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We previously reported a series of de novo engineered cationic antibiotic peptides (eCAPs)

consisting exclusively of arginine and tryptophan (WR) that display potent activity against diverse

multidrug-resistant (MDR) bacterial strains. In this study, we sought to examine the influence of

arginine compared to lysine on antibacterial properties by direct comparison of the WR peptides

(8–18 residues) with a parallel series of engineered peptides containing only lysine and

tryptophan. WR and WK series were compared for antibacterial activity by bacterial killing and

growth inhibition assays and for mechanism of peptide–bacteria interactions by surface plasmon

resonance and flow cytometry. Mammalian cytotoxicity was also assessed by flow cytometry,

haemolytic and tetrazolium-based assays. The shortest arginine-containing peptides (8 and 10

mers) displayed a statistically significant increase in activity compared to the analogous lysine-

containing peptides. The WR and WK peptides achieved maximum antibacterial activity at the

12-mer peptide (WK12 or WR12). Further examination of antibacterial mechanisms of the

optimally active 12-mer peptides using surface plasmon resonance and flow cytometry

demonstrates stronger interactions with Pseudomonas aeruginosa, greater membrane

permeabilizing activity, and lower inhibitory effects of divalent cations on activity and membrane

permeabilization properties of WR12 compared to WK12 (P < 0.05). Importantly, WK12 and

WR12 displayed similar negligible haemolytic and cytotoxic effects at peptide concentrations up

to ten times the MIC or 20 times the minimum bactericidal concentration. Thus, arginine,

compared to lysine, can indeed yield enhanced antibacterial activity to minimize the required

length to achieve functional antimicrobial peptides.

INTRODUCTION

The prevalence of infections associated with multidrug-
resistant (MDR) bacteria underlines the need for new
classes of antibiotics with novel antimicrobial mec-
hanisms (Boucher et al., 2009; Shi et al., 2009; Ho et al.,
2012; Magiorakos et al., 2012; Bow, 2013; Agodi et al.,
2014). Over the last three decades antimicrobial peptides
(AMPs) have been intensely investigated as potential antibi-
otics against MDR bacteria (Bucki et al., 2004; Lipsky et al.,

2008; Kulkarni et al., 2014). AMPs are ubiquitous effector
peptides with amphipathic (usually cationic) structures rep-
resenting the first line of defence against infectious patho-
gens (Hancock, 2001; Hancock et al., 2006). As an essential
component of innate immunity, AMPs provide host epithe-
lial surfaces and neutrophils with effective microbial killing
mechanisms that are rapid and independent of the reactive
oxygen species (Dashper et al., 2005) antimicrobial pathway
(Hancock et al., 2006; Peschel & Sahl, 2006; Hell et al.,
2010). While several bactericidal mechanisms have been
identified among diverse structural classes, cationic AMPs
typically recognize their microbial target by electrostatic
interactions between their highly electropositive hydrophilic
peptide motif and the electronegative lipids [e.g. lipid A in
Gram-negative bacteria and lipoteichoic acid (Ozcan et al.,
2006) in Gram-positive bacteria] on bacterial surfaces
(Brogden, 2005; Mihajlovic & Lazaridis, 2010; Zhang et al.,

Abbreviations: AMP, antimicrobial peptide; eCAP, engineered cationic
antimicrobial peptide; MDR, multidrug-resistant; RBC, red blood cell; PI,
propidium iodide; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide; XDR, extensively drug-resistant; MRSA, methicillin-resis-
tant Staphylococcus aureus; PBMC, peripheral blood mononuclear cell;
MBC, minimum bactericidal concentration; SPR, surface plasmon reso-
nance.
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2013). Although AMP amphiphilic sequences are highly
diverse, the charge density of the cationic motif is predomi-
nantly provided by lysine or histidine residues (Park et al.,
2003; Shanmugam et al., 2005; Mason et al., 2007; Geor-
gescu et al., 2010; Khatami et al., 2014; Deslouches et al.,
2015).

Despite the apparent potential of natural AMPs as therapeu-
tic agents, their development for clinical application to treat-
ment of infectious diseases has to date been unsuccessful,
perhaps reflecting a natural adaptation to stringent specific-
ities in terms of target pathogen and environment (Ding
et al., 2003). In the last two decades, our laboratory has
focused on rationally engineering AMPs to overcome intrin-
sic limitations of natural AMPs (Tencza et al., 1999; Phadke
et al., 2002; 2003; 2005; Deslouches et al., 2005; 2013; Skin-
ner et al., 2010 Steckbeck et al., 2014). Hence, we previously
reported the rational design of an optimized engineered cat-
ionic antimicrobial peptide (eCAP) series consisting exclu-
sively of arginine and tryptophan residues (WR series) that
display broad activity against a diverse spectrum of Gram-
positive and Gram-negative bacteria, including extensively
drug-resistant (XDR) strains (Deslouches et al., 2013). Our
preference for arginine over lysine for incorporation into
eCAPs was based on various studies indicating stronger
membrane interaction and perturbation properties of Arg-
compared to Lys-enriched peptide sequences (Tencza et al.,
1995; Mitchell et al., 2000; Phadke et al., 2002; Kalia et al.,
2003; Phadke et al., 2003; Phadke et al., 2005; Su et al.,
2009). However, a survey of natural AMP sequences reveals
a predominance of lysine content in diverse AMP sequences,
with minimal incorporation of arginine (Tossi et al., 2000;
Wang & Wang, 2004; Wang et al., 2009; Seshadri Sundarar-
ajan et al., 2012). This apparent discrepancy led us to com-
pare directly the antimicrobial activity of a parallel series of
eCAPs containing only tryptophan and either arginine or
lysine as the cationic component. Thus, we report here a sys-
tematic comparison of the functional properties of parallel

series of eCAPs ranging in length from eight to 18 residues
and composed only of tryptophan and either arginine (WR
series) or lysine (WK series) arranged to form optimized
amphipathic helices.

METHODS

Strains. The two bacterial strains used in this study were the laboratory
strain of Pseudomonas aeruginosa (PAO1) and a clinical isolate of methi-
cillin-resistant Staphylococcus aureus (MRSA) USA300, both provided by
Dr Yohei Doi of the University of Pittsburgh and utilized in previous
published studies (Deslouches et al., 2013).

Peptide synthesis. The engineered peptides (WR and WK eCAPs
series) were synthesized using standard Fmoc (9-fluorenylmethoxy car-
bonyl) synthesis protocols as previously described (Tencza et al., 1999;
Phadke et al., 2002).0. Synthetic peptides were characterized and puri-
fied by reversed-phase HPLC on Vydac C18 or C4 columns (The Separa-
tions Group), and the identity of each peptide was confirmed by MS
(Electrospray Quatro II triple quadrupole mass spectrometer; Micro-
mass). Peptide concentrations were determined by using a quantitative
ninhydrin assay as previously described (Phadke et al., 2002).

Bacterial growth inhibition and killing assays. Antibacterial activ-
ity was examined by a standard growth inhibition assay endorsed by the
Clinical and Laboratory Standards Institute (CLSI) with minor modifica-
tions as follows (Pfaller et al., 2005; Sader et al., 2007). Bacteria were
incubated with each of the indicated peptides in standardMuller-Hinton
broth (MHB; Sigma-Aldrich) for 18h, at which time A600 values were
measured to examine growth inhibition using a BioTek microplate
reader (BioTek Instruments) (Deslouches et al., 2013). MICs were
defined as the peptide concentrations reducing growth by 90% or
greater. Peptide concentrations of up to 32µM were evaluated for anti-
bacterial activity in the presence or absence of divalent cations Ca2+ and
Mg2+; higher concentrations were not assayed to avoid solubility limita-
tions. To examine directly peptide bactericidal activity, the test bacteria
were treated for 1 h with peptides in PBS at 37

�
C, and residual colony

forming units per ml (c.f.u. mL�1) were determined by broth dilution
assay.

Comparison of WR12 and WK12 eCAP interactions with

bacteria. We compared the optimally active 12-mer peptides WR12

Table 1. Primary sequences, molecular masses and hydrophobic moments of eCAPs in order of increasing length

Previously designed (WR series) cationic peptides were modified to WK peptides via global Arg-to-Lys substitutions; hydrophobic moments were

examined using the online program Heliquest (http://heliquest.ipmc.cnrs.fr/).

Peptide sequence Name Charge Molecular mass (Da) Hydrophobic moment (mH)

WWRRWWRR WR8 +4 1390 0.93

WWKKWWKK WK8 +4 1280 0.93

WRWWRRWWRR WR10 +5 1730 0.94

WKWWKKWWKK WK10 +5 1590 0.94

RWWRWWRRWWRR WR12 +6 2070 0.99

KWWKWWKKWWKK WK12 +6 1900 0.99

WRRWWRWWRRWWRR WR14 +7 2410 1.03

WKKWWKWWKKWWKK WK14 +7 2220 1.03

RWWRRWWRWWRRWWRR WR16 +8 2760 1.02

KWWKKWWKWWKKWWKK WK16 +8 2530 1.02

WRRWWRRWWRWWRRWWRR WR18 +9 3100 1.04

WKKWWKKWWKWWKKWWKK WK18 +9 2850 1.04
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and WK12 for antimicrobial mechanisms by examining eCAP–bacteria

interactions using surface plasmon resonance (Kuster et al., 2015a) and

membrane permeabilization using flow cytometry.

Affinity for bacteria by SPR. Surface plasmon resonance (SPR)
experiments were performed on a CM4 biosensor chip using a Biacore

3000 Instrument (GE Healthcare). The WK12, WR12 and control HIV

fusion inhibitor peptide T20 were synthesized by the University of Pitts-

burgh Peptide Synthesis Core. WK12 and WR12 peptides were solubi-

lized in HBS-EP buffer (GE Healthcare, catalog # BR-1001-88), diluted

to a concentration of 10 µM, pH 7.0, then injected onto independent

CM4 surfaces at 5�l min–1 and immobilized using standard amine cou-

pling procedures to equivalent response units (RU). The HIV T20

peptide (Qiu et al., 2012) was diluted to 1 µM, pH 3.0, and immobilized

similarly to the reference flow cell as a control for non-specific binding

of analyte to a peptide surface. A sample from an overnight culture of

PAO1 was pelleted, washed with PBS twice and diluted to 2�107c.f.

u. ml�1 in HBS-EP. PAO1 analytes were diluted to 2�10–2, 2�10–5,

2�10–8 and 2�10–11 flowed over peptide surfaces with 1� NSB (GE

Healthcare) at 25
�
C, in duplicate, at a flow rate of 10�l min–1. Associa-

tion was measured for 180 s, followed by 180 s of dissociation in HBS-

EP running buffer. The chip surface was regenerated with a 30 s pulse of

0.5% SDS after each run. In addition to reference flow cell subtraction,

HBS-EP buffer-only cycles were used to allow double referencing for all

analyses. Binding curves were fit using a 1:1 Langmuir binding model of

dissociation and the BIAevaluation software v. 4.1.1 (GE Healthcare),

which was used to generate kinetic data.

Bacterial cell permeabilization by flow cytometry. Flow cytome-
try was used to quantify the ability of eCAPs to permeabilize bacterial

membranes resulting in propidium iodide (PI) incorporation into bacte-

rial cells. P. aeruginosa and MRSA bacterial cells (108ml�1 in PBS) were

exposed to PI (impermeable to intact cell membranes) after

45min of treatment with 1 µM peptides in the presence or absence of

2 mM Ca2+ and Mg2+ in saline. PI incorporation into bacterial cells was

quantified using a BD LSRII flow cytometer for detection of PI at 617

nm according to the manufacturer’s instructions (BD Biosciences).

Mammalian cytotoxicity assays. Cytotoxicity was examined using
three assays: haemolysis, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide (MTT) and flow cytometry.

Haemolytic assay. To examine the influence of lysine and arginine
substitutions on peptide haemolytic properties, human erythrocytes

were treated in parallel with the respective WK or WR peptides for 1 h

in PBS, and haemoglobin release was determined by spectroscopic anal-

ysis, as previously described (Deslouches et al., 2013).

MTT assay. MTT assay was performed as previously described (Phadke
et al., 2005; Deslouches et al., 2013) Briefly, freshly isolated peripheral

blood mononuclear cells (PBMCs) were allowed to grow and differenti-

ate into macrophages in the presence of granulocyte macrophage-colony

stimulating factor (GM-CSF) for 5 days. Attached macrophages were

exposed to peptides for 1 h and then treated with MTT (Life Technolo-

gies). After 4 h of incubation in the presence of MTT at 37
�
C, formazan

crystals were dissolved with acidified isopropanol (0.1 M isopropanol/

HCl/10% Triton-X-100), and A550 was measured to determine percent-

age viability or cytotoxicity.

Flow cytometry. We used flow cytometry as a direct measure of mam-
malian cytotoxicity to complement the haemolytic and MTT assays. To

assess mammalian cytotoxicity, freshly isolated human PBMCs were

exposed to peptides for 1 h at 37
�
C and immediately washed with PBS

using a round-bottom 96-well plate. Fixable blue live/dead stain from

Life Technologies was added to each sample according to

the manufacturer’s instructions. The cells were washed with PBS and

then fixed with 4% formaldehyde (Thermo Scientific). After washing
twice with PBS, the samples were stored at 4

�
C overnight prior to analy-

sis by flow cytometry using the BD LSR II cytometer. Peptide-treated
samples were compared with untreated control for reactivity with the
blue dye and data were analyzed using FLOWJO software (Perfetto et al.,
2006).

Statistical analysis Statistical analysis, when applicable, was deter-
mined by multiple t-tests comparison using GraphPad Prism 6 software.

RESULTS

The goal of this study was to investigate the influence of cat-
ionic amino acid composition on antibacterial activity and
cytotoxicity of engineered AMPs of increasing length differ-
ing only in use of lysine (WK series) or arginine (WR series)
paired with tryptophan. Toward this goal, we designed and
produced a series of eCAPs in which the arginine residues
in the WR peptides were replaced with lysine to create a
corresponding WK peptide series (Table 1). Comparative
computational analyses reveal that the parallel WR and WK
peptides differ only in cationic amino acid content; analo-
gous WR and WK peptides are identical in terms of length,
overall charge and calculated amphipathic potential, allow-
ing a direct comparison of the functional properties
imparted by the lysine and arginine, respectively.

Comparative effects of arginine and lysine on

antibacterial properties

Antibacterial activity. We first compared WR and WK pep-
tides for antibacterial activity against two reference organ-
isms, a Gram-negative (P. aeruginosa PAO1) and a Gram-
positive (MRSA USA300) bacterium. For this functional
comparison, each peptide series was assayed in parallel to
determine both the minimum bactericidal concentration
(MBC) and the MIC to assess specific activity in different
environments or growth conditions (Fig. 1). The results of
these assays revealed that, for each peptide series, activity
increased with length and reached a maximum at 12 resi-
dues against both P. aeruginosa and MRSA targets. How-
ever, the data also generally indicate a higher level of
bacterial killing (P < 0.05) in the shorter peptides (10-mer,
P. aeruginosa; 8-mer, both P. aeruginosa and MRSA) con-
taining arginine compared with lysine peptides of the same
length. For example, when tested against P. aeruginosa
(Fig. 1a, c), the shorter WR peptides WR8 (MBC, 8 µM and
MIC, 20 µM) and WR10 (MBC, 1 µM and MIC, 5 µM) dis-
played higher activity (P < 0.05) compared with the analo-
gous WK peptides WK8 (MBC, >10 µM and MIC, >32 µM)
and WK10 (MBC, 2 µM and MIC, 10 µM). As peptide
length increases, the WK and WR peptides demonstrated
similar maximal activity at 12 residues (WK12: MBC,
0.6 µM and MIC, 2 µM; WR12: MBC, 0.4 µM and MIC,
1 µM) and 14 residues (WK14: MBC, 0.8 µM and MIC,
2 µM; WR14: MBC, 1.2 µM and MIC, 2 µM) in length
against P. aeruginosa. Interestingly, while further increases
in peptide length failed to significantly decrease MBC or
MIC values relative to those observed for the 12-mer
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peptide, the WK16 (MIC: 4 µM against P. aeruginosa) and

WK18 (MIC: 4 µM against P. aeruginosa and MRSA) tend

to display a modest but significantly higher level of activity

(P < 0.05) compared with their WR peptide analogues

WR16 (MIC: 8 µM against P. aeruginosa) and WR18 (MIC:

8 µM against both P. aeruginosa and MRSA) (Fig. 1c, d).

Antibacterial activities against MRSA were generally compa-

rable to activities observed against P. aeruginosa, with maxi-

mum bacterial killing or growth inhibition achieved at the

12-residue peptide in both the WR and the WK series.

Again, the data demonstrate a significantly higher level of

bacterial killing (P < 0.05) by the shorter (8–10 residues)

WR peptides than by the analogous WK peptides, indicating

an enhancement of activity by arginine in short peptide

sequences. However, this difference in activity against

MRSA is not observed in the longer WR and WK peptides

containing 12–18 residues (MBCs, � 1.5 µM) (Fig. 1b)

when tested in PBS.

Next, we focused on the shortest peptides with optimal

activity (WK12 and WR12) to further discern the differen-

tial contributions of arginine and lysine to the antibacterial

mechanism and cytotoxic properties. We compared the 12-

mer peptides using two XDR (Deslouches et al., 2015) clini-

cal isolates of Gram-negative P. aeruginosa and Acineto-

bacter baumannii that are also resistant to the membrane-

active cationic antibiotic colistin. In three independent tri-

als, WK12 and WR12 displayed similar activity against P.

aeruginosa (MIC: WK12 2.7 µM; WR12 3.3 µM) and A. bau-

mannii (MIC: WK12 3.3 µM; WR12 2.7 µM), consistent

with previous data (colistin MIC > 32 µM for both isolates).

Because divalent cations usually inhibit the activity of natu-

ral AMPs (Zhang et al., 2005), we compared WK12 and

WR12 for the tendency to resist the inhibitory effects of
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Fig. 1. Comparative antibacterial activity of the WR and WK peptides. Bacteria were treated with twofold serially diluted pep-

tides at 37 �C either for 1 h in PBS (a and b) or for 18 h in MHB (c and d). MBCs or MICs for P. aeruginosa (PAO1) (a and c)
or MRSA (b and d) were determined as the concentrations corresponding to a 3-log reduction in bacterial survival (MBC) or
at least 90% reduction in bacterial growth (MIC). Data plotted are mean values determined from three independent experimen-

tal trials performed in triplicate, and statistical significance is indicated by an asterisk (P < 0.05). MBCs and MICs exceeding
maximum test concentrations (WK8, a–c) are shown only for comparison and clarity.
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divalent cations Ca2+ and Mg2+, using growth inhibition
assays. While inhibition of the activity of WK12 (Ca2+, 8-
fold; Mg2+, 2-fold; both cations, 8-fold) and WR12 (Ca2+,
4-fold; Mg2+, 2-fold; both cations, 4-fold) was observed
against P. aeruginosa, susceptibility of WK12 to these cati-
ons was significantly greater (P < 0.05) compared with that
of WR12 (Fig. 2a). The differences in susceptibility were
even significantly wider (P < 0.05) against MRSA, as WR12
was almost completely refractory to the presence of Ca2+ or
Mg2+ against MRSA compared with a 4-fold (P < 0.05)
inhibition of WK12 (Fig. 2b).

Peptide interactions with bacterial membranes

A common antimicrobial mechanism of helical AMPs is the
ability to recognize their bacterial targets by electrostatic
interactions and to permeabilize the cell membrane (Jelo-
khani-Niaraki et al., 1998; Jean-François et al., 2008; Park
et al., 2008). Based on this understanding, we sought to
compare the shortest eCAPs with optimal activity, WK12
and WR12, for interactions with live P. aeruginosa using
SPR spectroscopy and flow cytometry (Lequin et al., 2006).
SPR determination of binding affinity for WK12 and WR12
with live bacteria was carried out by passing live P. aerugi-
nosa over chips coated with the respective peptides, as
detailed in Materials and Methods. Binding analyses
between peptide ligands and live bacteria analytes demon-
strated over multiple dilutions two distinct binding curves
for WR12 and WK12 (Fig. 3a). In general, WR12 bound
whole bacteria at a faster rate than WK12, repeatedly at
multiple dilutions of bacterial suspension and likewise had
a significantly higher overall response (P = 0.047, paired t-
test). Interestingly, bacterial binding to WR12 had a signifi-
cantly faster off or dissociation rate as compared with
WK12 (Fig. 3b) perhaps due to more rapid bacterial lysis by
the WR12 peptide. Thus, these data indicate distinct differ-
ences in peptide–bacterial membrane interactions depend-
ing on the choice of cationic amino acid contained in the
antimicrobial peptide.

Based on the differential binding of the 12-mer peptides to
P. aeruginosa, we next used flow cytometry to compare
membrane permeabilization properties against both P. aer-
uginosa and MRSA by assaying PI incorporation in bacterial
suspensions in PBS. The data demonstrate that, compared
with WK12, WR12 has a significantly greater concentra-
tion-dependent permeabilizing effect (by up to 60%)
against P. aeruginosa (P < 0.05, 1 µM) and MRSA (P < 0.05)
(Fig. 4).

Next we compared arginine and lysine for the ability of the
12-mer peptides to resist the inhibitory effects of divalent
cations (Ca2+ and Mg2+) using a series of flow cytometry
assays to quantify membrane permeabilization by PI incor-
poration of WR12- and WK12-treated bacteria. As shown
in Fig. 5, the data are normalized for the effects of 2 mM
Ca2+, Mg2+, or both Ca2+ and Mg2+, against P. aeruginosa
or MRSA using PI incorporation in saline alone (100%
permeabilization). WK12 demonstrates a significant (P <

0.05) reduction (up to 60% for PAO1 and up to 90% for
MRSA) in membrane permeabilization in the presence of
divalent cations compared with moderate (P. aeruginosa) or
negligible inhibition (MRSA) of WR12, consistent with the
growth inhibition assay data shown in Fig. 2.

Comparative effects of arginine and lysine on

haemolytic and cytotoxic properties

As WR12 and WK12 were the shortest peptides to display
optimal activity in respective series, we continued to focus
on these two peptides for examination of haemolytic activ-
ity and cytotoxicity. As an initial measure of the influence
of lysine and arginine on peptide cytotoxic properties, we
used a standard red blood cell (RBC) lysis assay (Deslouches
et al., 2013) in which freshly isolated human erythrocytes in
PBS were exposed to the WK12 and WR12 peptides for 1 h,
and the release of haemoglobin associated with each peptide
was measured. The data summarized in Fig. 6(a) demon-
strate that both WK12 and WR12 displayed less than 10%
haemolytic activity at peptide concentrations up to 20 µM,
which is approximately 10 times the MIC or >20 times the
MBC (Fig. 1) against P. aeruginosa or S. aureus. There was
no significant difference (P < 0.05) in the haemolytic activ-
ity of WR12 and WK12 at each peptide concentration.

We next examined potential cytotoxic properties of the
WR12 and WK12 peptides by treatment of nucleated cells,
primary human monocyte-derived macrophages (Hadnagy
et al., 1993; Varney et al., 2002). As revealed by the tetrazo-
lium-based (MTT) assay (Fig. 6b), WK12 and WR12 dem-
onstrated no detectable cytotoxicity at the peptide
concentrations similar to the respective MBC or MIC values
of 1–2 µM. At the maximum peptide concentration of
20 µM (approximately 10 times the MIC and 20 times the
MBC), WR12 displayed a mean macrophage toxicity of
about 16% compared with 13% for WK12.

As a complementary measure of peptide cytotoxicity, we
also determined the effects of exposure of freshly isolated
PBMCs to WK12 and WR12 using flow cytometry to quan-
tify dead and live cells by differential incorporation of a
fluorescent amine-reactive dye (Perfetto et al., 2006). As
summarized in Fig. 7, the level of viable PBMCs (around
99%) after treatment with either WR12 (A2 to A4) or
WK12 (B2 to B4) at 2.5–10 µM was comparable to PBMC
controls (C) that were not exposed to peptide treatment,
thus indicating a similar lack of apparent cytotoxicity for
the WR12 and WK12 peptides at concentrations of or below
10 µM. At a peptide concentration of 20 µM, treatment of
PBMCs resulted in cell viability values of about 86% after
exposure to WR12 and 96% after exposure to WK12. These
data indicate similar cytotoxic properties of WK12 and
WR12 at peptide concentrations up to 10 times the MBC
and more than five times the MIC values. However, WK12
may display lower cytotoxicity to PBMCs at higher peptide
concentrations, perhaps due to the greater cell-penetrating
properties of arginine-rich peptides compared with lysine-
rich peptides.
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DISCUSSION

The aim of the current study was to test directly the func-

tional properties of lysine and arginine as determinants of

the antibacterial and cytotoxic properties of a defined series

of peptides ranging from eight to 18 residues in length and

containing only tryptophan in addition to the respective

cationic amino acid. These comparative studies were based

on the previously published and well-characterized WR

eCAPs that contain only arginine and tryptophan with opti-

mal helicity achieved at 12 and 14 residues (Deslouches

et al., 2013), thus allowing a straightforward substitution of

lysine for arginine to produce a parallel WK series that were

identical in terms of length and overall charge properties. In

addition, computational modelling of the WK and WR pep-

tides revealed identical calculated hydrophobic moment

values for the respective peptide pairs, an important consid-

eration as the amphipathic helical structure of engineered
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Fig. 2. Arginine enhances eCAP resistance to divalent cations compared with lysine. Activity against P. aeruginosa (a) and
MRSA (b) was examined in the presence or absence of divalent cations (2 mM Ca2+ or Mg2+) by growth inhibition assay, and
the 12-mer peptides were compared for MIC; an asterisk indicates statistically significant difference (P < 0.05) between

WR12 and WK12 for three independent experimental trials performed in triplicate.
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Fig. 3. eCAP binding differences to live P. aeruginosa. WK12 and WR12 peptide binding to PAO1 was detailed using SPR.

(a) A representative curve for each peptide is displayed. Sensogram plot provides binding over time, where association is visu-
alized as an increasing response, during which PAO1 was flowed over immobilized peptides including the negative control
peptide T20, an HIV fusion inhibitor. Dissociation is visualized as a decreasing response, during which PAO1 was replaced
with buffer. Red lines indicate dissociation rates determined using BIAevaluation software. (b) WR12 demonstrated a signifi-

cantly faster dissociation rate as compared with WK, determined with via unpaired t-test (P < 0.0001) in the GraphPad soft-
ware package.
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peptides has been shown to be a major determinant of anti-

bacterial properties. Thus, WK and WR peptide series pro-

vided a unique opportunity to isolate and define the

respective contributions of the two cationic amino acids to

antibacterial and cytotoxic properties to inform future

eCAP design.

The results of the current studies reveal that despite the very

similar physiochemical properties of lysine and arginine,

their contribution to antimicrobial peptide functional prop-

erties can differ. Specifically, the comparison of bacterial

killing activity against the reference Gram-negative P. aeru-

ginosa and the Gram-positive MRSA under different envi-

ronmental conditions (MBC versus MIC/dynamic growth)

revealed a higher level of bacterial killing by 8- and 10-mer

WR peptides compared with the analogous WK peptides.

This difference in bacterial killing suggests a significant dif-

ference in the functional interaction between the WR and

WK peptides with the same target bacterial membrane.

Both the WR and the WK peptides achieved maximal bacte-

rial killing at the 12-mer peptide (Kuster et al., 2015a) with

no significant decrease in MBC or MIC values observed

with longer peptides up to 18 residues in length. Further-

more, the 12-mer peptides retained activity against two

colistin-resistant and XDR clinical isolates of P. aeruginosa

and A. baumannii. Interestingly, in a study of LL37 peptide,

Wang (2008) identified the minimum length peptide KR-12

that achieved antibacterial activity comparable to that of the

full-length LL-37, achieving an MIC of 40 µM against
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Echerichia coli K12. The identification in separate studies of
12-mer peptides as a minimal length to achieve maximal
antibacterial activity may reflect the fact that the 12-mer
achieves the levels of positive charge and amphipathicity to
optimize membrane interactions and the minimal peptide
length to completely span the bacterial membrane.

We have previously reported the identification of a mini-
mum peptide length that achieves maximum bacterial
killing (Deslouches et al., 2013). In the case of peptides
composed exclusively of arginine and valine or arginine,
valine, and tryptophan, the optimally functional minimum
length peptide was 24 residues long (Deslouches et al.,
2005). In contrast, engineered cationic peptides containing
only arginine and tryptophan achieved maximum bacteri-
cidal activity at 12-residue length with confirmation of hel-
icity by circular dichroism (Deslouches et al., 2013),
suggesting that a minimum of three helical turns is required
for optimal interaction with bacteria and bactericidal activ-
ity. Importantly, based on the helicity of other Lys-rich heli-
cal peptides (e.g. LL37, magainin; Park et al., 2003; Lai
et al., 2011) Lys substitution is predicted to retain the helical
content of the peptides. In these series of eCAPs, increasing
peptide length with the same amino acid content failed to
increase antimicrobial activity. Thus, while peptide length,
charge and minimum helical turns are determinants of anti-
bacterial activity, amino acid content may be a predominant
parameter in peptide design.

The current data, summarized in Fig. 1, also suggest that
the longer WK peptides (14–18 residues) may display a sig-
nificantly lower MIC or MBC compared with the analogous

WR peptide, especially in the MIC assay environment.
However, a possible explanation for this apparent differen-
tial may in fact be the observed lower solubility of long WR
peptides compared with WK peptides in complex solutions.
As shown in our previous circular dichroism studies, WR16
and WR18 have a tendency to aggregate, possibly due to
intermolecular interactions between the stable positively
charged guanidinium group of Arg and pi electrons of the
Trp indole ring (Schibli et al., 2002; Deslouches et al.,
2013). These longer peptides (WR16 and WR18) tend to
precipitate more substantially than shorter WR eCAPs in
complex media, even at relatively low micromolar concen-
trations. In this report, the environmental effect is evident
in the observed differences in activity of the 16–18 residue
peptides against MRSA in MHB and PBS (Fig. 1b, d). While
the current studies focus mainly on functional differences
based on Lys or Arg, we are systematically investigating the
mechanistic and structural basis for these differences
through extensive biophysical studies (e.g. circular dichro-
ism and X-ray diffraction) of eCAP-membrane interactions
using WK/WR peptides and other eCAP series.

The optimal activity observed at 12 residues in length for
both the WR and the WK series necessitated further consid-
eration of WR12 and WK12 for comparative antimicrobial
mechanisms and cytotoxic properties. Despite similar activ-
ity of WR12 and WK12 initially observed in the bacterial
killing and growth inhibition assays, physiologically relevant
changes in assay conditions (presence of divalent cations)
revealed significant differences in activity between these two
peptides, indicating that arginine enhanced activity
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compared with lysine. Such differences in resistance to diva-
lent cations warranted a more extensive exploration of bac-
terial interactions with these two peptides.

The comparative studies of antimicrobial mechanisms of
WK12 and WR12 further highlight the role of arginine in
optimization of antimicrobial properties compared
with lysine. Using SPR assays, we demonstrated interesting
differences in the interactions of the optimally active 12-
mer peptides of the WK and WR series with intact bacteria.
SPR data indicated that WR12 bound P. aeruginosa to
higher levels than WK12. While definitive rates were not
achievable due to the nature of the whole-cell bacteria bind-
ing kinetics, the binding curve repeatedly indicated a faster

binding of WR12 to bacteria in addition to greater amounts.
The observed significantly faster dissociation rate of the
WR12 peptide and bacteria, when evaluated in light of the
flow cytometry permeabilization data, could be attributed
to more rapid bacterial membrane lysis by the WR12
peptide.

The differences between these two peptides (WK12 and
WR12) are further underlined by the effects of divalent cati-
ons on bacterial membrane permeabilization. Divalent cati-
ons play an important role in the stability of the Gram-
negative bacterial membrane (Clifton et al., 2015) and influ-
ence the antibacterial properties of AMPs (Sugiarto & Yu,
2007). These cations also interact with proteoglycan and

Fig. 7. Cytotoxic effects of WK and WR peptides determined by flow cytometry examination of live/dead cell staining: WR12,

panels A1 to A4; WK12, panels B1 to B4; untreated cells, panel C; data are representative of two independent experimental
trials.
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wall teichoic/lipoteichoic acids of Gram-positive bacteria
(Swoboda et al., 2010; Thomas & Rice, 2014), a process tar-
geted by the anionic antibiotic daptomycin (Straus & Han-
cock, 2006). Conversely, the activity of cationic AMPs tends
to be inhibited by divalent cations (Dashper et al., 2005;
Zhang et al., 2005; Sugiarto & Yu, 2007), and the strength
of that inhibition may vary with the test peptide and type of
(Gram-positive or Gram-negative) organisms as supported
by the data. Because of the presence of Ca2+ and Mg2+ in
biological matrices (e.g. blood), resistance to these cations is
an important consideration in eCAP design. While the
activity of both WR12 and WK12 at 2 mM Ca2+ and Mg2+

was moderately inhibited against P. aeruginosa, WK12 was
more significantly affected. Similarly, the ability of the lysine
analogue to permeabilize MRSA cell membrane was sub-
stantially inhibited (MRSA) in the presence of these cations
compared with WR12, indicating that arginine significantly
enhanced membrane permeabilization properties and
resists the effects of divalent cations compared with lysine
(P < 0.05). Based on previous comparative studies of our
eCAPs LBU2 and WLBU2, resistance to cations has been
attributed mainly to tryptophan content (Deslouches et al.,
2005; Phadke et al., 2005). However, the current results,
combined with previous data, indicate that both arginine
and tryptophan play an important role in eCAP optimiza-
tion to overcome certain limitations of natural AMPs. Inter-
estingly, the high frequency of lysine in natural AMPs (e.g.
LL37) compared to arginine is consistent with the observed
inhibition of activity in certain environments (e.g. pH, diva-
lent cations) (Pezzulo et al., 2012) which can be overcome
by design optimization (Deslouches et al., 2005; Deslouches
et al., 2013). An interesting question is why these two 12-
mer peptides display similar MBCs in PBS but differential
binding and membrane permeabilizing properties under
the same conditions. A plausible explanation could be that
the lysine-rich peptide may also kill bacteria via a secondary
mechanism, as shown for other antimicrobial peptides
(Hale & Hancock, 2007).

To overcome the intrinsic limitations of natural AMPs that
have to date limited clinical applications, we previously
reported novel engineered cationic antimicrobial peptides
composed of only arginine and tryptophan that display
highly effective bacterial killing and low mammalian cell
toxicity under diverse environmental conditions and at
minimal peptide lengths. These arginine-rich engineered
peptides produce negligible cytoxicity at concentrations
lower than 20 µM. In the current study, we compared
WK12 and WR12 for the influence of lysine or arginine on
eCAP cytotoxic properties by three different methods: stan-
dard haemolytic assays, MTT assays and viability assays by
flow cytometry. The haemolytic assay reflects direct eCAP
effects on mammalian RBC membrane, the MTT assay eval-
uates mainly eCAP influence on metabolic activity (mito-
chondrial function) and flow cytometry is a direct measure
of cell viability (live/dead cells) (Perfetto et al., 2006). All
three assays consistently revealed minor or negligible hae-
molytic or cytotoxic effects of both peptides at test

concentrations lower than 20 µM. The data show a modest
difference (3–10%) in haemolytic or cytotoxic effects
between WR12 and WK12 at 20 µM, a concentration that is
approximately 20 and 40 times the MBCs for WR12 or 15
and 30 times MBCs for WK12 for MRSA and P. aeruginosa,
respectively. Hence, WK12 and WR12 demonstrate compa-
rable in vitro selectivity, which is consistent with previously
published reports (Deslouches et al., 2013).

Taken together, the current data further highlight the
importance of optimizing the amino acid content, overall
charge and total length as determinants of bacterial killing
by eCAPs. Previous studies from our lab demonstrated the
marked enhancement of bacterial killing properties by the
substitution of tryptophan for valine in the peptide
sequence(Deslouches et al., 2005). Here we demonstrate an
enhancement of bacterial killing properties by short argi-
nine-rich peptides compared with analogous lysine-rich
peptides toward achieving minimal peptide length with
maximal bacterial killing and lower inhibitory effects by
divalent cations. Thus, these studies continue to elucidate
useful guidelines that can inform the continued engineering
of eCAPs to target specific bacteria in diverse environments.
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