determinant for its antimicrobial activity.

Keywords Lysine homopeptide-antimicrobial activity-Ala · Pro scanning-membrane rupture

Introduction

Short antimicrobial peptides are generally composed of 
cationic amino acids, which allow anionic binding on the 
bacterial cell membrane such as phosphatidylglycerol, car-
diolipin, lipopolysaccharides or teichoic acids (Brogden 
2005; Lee et al. 2013; Lee and Lee 2015). The presence of 
these basic residues and other charged moieties in peptides 
is generally accepted to be the primary driver underpinning 
the ability of antimicrobial peptides (AMP) for targeting 
bacterial membranes (Phoenix et al. 2013). In this context, 
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studies have established that basic residues, such as Lys, 
are the most preferred by AMPs for interacting with bacte-
rial membranes (Brogden 2005; Nguyen et al. 2011; Lee 
et al. 2013; Lee and Lee 2015; Cutrona et al. 2015). Thus, 
the incorporation of Lys into naturally occurring AMPs has 
increased peptide antimicrobial action (Sato and Feix 2008; 
Almaaytah et al. 2014). However, further studies are needed 
to elucidate the role played by the Lys residue at any position 
within a peptide chain, its effect on conformational changes 
during membrane interaction, and its cytotoxicity toward 
eukaryotic cells.

The research on AMPs has been approached using natu-
rally occurring antimicrobial heteropeptides as templates. 
These studies have often looked at substitutions, insertions, 
and deletions of amino acids within the chain to identify 
residues and positions that are critical for activity (Epand 
and Vogel 1999). However, due to the variety of peptide 
sequences and adopted secondary structures, the contri-
bution of Lys residues on the mechanism of antimicrobial 
action has been difficult to establish.

Homopeptides are simpler structures than heterogene-
ous peptides due to the repeated side chain characteristics. 
Thus, they represent a good model system for determining 
the effect of individual amino acids and structural variations 
on peptide antimicrobial action (Jorda and Kajava 2010).

The structure and the antimicrobial properties of Lys, Arg 
and Pro homopeptides ranging from 7 to 14 residues have 
been previously investigated in our laboratory (Guzmán et al. 
2013; Carvajal-Rondanelli et al. 2016). It was demonstrated 
that Lys homopeptides with an odd number of residues are 
capable of inhibiting Gram-positive and Gram-negative bac-
teria in a broader range and more efficiently than Arg homo-
peptides (Guzmán et al. 2013). These works highlighted that 
among all homopeptides tested, the 11-residue Lys homo-
peptide displayed the strongest inhibition against 12 strains 
of both Gram-negative and Gram-positive bacteria (Guzmán 
et al. 2013; Carvajal-Rondanelli et al. 2016). The use of CD 
spectroscopy also revealed that Lys and Arg homopeptides 
displayed a polyproline II-type (PPII) structure (Guzmán 
et al. 2013). In addition, confocal images also revealed that 
those Lys homopeptides were exclusively localized on the 
plasma membrane instead of inside the cell, as also Arg 
homopeptides did (Carvajal-Rondanelli et al. 2016).

In this study, whole bacterial cells were employed to 
investigate potential membrane destruction mechanisms. 
Scanning electron microscopy (SEM) assays allowed the 
observation of the change in cell morphology and the integ-
rity of cell membrane after Pro, Arg and Lys 11-residue 
homopeptide treatment. Then, the 11-residue Lys homopep-
tide (K11) was used as a model for identifying structural 
changes in amphiphilic environments such as large unilamel-
lar vesicles (LUV) composed of synthetic anionic phospho-
lipid-2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG) 

and LUV composed of lipidic extracts containing phospho-
lipids from Staphylococcus aureus or Escherichia coli mem-
brane. Moreover, possible Lys positions involved in its PPII 
structure and the antibacterial activity were analyzed.

Alanine scanning is a standard and systematic approach 
to identify the contribution of amino acid residues to peptide 
function, stability and shape (Morrison and Weiss 2001). 
On the other hand, Pro scan has been used to investigate the 
conformation–activity relationship of peptides, because Pro 
favors specific structures, such as β-turn and PPII (Jamieson 
et al. 2013). Thus, in the present study, Ala and Pro scan 
series of the 11-residue Lys homopeptide were synthesized 
with a total of 23 peptides analyzed. The secondary structure 
changes of the peptide analogs were monitored in phosphate 
buffer solution as well as in the presence of LUV. The ana-
logs were then tested for antibacterial activity against four 
Gram-positive and four Gram-negative bacteria, and their 
hemolytic activities were determined using human red blood 
cells.

Materials and methods

Synthesis reagents

Fmoc-amino acids, 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexaf luorophosphate (HBTU), 
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 
tetrafluoroborate (TBTU), O-(6-chloro-1-hydrocibenzo-
triazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate 
(TCTU),  OxymaPure® and Rink amide 4-methyl benzhy-
drylamine resin were purchased from Iris Biotech GmbH 
(Marktredwitz, Germany). N,N′-dimethylformamide (DMF), 
N,N′-diisopropylethylamine (DIEA), piperidine, trifluoro-
acetic acid (TFA), triisopropylsilane (TIS), diethyl ether and 
acetonitrile were purchased from Merck KgA (Darmstadt, 
Germany).

Peptide synthesis and purification

The Ala and Pro scan series of the 11-residue Lys homopep-
tides were synthesized using 9-fluorenylmethoxycarbonyl 
(Fmoc) solid-phase strategy and Rink amide 4-methyl ben-
zhydrylamine resin (Iris Biotech GmbH) (0.59 meq/g), using 
the “tea-bag” methodology developed by Houghten (1985) 
(Houghten 1985). Fmoc deprotection was carried out using 
20% v/v piperidine in DMF and couplings were performed 
with 5/5/5/10 eq of Fmoc-amino acid/activator/Oxyma-
Pure®/DIEA in DMF, each coupling performed thrice with 
a different activator (HBTU, TBTU, TCTU) each time. Pep-
tides were cleaved with TFA/TIS/H20 (95/2.5/2.5) (trifluoro-
acetic acid/triisopropylsilane/ultrapure water). After this, the 
C-terminal amide peptides were analyzed by reversed-phase 
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(RP) HPLC on a Water Corp XBridge™ BEH C18 column 
(100 × 4.6 mm, 3.5 µm) using 0–70% acetonitrile gradient, 
water containing 0.05% TFA as solvent A and acetonitrile 
containing 0.05% TFA as solvent B, at a flow rate of 1 mL/
min for 8 min. The molecular masses of the peptides were 
confirmed by electrospray ionization mass spectrometry 
(ESI-MS) using a Shimadzu LCMS-2020 equipment, in a 
0–100% acetonitrile gradient for 20 min (Table 1). Peptides 
were stored as lyophilized dry powders at − 80 °C and dis-
solved just before use.

Liposome preparation

The liposome preparation protocols were carried out as 
described previously (Carvajal-Rondanelli et  al. 2016). 
Three types of liposome models were used in this study: a 
commercial lipid 1,2-dimyristoyl-sn-glycero-3-phosphoglyc-
erol (DMPG) (Sigma-Aldrich) and two types of bacterial 

membrane lipid extracts obtained from S. aureus (ATCC 
25923) and E. coli (ATCC 25922).

The bacterial membrane lipid extraction was carried 
out as reported by Bligh and Dyer (1959) and Mayer et al. 
(1986).To produce cell lysis, the bacterial suspension was 
sonicated three times at 100 W for 15 s and then centrifuged 
at 30,000 rpm for 10 min at 4 ℃. Then the pellet was sus-
pended in a 2:1:1 (v/v) chloroform/methanol/water mixture 
and the organic phase containing the lipids was isolated. 
The lipid solution was dried under nitrogen to remove the 
solvent; then, the dry lipid film was resuspended in 15 mL of 
milliQ water for 5 min at 37 ℃ in a water bath and the lipid 
suspension was sonicated until the turbidity disappeared.

LUV of DMPG and bacterial lipid extract suspended in 
water were prepared as described previously (Hope et al. 
1985; Mayer et al. 1986; De Leeuw et al. 2000; Bittame 
et al. 2016). Extrusion of frozen and thawed multilamellar 
liposome suspensions was done through two stacked poly-
carbonate filters of 0.4 µm pore size (Millipore, Ireland) 

Table 1  Analytical data for K11 and its analogs

Peptide Sequence Retention time (min) Molecular mass (Da)

K11 KKKKKKKKKKK-NH2 1.225 1426

Ala-Scan
A1 AKKKKKKKKKK-NH2 1.125 1369
A2 KAKKKKKKKKK-NH2 1.158 1369
A3 KKAKKKKKKKK-NH2 1.117 1369
A4 KKKAKKKKKKK-NH2 1.117 1369
A5 KKKKAKKKKKK-NH2 1.175 1369
A6 KKKKKAKKKKK-NH2 1.175 1369
A7 KKKKKKAKKKK-NH2 1.175 1369
A8 KKKKKKKAKKK-NH2 1.133 1369
A9 KKKKKKKKAKK-NH2 1.108 1369

A10 KKKKKKKKKAK-NH2 1.167 1369
A11 KKKKKKKKKKA-NH2 1.108 1369

Pro-Scan
P1 PKKKKKKKKKK-NH2 1.208 1395 
P2 KPKKKKKKKKK-NH2 1.208 1395 
P3 KKPKKKKKKKK-NH2 1.217 1395 
P4 KKKPKKKKKKK-NH2 1.217 1395 
P5 KKKKPKKKKKK-NH2 1.226 1395 
P6 KKKKKPKKKKK-NH2 1.233 1395 
P7 KKKKKKPKKKK-NH2 1.242 1395 
P8 KKKKKKKPKKK-NH2 1.226 1395 
P9 KKKKKKKKPKK-NH2 1.225 1395 

P10 KKKKKKKKKPK-NH2 1.225 1396 
P11 KKKKKKKKKKP-NH2 1.225 1395 

*The abbreviations A (1–11) and P (1–11) mean the Lys substitution for Ala or Pro in the 11-residue Lys homopeptide (K11) numbering from 
the N-terminal
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under nitrogen pressure at 15 °C above the lipid transition 
temperature. The final concentration of DMPG in LUV 
was 400 μM. The concentration of phospholipids in LUV 
was determined by the total phosphorus test according to 
Baginski et al. 1972, obtaining 68.8 μM and 66.2 μM for S. 
aureus and E. coli, respectively.

CD spectra analysis

Circular dichroism (CD) spectroscopy was carried out as 
previously described (Guzmán et al. 2013; Carvajal-Ron-
danelli et al. 2016), using a JASCO J-815 CD Spectrom-
eter coupled to a Peltier JASCO CDF-426S/15 system for 
temperature control (Jasco Corp., Tokyo, Japan) in the far 
ultraviolet (UV) range (190–250 nm), using quartz cuvettes 
of 0.1 cm path length and 1 nm bandwidth. Each spectrum 
was recorded as an average of three scan repetitions in con-
tinuous scanning mode with 100 nm/min scanning speed 
and a response time of 2 s (Luna et al. 2016). The solvent 
contribution was subtracted from each sample spectrum. The 
Jasco J-815 CD spectrometer gives its raw output in elliptic-
ity, given the symbol θ, which is measured in millidegrees 
(mdeg). To compare the spectra of peptides, the ellipticity 
(θ) was converted to the molar ellipticity ([θ]) according to 
the following equation: [�] = �∕(10 × c × l), where c is the 
molar concentration of the sample and l is the path length in 
centimeters. Molar ellipticity was calculated for each peptide 
using a stock solution of 1 mg/mL of peptide. CD spectra 
of the peptides were recorded in sodium phosphate buffer 
(PBS), in LUV composed of DMPG and in LUV composed 
of lipidic bacterial extracts containing phospholipids from 
S. aureus or E. coli, according to Carvajal-Rondanelli et al. 
2016. The spectra were recorded at 37 °C, and the data were 
analyzed using Spectra Manager software version 2.0.

Antibacterial assay

The pathogenic bacteria used in this study were Bacil-
lus cereus (ATCC 10876), Bacillus subtilis (ATCC 6633), 
Listeria monocytogenes (ATCC 19115), Staphylococcus 
aureus (ATCC 25923), Escherichia coli (ATCC 25922), 
Pseudomonas aeruginosa (ATCC 27853), Salmonella 
typhimurium (ATCC 14028), and Vibrio parahaemolyti-
cus (ISP 72-01). All the bacterial strains were provided 
by the Chilean Institute of Public Health (ISP). The mini-
mum bactericidal concentration (MBC) was determined as 
previously reported (Azkargorta et al. 2015). The strains 
were cultured overnight in trypticase soy broth (TSB). 
After that, the culture was 100 times diluted with TSB 
and incubated at 150 rpm at 37 °C until obtaining a  DO600 
of 0.4–0.7. Then, cultures containing 1 × 107 CFU/mL 
were exposed to 10, 20 or 30 µM peptide concentrations 
using 1% TSB in 10 mM HEPES buffer for 1 h at 37 °C. 

Following the exposure, bacteria were diluted (tenfold) 
and incubated for 18 h at 37 °C in fresh TSB media. Sur-
viving bacteria were quantified as colony-forming units/
ml (CFU/ml) for each peptide concentration. The mini-
mum inhibitory concentration (MIC) was defined as 50% 
of MBC, as previously reported (Azkargorta et al. 2015).

Scanning electron microscopy (SEM)

Staphylococcus aureus ATCC 25923 was cultured in TSB 
medium to the mid-log phase and harvested by centrifuga-
tion at 1000×g for 5 min. Cell pellets were washed twice 
with 10 mM PBS and resuspended to an  OD600 of 0.2. The 
cell suspension was incubated at 37 °C for 60 min with 
peptides at a 1 × MIC concentration. After incubation, the 
cells were centrifuged and washed three times at 5000×g for 
5 min with PBS. Bacterial pellets were then fixed overnight 
in 500 µL of 2.5% (v/v) glutaraldehyde in PBS at 4 °C. After 
that, the bacterial samples were dehydrated with graded 
ethanol series and then dried. A small amount of platinum 
was sputtered on the samples to avoid charging in the micro-
scope. Microscopic examination was performed in a scan-
ning electron microscope (Hitachi SU 3500, Japan).

Hemolysis

The hemolytic assay was performed as described by Stark 
et al. (2002). Blood samples from human healthy donors 
were collected and anticoagulant was added, maintaining 
a slow and constant shaking to avoid coagulation. Cells 
were removed from plasma by centrifugation at 2000×g for 
10 min at 4 °C. Supernatant plasma was discarded and the 
platelet pellet was resuspended adding an equivalent volume 
of PBS until obtaining a clear solution. Afterward, the cell 
pellet was diluted to ten times its initial volume of blood 
cells (~ 6 × 108cells/mL). Then, the hematocrit in suspen-
sion was exposed to 5 or 50 μM peptides solutions for 1 h at 
37 °C under stirring. After this, the sample was centrifuged 
at 3000×g for 5 min. An aliquot of 80 µL was taken from 
the supernatant, and the absorbance was measured using a 
spectrophotometer at 540 nm.

The percentage of hemolysis was calculated according to 
the following equation:

where Am indicates the absorbance of the sample at 540 nm 
(peptide-containing supernatant), A (100%) the absorbance 
of the positive control (cell suspension of hematocrit to 
which 1% Triton X-100 was added), and A (0%) indicates 
the absorbance of the negative control (suspension of hema-
tocrit in PBS).

% Hemolysis =
{[

Am∕A(100%)
]

− A(0%)
}

× 100%
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Results

Integrity of bacterial membrane after 11‑residue 
homopeptide treatment

A direct visualization of bacterial membrane damage follow-
ing treatment with Pro, Arg or Lys 11-residue homopeptides 
was obtained by SEM. Figure 1 shows SEM images of S. 
aureus treated with the peptides at 5 µM for 1 h. The mem-
brane surface of the control (without peptide addition) was 
bright and smooth (Fig. 1a). A similar result was obtained 
with Pro-11 residue homopeptide treatment (Fig. 1b). In 
contrast, the treatment with Arg and Lys homopeptides 
induced membrane damage in S. aureus (Fig. 1c, d). Moreo-
ver, structural changes on the S. aureus membrane surface, 
including multiple blisters and bubbles, were more evident 
with K11 (Fig. 1d).

Synthesis and characterization of peptide analogs

To evaluate the role played by each individual Lys residue in 
the structure and antimicrobial activity of K11, two types of 

scan analysis were performed by replacing each Lys residue 
by Ala or Pro residues.

Peptide analog sequences are shown in Table 1, includ-
ing their observed masses. The abbreviation A (1–11) and 
P (1–11) means the Lys substitution for Ala or Pro, respec-
tively, in the 11-residue Lys homopeptide, numbering from 
the N-terminal. The reverse-phase retention times deter-
mined by HPLC of K11 and their respective Ala and Pro 
scans are shown in Table 1. Due to their almost identical 
amino acid composition, K11 and their Ala- and Pro-scan 
analogs eluted within a narrow time range, between 1.108 
and 1.226 min. As shown in Table 1, all of the analogs in 
which every individual Lys was replaced by an Ala eluted 
earlier than the reference Lys homopeptide (retention 
time = 1.225 min).

CD spectra of Ala scans in buffer

Ala scan has been commonly used to probe peptides because 
the substitution of a side chain residue by methyl groups 
provides an effective strategy for detecting the side chains 
responsible for structure and activity (Morrison and Weiss 
2001). To analyze the secondary structure of peptides, the 

Fig. 1  Scanning electron micrographs of S. aureus (ATCC25923) 
treated with the 11-residue homopeptides. a Control, no peptides; 
b 11-residue Pro homopeptide; c 11 residues Arg-homopeptide. d 

11-residue Lys homopeptide. Bacteria in mid-logarithmic growth 
phase were treated with peptides at 5 μM concentration for 1 h
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CD spectra of each synthesized analog were measured in 
buffer (PBS, pH 7.2). The CD spectra of the Ala scan series 
were characterized by a weak positive band at 218 nm and 
a strong negative band at 195 nm, indicating that these pep-
tides exhibited mainly a PPII helix structure (Fig. 2a). The 
population of the PPII helix has been calculated from the CD 
amplitude of the local maximum around 218–220 nm (the 
exact wavelength of this maximum depends on the sequence) 
(Zhang et al. 2010).This indicates that Ala substitutions at 
either end position (A1 and A11) of the peptide increase the 
PPII propensity (Table 2). In contrast, a reduction in the PPII 
propensity was observed when Lys residues were replaced 
by Ala at position 10 (Table 2).

CD spectra of Pro scans in buffer

It has been described that Pro favors specific structures, 
including PPII (Jamieson et al. 2013).Thus, the effect of 
replacing every Lys of the K11 by Pro on the secondary 
structure of the peptide was analyzed.

Figure 3a shows the CD spectra of each synthesized 
analog and the reference homopeptide (K11) measured in 
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Fig. 2  Effects of different bacterial membrane lipids models on the 
CD spectra of K11 Ala-scan analogs. CD spectra of K11 Ala-analog 
peptides were measured in the presence of PBS (a), DMPG-LUV pre-

pared in water (b) S. aureus membrane lipid extract-LUV (C) and E. 
coli membrane lipid extract-LUV (D)

Table 2  Values of the maximum molar ellipticity at 218  nm 
(mdeg × cm2 × dmol−1) for K11-Ala analogs

*The abbreviations A (1–11) and P (1–11) mean the Lys substitution 
for Ala or Pro in the 11-residue Lys homopeptide (K11) numbering 
from the N-terminal

Peptide/media PBS DMPG S. aureus E. coli

K11 1317.64 4457.44 1953.13 1901.58
A1 2522.65 979.579 892.986 712.107
A2 1712.50 975.753 584.938 1207.74
A3 1529.71 1045.52 653.48 1221.56
A4 1438.65 1399.55 1045.7 2048.54
A5 1929.81 1529.77 1002.89 1403.73
A6 1595.71 1316.79 2292.66 2442.24
A7 1735.53 2204.02 1490.92 1736.7
A8 1968.37 1267.36 1469.12 3260.6
A9 1662.79 1301.84 1197.84 1852.59
A10 788.152 1024.23 462.849 148.819
A11 3979.35 1921.6 2684.63 1143.39
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PBS, indicating that most of the analogs displayed the PPII 
structure.

According to the maximum ellipticity at 218 nm, Pro-
scan analogs can be grouped according to the propensity for 
PPII structure in PBS (Table 3). The low propensity for the 
PPII structure group (LPP) comprises the Lys substitution 
by Pro at positions 1–4 (P1-P4) and 9–11 (P9–P11), while 
the high propensity for the PPII structure group (HPP) com-
prises the Pro substitutions at positions 5–8 (P5–P8). The 
HPP analogs are driven by the Pro substitution at the central 
positions and display 10- to 40-fold increase in maximum 
ellipticity with respect to the reference homopeptide in PBS 
(Table 3).

Secondary structure analysis of scans in bacterial 
membrane lipids models

To determine how the lipidic environment of the bacterial 
membrane influences the PPII structure, CD spectra of K11 
and its analogs were measured in the presence of LUVs 
composed of DMPG and LUVs composed of S. aureus or 
E. coli membrane lipid extracts.
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Fig. 3  Effects of different bacterial membrane lipids models on the 
CD spectra of K11 Pro-scan analogs. CD spectra of K11 Pro-analog 
peptides were measured in the presence of PBS (a), DMPG-LUV pre-

pared in water (b), S. aureus membrane lipid extract-LUV (c) and E. 
coli membrane lipid extract-LUV (d)

Table 3  Values of the maximum molar ellipticity at 218  nm 
(mdeg × cm2 × dmol−1) for K11-Pro analogs

The value in bold is differ with the K11
*The abbreviations A (1–11) and P (1–11) mean the Lys substitution 
for Ala or Pro in the 11-residue Lys homopeptide (K11) numbering 
from the N-terminal

Peptide/media PBS DMPG S. aureus E. coli

K11 1317.64 4457.44 1953.13 1901.58
P1 1270.79 1089.57 1338.98 1627.34
P2 813.617 800.499 784.796 2044.46
P3 1527.9 462.005 2176.69 660.215
P4 1452.64 509.513 872.724 819.432
P5 41394.7 339.57 505.248 684,459
P6 15390.8 718.019 1090.98 494.979
P7 52513.3 367.561 3435.77 1012.3
P8 44796.1 1039.23 2602.5 887.402
P9 713.807 − 51.6505 1599.73 538.106
P10 1542.62 649.107 1648.6 997.86
P11 1279.64 695.803 2481.15 1201.58
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CD spectra of Lys homopeptide analogs in DMPG

DMPG, an anionic saturated phospholipid, is a component 
of bacterial lipid membranes that has been used as a simple 
model of the bacterial cell membranes (Chia et al. 2002; 
Barroso et al. 2012; Monteiro et al. 2015).The CD spectrum 
of K11 shows enhanced PPII structure in the presence of 
DMPG (Fig. 2b). The molar ellipticity of K11 at 218 nm 
was four times higher in DMPG than in PBS (Table 2). PPII 
propensity was maintained, and even reduced, in the Ala 
and Pro analogs (Tables 2 and 3). Structural changes were 
more severe in the Pro analogs. When comparing the molar 
ellipticity at 218 nm in PBS and DMPG-LUV, it can be seen 
that P5–P8 strongly reduced PPII propensity in DMPG and 
the P9 analog lost the positive molar ellipticity at 218 nm, 
which is characteristic of a non-structured conformation like 
random coil (Table 3).

CD spectra of scans in bacterial membrane lipid extracts

Unilamellar vesicles obtained with S. aureus or E. coli lipid 
extracts were also used to elucidate how the lipid present in 
the bacterial membrane affects the structure of K11 and its 

Ala- and Pro-scan analogs. Figures 2c, d and 3c, d show that 
K11 and all their analogs maintained the PPII conformation. 
Nevertheless, molar ellipticity at 218 nm shows that PPII 
propensity of K11 is slightly higher in PBS, though reduced 
with respect to DMPG-LUV (Table 2). Similar to the results 
obtained with DMPG-LUV most Ala and Pro analogs main-
tained or reduced their PPII propensity in the presence of 
bacterial membrane lipid extracts (Tables 2 and 3). Once 
again, P5–P8 analogs drastically reduced the magnitude 
of the maximum ellipticity at 218 nm as compared to their 
structure in PBS (Table 3). Besides, analog A10 presented 
the lowest PPII configuration in both bacterial membrane 
lipid extracts (Table 2).

Antibacterial activity of K11 scan analogs

The antibacterial activities of K11 and its Ala- and Pro-
scan analogs against a Gram-positive (B. cereus, B. 
subtilis, L. monocytogenes and S. aureus) and Gram-
negative bacteria (E. coli, P.aeruginosa, S. typhimurium 
and V.parahaemolyticus) were measured by microplate 
assay (Mastroianni and Ouellette 2009). The minimum 

Table 4  Values of the minimal 
inhibitory concentration (MIC, 
µM) for K11-Ala analogs on 
different Gram-positive and 
Gram-negative bacterial strains

The values in bold are those that differ with the K11
*The abbreviations A (1–11) and P (1–11) mean the Lys substitution for Ala or Pro in the 11-residue Lys 
homopeptide (K11) numbering from the N-terminal

Bacteria/peptide K11 A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11

B. cereus 5.00 5.00 5.00 5.00 5.00 5.00 10.0 5.00 5.00 5.00 11.1 5.00
B. subtilis 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 10.0 5.00 5.00 5.00
L. monocytogenes 5.00 25.6 11.1 11.1 11.1 11.1 11.1 5.00 15.0 25.3 20.0 15.0
S. aureus 5.00 5.00 5.00 5.00 5.00 5.00 15.0 5.00 5.00 5.00 5.00 5.00
E. coli 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
P. aeruginosa 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
S. typhimurium 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
V. parahaemolyticus 5.00 5.00 15.0 5.00 15.0 15.0 15.0 5.00 5.00 11.1 15.0 11.1

Table 5  Values of the minimal 
inhibitory concentration (MIC, 
µM) of K11-Pro analogs on 
different Gram-positive and 
Gram-negative microbial strains

The values in bold are those that differ with the K11
*The abbreviation A (1–11) and P (1–11) means the Lys substitution for Ala or Pro in the 11-residue Lys 
homopeptide (K11) numbering from the N-terminal

Bacteria/peptide K11 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11

B. cereus 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
B. subtilis 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
L. monocytogenes 5.00 15.0 5.00 11.1 11.1 15.0 15.0 5.00 11.1 5.00 11.1 5.00
S. aureus 5.00 5.00 5.00 11.1 11.1 5.00 5.00 5.00 5.00 5.00 5.00 5.00
E. coli 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
P. aeruginosa 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
S. typhimurium 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
V. parahaemolyticus 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
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inhibitory concentration (MIC) values are summarized in 
Tables 4 and 5. 

K11 showed the strongest activity against all tested 
strains with an MIC value of 5.0 µM. All peptide analogs 
with either Ala or Pro substitutions showed MICs values 
similar or higher than the reference peptide.

In the case of Ala scans, the substitution of any Lys 
retained the antibacterial activity of K11 toward three 
of the Gram-negative bacteria tested, E. coli, P. aerugi-
nosa, and S. typhimurium. However, the antimicrobial 
activity against V. parahaemolyticus was affected by the 
Lys replacement by Ala at positions 2, 4, 5, 6, 9, 10, and 
11 (A2, A4, A5, A6, A9, A10, and A11). A 2- to 3-fold 
increase was observed in the MIC value of analogs with 
respect to the reference homopeptide (Table 4).

The antimicrobial activity against Gram-positive L. 
monocytogenes was the most affected by the substitution 
of Lys by Ala. Indeed, only the Ala substitution at position 
7 resulted in the same MIC value than that of the parent 
homopeptide. Substitution of Lys by Ala at positions 1, 9, 
and 10 resulted in the highest MIC values (> 20 µM) of 
all analogs (Table 4). For the rest of the tested Gram-pos-
itive bacteria (B. cereus, B. subtilis, and S. aureus), only 
few analogs showed higher MIC values (two- to threefold 
higher) than that of the reference homopeptide (B. cereus 
at positions 6 and 10, B. subtilis at position 8 and S. aureus 
at position 6).

Pro substitutions had only an effect on the activity 
against Gram-positive bacteria, exhibiting higher MIC 
values than that of the 11-residue Lys homopeptide against 
L. monocytogenes and S. aureus (Table 5). The antibacte-
rial activity of the Pro analogs against L. monocytogenes 
followed the same pattern with respect to position than 
observed in the corresponding Ala analogs (positions 1, 
3–6, 8 and 10) (Table 4 and 5), while the replacement of 
Lys by Pro at positions 3 and 4 reduced the activity of the 
corresponding analogs against S. aureus.

Lys substitution by Ala or Pro at position 7 did not alter 
the activity against all tested bacteria, suggesting that an 
amino acid residue substituting at such position may pro-
duce a peptide with higher antibacterial activity than the 
reference homopeptide.

Hemolytic activity of K11 scan analogs

The hemolytic activities of the peptides against human 
erythrocytes were determined at 5 or 50 µM (Supplemen-
tal Figure 1). Triton X-100 was used as a positive control 
for 100% hemolytic activity. None of the Ala- and Pro-
scan analogs, including the 11-residue Lys homopeptide, 
showed hemolytic activity at those tested concentrations.

Discussion

AMP are emerging as a therapeutic alternative to replace 
conventional antibiotics, since they offer several poten-
tial advantages. However, the knowledge of the key roles 
played by each individual amino acid in the peptide 
sequence has been elusive.

Being of cationic character, Lys residues are able to 
interact with the negative components of the bacterial cell 
membrane envelope and subsequently induce the destabi-
lization of the lipid bilayer (Guzmán et al. 2013; Carvajal-
Rondanelli et al. 2016). The results of our previous studies 
revealed that Lys homopeptides with an odd number of 
residues, especially with 11 residues, showed a broader 
inhibitory activity against Gram-positive and Gram-neg-
ative bacterial strains than those with an even number of 
residues (Guzmán et al. 2013; Carvajal-Rondanelli et al. 
2016). In addition, confocal microscopy and the SYTOX-
Green permeabilization membrane assay demonstrated that 
Lys homopeptides display membrane-perturbing effects on 
E. coli (Carvajal-Rondanelli et al. 2016). In the present 
work, damage to the cell membrane of S. aureus was also 
observed after 11-residue Lys homopeptide exposure with 
vesicle and blebbing formation in the membrane surface. 
Previous studies have demonstrated the alteration of the 
surface morphology of bacterial cells through blebbing 
and blistering of the outer membrane after treatment with 
AMP (Henk et al. 1995; Matsuzaki et al. 1997; Skerlavaj 
et al. 1999; Mangoni et al. 2004). Thus, we suggest that 
damage of the bacterial cell envelope is the mechanism by 
which K11 kills bacteria (Fig. 1).

Although K11 localization, as well as its effects on the 
bacterial surface, has been described, its interactions with 
prokaryotic cell membranes as well as the molecular and 
structural features of this peptide in different environments 
are yet to be determined. Therefore, the effect of replac-
ing each of the Lys residues in K11 on the polyproline II 
structure of the resulting peptides in aqueous and lipid 
environment (PBS and DPMG-LUV or LUV composed 
of lipidic bacterial extract containing phospholipids from 
S. aureus or E. coli) was determined.

Recent evidences have revealed that PPII conformation 
is essential for many biological activities of peptides and 
proteins (Foroutan et al. 2011). In our previous work, we 
demonstrated that K11 maintains its PPII structure both 
in aqueous medium and in the presence of artificial mem-
branes (Carvajal et al. 2016). Here, the results obtained 
in the Ala scan in buffer indicate that Ala substitutions 
at the extremes of K11 act as PPII stabilizers in aqueous 
environment. A possible explanation is that the side chains 
of the Lys residues at the extremes may alter the stability 
of the PPII helix (Rucker et al. 2002), while amino acids 
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with short side chains, like Ala, may favor interaction 
with the solvent. Nevertheless, substitution of Lys by Ala 
at position 10 affected the propensity to PPII formation. 
PPII helix is characterized by the absence of intramolecu-
lar hydrogen bonds. The left-handed helix contains three 
amino acids per turn (Rucker 2002; Sviridov 2016); in the 
particular case of Lys homopeptides, helix turns are stabi-
lized by the electrostatic repulsion of the Lys side chains 
(Mirtič et al. 2013). In this way, the presence of a methyl 
group in the first turn will stabilize the helix.

Analogs showing most propensity to PPII formation in 
PBS were those with Pro substitutions in the central region 
of the peptide. Pro scan has been used to investigate the 
conformation–activity relationship of peptides, because Pro 
favors specific structures, such as β-turn and PPII (Jamie-
son et al. 2013). Results presented suggest that Pro substi-
tutions in K11 favors the PPII structure of the analogs in 
aqueous medium, once the first turns of the helix have been 
conformed.

The number of Lys residues of peptides is recognized 
to be important for their antibacterial activity (Zelezetsky 
and Tossi 2006). It has been proved that the side chain of 
Lys possesses a length that allows its interaction with the 
negative charges of the bacterial membrane phospholipids 
(Hoernke et al. 2012). CD results presented revealed that 
K11 structuration increased in the presence of LUV contain-
ing negatively charged synthetic phospholipids, like DMPG, 
suggesting that those electrostatic interactions stabilize the 
PPII helical structure. Besides, the ε-amino group in the Lys 
side chain is deprotonated at the membrane surface, which 
facilitates the interaction of the peptide with the negatively 
charged groups there (Li et al. 2013). In fact, the substitu-
tion of a single Lys residue by Ala or Pro at any position 
of the reference homopeptide alters the peptide structure in 
DMPG vesicles, as determined by a decrease in the positive 
molar ellipticity at 218 nm (Table 2). Mosior et al. (1992) 
investigated a 5-residue Lys homopeptide binding to phos-
phatidylglycerol/phosphatidylcholine mixtures and found a 
reduced affinity when a single or more than one Ala resi-
due was alternatively included in between the Lys residues 
(Mosior and McLaughlin 1992). Moreover, the propensity 
of the analogs for forming PPII structures in PBS when 
Lys residues were exchanged by Pro at positions 5–8 was 
not replicated in DMPG-LUV. On the other hand, bacterial 
membranes are composed of lipids of different chain lengths, 
some with a net positive or net negative charge, among other 
differences, which will explain the lesser propensity to PPII 
formation of K11 in LUV of lipid extracts from S. aureus 
and E. coli membrane. In fact, previous studies have shown 
big differences in the mode of action, structure and interac-
tion of AMP between membrane model and membrane lipid 
extracts. For instance, Soblosky et al. (2015), using sum fre-
quency generation (SFG) vibrational spectroscopy, studied 

the molecular-level interactions between the lysine-rich 
AMP ovispirin-1 G18 and magainin II with simple anionic 
membrane models, such as 1,2-dipalmitoyl-d62-sn-glyc-
ero-3-phosphoglycerol (dDPPG)–1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPG) bilayer. Then, they 
compared such interactions to those between the AMP and 
a more complex E. coli polar lipid extract bilayer, observing 
less interaction with the E. coli polar lipid system. Thus, the 
use of more complex bilayers could provide some specific 
interaction dynamics involved in the K11 structuration in the 
lipidic environment of the bacterial membrane.

The results of antibacterial activity revealed that all Ala 
and Pro-scan peptides inhibited cell growth in the eight bac-
terial strains tested, however, with a higher or similar MIC 
than K11. Antibacterial activity of most of the analogs was 
more affected over Gram-positive than over Gram-negative 
bacteria (Tables 4 and 5). Major changes in antibacterial 
activity were observed over Listeria monocytogenes when 
substituting Lys by Ala or Pro (Tables 4 and 5), while most 
of the Ala analogs increased their MIC values against V. 
parahaemolyticus. This may be due to the composition of 
the bacterial membrane that may contain a lesser diversity 
of negatively charged phospholipids and, therefore, less 
accessible sites for primary interactions of K11 with the 
bacterial surface, with the consequent reduction of its anti-
microbial action. So, substitution of one Lys residue by Ala 
or Pro may have an effect on the activity against this type of 
bacteria. As an example, E.coli membrane contains mostly 
negatively charged phospholipids, such as phosphatidylg-
lycerol, cardiolipins and phosphatidylethanolamine, while 
L. monocytogenes membrane contains high amounts of posi-
tively charged phospholipids, such as lysylphosphatidylglyc-
erol and lysylcardiolipin (Sohlenkamp and Geiger 2016). 
Besides, the amphipathic side chain of Lys would maintain 
favorable electrostatic interactions with negatively charged 
groups and, at the same time, the peptide backbone could 
penetrate the inside of the hydrophobic membrane (Toke 
et al. 2004). In this way, replacement of such side chain by a 
nonpolar one, like in Ala or Pro, will have a stronger antimi-
crobial effect on membranes poor in anionic phospholipids.

Although it is not possible to establish a direct relation-
ship between this structure and the antibacterial activity, 
the results indicate that the propensity for stabilizing a PPII 
structure with preferable association of K11 with anionic 
lipids on the bacterial surface can be a factor that influences 
the antibacterial activity.

Conclusion

The sequence and structure of peptides are the essential 
features determining the antimicrobial action. Nevertheless, 
the future replacement of conventional antibiotics for AMP 
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requires further characterization of the peptide–membrane 
interaction on the target bacteria. Establishing the nature 
of the interactions with the complex bacterial membranes 
is important for peptide design, which must take into con-
sideration a minimal toxic effect against the host cell. The 
current and previous findings suggest the following steps 
for the interaction of the 11-residue Lys homopeptide with 
bacterial membranes: it starts with the homopeptide bind-
ing to the membrane surface through electrostatic interac-
tion, followed by the interaction of Lys residues with the 
polar heads of the phospholipids, which in a subsequent step 
would lead to membrane disruption. Moreover, the PPII sec-
ondary structure of K11 is stabilized by the interaction of 
the peptide with negatively charged phospholipids in the 
bacterial membrane, though not being the sole determinant 
for its antimicrobial activity. Studies are underway to find 
substituted amino acids, leading to peptides with higher anti-
bacterial activity than the reference homopeptide.
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