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Abstract 

Antimicrobial peptides (AMPs) may act by targeting the lipid membranes and disrupting the 

bilayer structure. In this study, three AMPs from the skin of Australian tree frogs, aurein 1.2, 

maculatin 1.1 and caerin 1.1, were investigated against Gram-negative Escherichia coli, 

Gram-positive Staphylococcus aureus, and vesicles that mimic their lipid compositions. 

Furthermore, equimolar mixtures of the peptides were tested to identify any synergistic 

interactions in antimicrobial activity. Minimum inhibition concentration and minimum 

bactericidal concentration assays showed significant activity against S. aureus but not against 

E. coli.  Aurein was the least active while maculatin was the most active peptide and some 

synergistic effects were observed against S. aureus. Circular dichroism experiments showed 

that, in the presence of phospholipid vesicles, the peptides transitioned from an unstructured 

to a predominantly helical conformation (> 50%), with greater helicity for POPG/TOCL 

compared to POPE/POPG vesicles. The helical content, however, was less in the presence of 

live E. coli and S. aureus, 25% and 5%, respectively. Equimolar concentrations of the 

peptides did not appear to form greater supramolecular structures. Dye release assays showed 

that aurein required greater concentration than caerin and maculatin to disrupt the lipid 

bilayers, and mixtures of the peptides did not cooperate to enhance their lytic activity. 

Overall, aurein, maculatin and caerin showed moderate synergy in antimicrobial activity 

against S. aureus without becoming more structured or enhancement of their membrane-

disrupting activity in phospholipid vesicles. 

 

 

Introduction 

Living organisms wage permanent warfare against non-symbiotic microbes. To maintain the 

population of the pathogens under a critical concentration, they can fire the appropriate bullet 

from a complex innate arsenal. In particular, each organism has evolved a concoction of 

cationic antimicrobial peptides (AMPs) that defend the host by targeting the prokaryotic lipid 

membrane, which are mainly negatively charged in contrast to the more neutral eukaryotic 

membrane. AMPs are seen as a promising direction to generate a new class of antibacterials 

(or antibiotics) that would not require internalization but instead target the external non 

stereo-specific lipid membrane thus limiting resistance mechanism. The production of several 

AMPs by higher organisms in response to a bacterial infection presents the possibility of the 

existence of synergistic interactions against the pathogen. 
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In recent times, antibiotic resistance has had a significant impact on morbidity and mortality 

in both community and healthcare settings (Apponyi et al. 2004; Hancock and Chapple 1999; 

Hancock and Lehrer 1998; Nakatsuji and Gallo 2012). The search for new targets and/or 

agents for effective antimicrobial therapy has long been the focus of much research and 

multiple factors have been known to contribute to the phenotype and genotype of antibiotic-

resistant bacterial strains (Ambroggio et al. 2004; Pasupuleti et al. 2012). Important 

differences between antibiotic-resistant and antibiotic-sensitive strains are not only attributed 

to particular genes (such as mecA in methicillin resistance), but also the presence of differing 

methods of pathogenicity and various other virulence factors, such as adhesion molecules, 

toxins and enzymes which help to confer resistance (Nakatsuji and Gallo 2012). In the search 

for new lines of antibacterial agents, there are thousands of naturally occurring AMPs. These 

peptides have been discovered in many living organisms throughout the evolutionary tree 

(Apponyi et al. 2004). They have a range of activities from bacteriostatic and/or 

bacteriocidal, microbicidal (i.e., against viral or fungal infections) and cytolytic properties, 

i.e., anti-inflammatory or cytotoxic activity against cancerous cells (Apponyi et al. 2004; 

Hancock and Chapple 1999; Hancock and Lehrer 1998; Nakatsuji and Gallo 2012). 

Therefore, to consider mixing AMPs in order to obtain a synergistically enhanced response 

against several modes of virulence at once is an interesting prospect. These peptides are the 

subject of many reviews and studies of their structure and function may lead to design of new 

lines of antibacterial agents, which use AMPs as their templates or as vehicles to improve 

drug delivery to target cells (Sani and Separovic 2016). 

 

The structure-function relationship between lipid environments and the activity of AMPs has 

been investigated through a variety of different model membrane systems (Lee et al. 2016; 

Nguyen et al. 2011; Salditt et al. 2006; Sani et al. 2013). Lipid characteristics can determine 

the mode of action of AMPs. These characteristics can include chain length, lipid type, head 

group, bilayer thickness, curvature and charge (Sani et al. 2012). Lipid systems which mimic 

eukaryotic or prokaryotic lipid membranes are employed to identify possible mechanisms of 

action (Sani and Separovic 2016). Specifically, Gram-negative bacteria such as Escherichia 

coli have an inner and outer membrane with the latter mainly composed of 

lipopolysaccharides (LPS) and the inner composed of phosphatidylethanolamine (PE) and 

phosphatidylglycerol (PG) (Sani et al. 2015a). By contrast, Gram-positive bacteria such as 

Staphylococcus aureus are mostly composed of PG and cardiolipin (CL) (Sani et al. 2013). 

Mechanistic studies usually performed to study the action of AMPs involve model 
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membranes composed of pure or mixed lipid systems (Blazyk et al. 2001; Fernandez et al. 

2013a; Fernandez et al. 2012; Fernandez et al. 2013b; Sani et al. 2014; Sani et al. 2015b; 

Tachi et al. 2002). These liposomal systems usually involve lipids such as negatively charged 

PG or zwitterionic PE or phosphatidylcholine (PC), which are then extruded in small or large 

unilamellar vesicles (SUV and LUV, respectively). For example, eukaryotic model systems 

are represented by lipids such as PC, phosphatidylserine (PS) or PE, usually with a degree of 

unsaturation, and up to 30 mole% of cholesterol. Prokaryotic systems may have PE, PG and 

CL based on species or cell-specific proportion. The drawbacks of such model membrane 

systems include the failure to reflect lipid heterogeneity, the presence of membrane proteins, 

negatively charged oligosaccharides, osmolarity, pH or membrane potential (Sani et al. 

2015a). However, a recent NMR study (Laadhari et al. 2016) reports on the interaction with 

live bacteria of AMPs from Australian tree frogs. Nevertheless, these model membranes are 

important for mechanistic studies into the structure and function of AMPs. 

 

In the present work, three AMPs from the dermal secretions of Australian tree frogs, namely 

aurein 1.2, maculatin 1.1 and caerin 1.1, were investigated. They are weakly cationic (+1 

charge at pH 7), amphipathic and are 13, 21 and 25 residues long, respectively. Since their 

discovery (Apponyi et al. 2004), great effort has been spent on understanding the structure-

activity relationship in particular lipid membrane compositions to explain the strain-specific 

bactericidal concentrations. For instance, aurein acts via a carpet or detergent-like mechanism 

and is only potent against Gram-positive bacteria while maculatin is a pore-former and can 

only slightly temper Gram-negatives and has haemolytic activity (Rozek et al. 1998). Caerin 

is the most efficient against Gram-positives and negatives, but its mode of action, although 

likely similar to maculatin, has not been as fully characterized. Having another string in the 

bow is often critical in the fight against antimicrobial resistance and the co-existence of 

AMPs on the skin of these damp-living amphibians may be of particular interest. The aim of 

this study is to investigate the potential synergy between aurein, maculatin and caerin AMPs. 

 

 

Materials and methods 

Materials 

Aurein 1.1 (GLFDIIKKIAESF-NH2), maculatin 1.1 (GLFGVLAKVAAHVVPAIAEHF-

NH2) and caerin 1.1 (GLLSVLGSVAKHVLPHVVPVIAEHL-NH2) were synthesized by 

solid phase peptide synthesis and HPLC purified in house (Bio21 Institute, Dr J. Karas) at a 
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purity >95%. Palmitoyloleoylphosphatidylcholine (POPC), palmitoyloleoylphosphatidyl-

ethanolamine (POPE), palmitoyloleoylphosphatidylglycerol (POPG), tetraoeloylcardiolipin 

(TOCL) and sphingomyelin from porcine brain (SM) phospholipids were purchased from 

Avanti Polar Lipids (Alabaster, USA) and used without further purification. Cholesterol 

(Chol), 5(6)-carboxyfluorescein (CF), Triton X-100 and PD-10 columns were purchased 

from Sigma (St Louis, USA). 

 

Minimum inhibitory concentration assays (MIC) 

S. aureus (ATCC29213) and E. coli (MG1655) colonies were first incubated overnight on 

Horse Blood Agar (HBA) plates prior transferred into 10 mL Luria Broth media and grown 

for ca. 3 hrs at 180 rpm and 37°C.  

For determination of MIC, bacterial cells were aliquoted in 96-well microtiter plate 

(polypropylene; Costar Corp., Cambridge, USA) to reach a final 5 x 10
5
 cells (determined by 

McFarland standard test measured at 0.5 and OD600 at 0.125) and a final volume of 100 μL. 

Peptide stock solutions were made in Milli-Q water at 1 mM for aurein, maculatin and caerin. 

Equimolar peptide stock solutions were made by mixing 200 μL of the 1mM stock to reach 

500 μM. Peptide solutions were then serially diluted into each well in triplicate to span a 

concentration range from 0.58 μM up to 250 μM. Negative and positive controls were carried 

out by replacing the peptides with Milli-Q water and ampicillin, respectively. The plates were 

incubated at 37°C overnight. MIC was taken as the concentration at which >90% of growth 

inhibition was observed. 

 

Minimum bactericidal concentration assay (MBC) 

A 20 μL aliquot from wells with no growth were plated onto HBA plates and incubated 

overnight at 37°C. Plates with no colony growth were recorded as MBC values. 

 

Circular dichroism (CD) spectroscopy 

POPC/SM/Chol (1:1:1), POPE/POPG (7:3) and POPG/CL (3:2, mol/mol) lipid systems were 

dissolved in chloroform/methanol (3:1 v/v) and the solvent removed by rotary evaporation to 

obtain homogenous lipid films. Lipid films were then redissolved in n-cyclohexane, aliquoted 

into microfuge tubes and the solvent removed under vacuum. Dried lipids were redissolved in 

10 mM phosphate and 1 mM NaCl buffer (pH 7.4) to give 15 mM stock solution.  Lipids 

were then extruded 20 times through an Avanti Mini-Extruder (Avanti Polar, Alabaster, 
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USA) using a 0.1 μm polycarbonate filter. LUV size was confirmed by dynamic light 

scattering performed on a Nano Zetasizer (Malvern Instruments Ltd, UK). All peptides were 

prepared as 100 μM solutions in 10 mM phosphate and 1 mM NaCl buffer. For CD analysis 

of LUVs, samples were prepared with 20 μM fixed peptide concentration and a lipid to 

peptide ratio of 15:1. 

 

For CD analysis of live cells, E. coli and S. aureus were grown to OD600 = 0.8. 2 - 4 mL of 

cell suspension was washed in 10 mM phosphate buffer. The pelleted cells were resuspended 

in 10 mM phosphate buffer to an OD600 of 1.2 and stored on ice to halt proliferation. Prior to 

CD analysis, the cells were warmed to room temperature and diluted by half in 10 mM 

phosphate buffer containing 80 μM peptide to give a final concentration of 40 μM peptide 

and cells at OD600 0.6.  

 

CD spectra were acquired on a Chirascan spectropolarimeter (Applied Photophysics Ltd, 

UK) between 190 and 260 nm using 1 mm pathlength quartz cell. Spectra were acquired with 

1 nm data intervals, 0.5 s integration time (LUV acquisition) or 1 s integration time (live cell 

acquisition), and 3 scans accumulation. Signal was recorded as milli-degrees at 25°C. Spectra 

were zeroed at 260 nm, the lipid/cell background subtracted and then normalised to give units 

of mean-residue ellipticity (MRE) according to [θ]MRE = θ/(c x l x Nr) where θ is the recorded 

ellipticity in milli-degrees, c is the concentration of peptide in dmol.L
-1

, l is the pathlength in 

cm, and Nr is the number of residues per peptide. Note that the background was acquired in 

triplicate and did not show any significant intensity variation so that no mathematical 

manipulation was performed prior to background subtraction. Estimates of peptide secondary 

structure content were made through DICHROWEB (http://dichroweb.cryst.bbk.ac.uk) using 

CONTIN/LL method and reference data Set 7 (Lobley et al. 2002; Whitmore and Wallace 

2004, 2008). 

 

Dye release assays (DR) 

Dye encapsulated LUVs were made similarly to the CD samples. Briefly, 0.5 mL of a 46 mM 

carboxyfluorescein (CF) stock solution was added to an appropriate quantity of dry lipids to 

reach a 20 mM lipid concentration. Three freeze-thaw cycles were performed prior to 

extrusion through a 0.1 μm polycarbonate filter. The external dyes were removed using a PD-

10 column (GE HealthCare Life Science) with a final 2.5 fold dilution in lipid concentration. 

The LUV concentration was fixed at 100 μM in each well and the single and mixed peptide 

http://dichroweb.cryst.bbk.ac.uk/html/home.shtml
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solutions were added at various lipid to peptide molar ratio, adjusted from 10000:1 to 5:1 

depending on the lytic activity. Positive and negative controls were obtained by adding 10% 

Triton X solution (to reach a 1% (v/v) concentration) or buffer, respectively. 

The fluorescence assay was performed on a FLUOstar OPTIMA microplate Reader (BMG 

Labtech) using a COSTAR 96 well plate (Sigma). The excitation wavelength was set at 495 

nm with a 485-12 nm filter and the bottom read emission wavelength set at 517 nm with a 

520 filter. Two cycles of 25 reads were performed at 25°C with 5 s of orbital shaking prior to 

each cycle and the fluorescence intensities were then averaged. The percentage of CF 

fluorescence (%F) increase upon addition of the peptide systems was obtained by 

normalizing the averaged intensities (I) against negative (baseline, Imin) and positive (100% 

release, Imax) controls, according to the following equation: 

        
      

         
 

The normalized intensities were plotted against the lipid to peptide molar ratio and fitted 

using an empirical logistic function or sigmoid curve (Sani et al. 2014), 

       
           

    
 

  
 
 

 
 

where F is the normalized intensity at each lipid to peptide ratio; Fmin and Fmaxare fixed at 0 

and 100%, respectively; x is the peptide concentration; x0 is the concentration necessary to 

obtain 50% of maximal fluorescence; and p is a cooperativity factor. 

 

 

Results 

Synergistic effect observed for MIC but not MBC 

The MIC of aurein, maculatin and caerin against S. aureus and E. coli strains are quantified 

in Table 1. As previously reported, the three peptides showed significantly greater potency 

against the Gram-positive S. aureus but proved fairly inactive (> 100 μM) against the Gram-

negative strain, E. coli (Sani et al. 2015a). Against S. aureus, maculatin exhibited the lowest 

MIC value (8 μM) followed by caerin (18.75 μM) then aurein (37.5 μM). 

A somewhat synergistic effect was observed against S. aureus when peptides were mixed at 

an equimolar concentration while maintaining the same total AMP concentration. The MICs 

obtained for aurein–caerin, aurein-maculatin and caerin–maculatin (at equimolar ratios) were 
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all below or similar to the MIC obtained for the most potent peptide of the couple (Table 1) 

despite the concentration of each peptide in the mixture being 2 fold lower than that of the 

single peptide alone. 

 

Table 1. MIC and MBC
a
 of Australian tree frog AMPs against E. coli and S. aureus strains. 

 
aurein 1.2 

(μM) 
maculatin 
1.1 (μM) 

caerin 1.1 
(μM) 

aurein-
caerin

b
(μM) 

aurein-

maculatin
b
(

μM) 

caerin-

maculatin
b
(

μM) 

S. aureus 

(ATCC29213) 
37.5 [125]

 
8 [37.5] 18.75 [125] 15 [125] 8 [37.5] 8 [37.5] 

E. coli 

(MG1655) 
250 [250] 110 [125] 115 [250] 120 [250] 120 [250] 120 [250] 

a
 values in [] represent the minimum bactericidal concentration (MBC). Experiments performed in 

triplicate gave the same result. 

b 
Stock solution of peptides co-mixed in a 1:1 molar ratio. 

 

Minimum bactericidal concentration (MBC) assays, which report on the death of the bacteria 

rather than their growth inhibition, usually are greater in value than the MIC. As expected, all 

peptides and mixtures did not kill E. coli at the tested concentrations or showed a very weak 

effect on the Gram-negative strain (Table 1). Surprisingly, the MBC against S. aureus were at 

least four-fold greater than the MIC, with maculatin being the only significantly bactericidal 

peptide. All binary mixtures showed a small synergistic effect, since the MBC and MIC 

values were identical or lower than the most active peptide in the combined system. 

 

Secondary structures of the AMPS are independent of each other 

In buffer, all peptides except aurein displayed a CD lineshape with single minimum at 200 

nm (spectra not shown) indicating predominantly random coil structures (Table 2), as 

previously reported (Fernandez et al. 2012; Fernandez et al. 2013c; Sani et al. 2012). The CD 

spectra of aurein, maculatin and caerin in the presence of LUV made of POPE/POPG and 

POPG/TOCL are shown in Figure 1. The lineshapes with minima at 222 nm and 209 nm and 

a maximum at 192 nm are typical of high helical content, as expected and reported in 

previous studies (Fernandez et al. 2012; Fernandez et al. 2013c; Sani et al. 2012). The 

deconvolution using DICHROWEB found over 50% helical structures and about 10% of 

random coil structures (Table 2). The peptide equimolar mixtures did not significantly change 
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the CD lineshapes and deconvolution showed similar structural content as the average of the 

individual peptide structures for the pair. 

 

Figure 1.CD spectra of aurein 1.2 (circles), maculatin 1.1 (squares), and caerin 1.1 (triangles); 

and aurein-maculatin (diamonds), aurein-caerin (stars), and maculatin-caerin (hexagons) 

binary mixtures in the presence of LUVs made of: (A) PE/PG (7:3), and (B) PG/CL (3:2). All 

samples were prepared with 20 μM fixed peptide concentration and a lipid to peptide molar 

ratio of 15:1. Three scans were accumulated at 25°C.  

 

To investigate if the peptides adopt a similar structure in the presence of E. coli and S. 

aureus, CD experiments were performed using both strains washed in phosphate buffer. The 

CD background obtained at an OD600 of 0.6 is shown in Figure 2A. Addition of the peptides 

to each strain produced a remarkable change in the CD lineshape. In the presence of E. coli, 

the CD lineshapes were similar to the lineshapes obtained in the presence of LUV, although 

the intensities were significantly reduced, indicating a mixture of random coil and helical 

structures (Table 2). However, in the presence of S. aureus, the CD lineshapes exhibited a 

single minimum at ca 200 nm, as observed in buffer. This change in secondary structure may 

reflect differences in degree of binding to the membrane (Hall et al. 2014). 
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Figure 2. (A) CD spectra of live E. coli (circles) and S. aureus (squares) bacteria (OD600 of 

0.6). CD spectra of aurein 1.2 (circles), maculatin 1.1 (squares), and caerin 1.1 (triangles); 

and aurein-maculatin (diamonds), aurein-caerin (stars), and maculatin-caerin (hexagons) 

binary mixtures, in the presence of: (B) E. coli, and (C) S. aureus. All samples were prepared 

with 40 μM fixed peptide concentration. Three scans were accumulated at 25°C. 

 

Table 2. Main secondary structure content
a
 of the Australian tree frog AMPs. 
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aurein 1.2 maculatin 1.1 caerin 1.1 

aurein-

caerin 

aurein-

maculatin 

caerin-

maculatin 

Buffer 6 (50) 6 (60) 6 (58) 6 (55) 6 (55) 6 (59) 

POPE/POPG
b
 84 (10) 63 (19) 49 (25) 62 (21) 71 (16) 56 (23) 

E. coli
c
 25 (32) 22 (39) 20 (42) 24 (37) 24 (35) 20 (40) 

POPG/TOCL
b
 84 (12) 73 (15) 64 (20) 62 (19) 74 (15) 67 (19) 

S. aureus
c
 5 (42) 5(47) 5 (47) 5 (45) 5 (44) 5 (47) 

a
 Helical (random coil) content is given as a percentage. Deconvolution was performed with CONTIN-

LL using the reference data Set 7. 
b
 LUV concentration was fixed at 300 μM. 

c
 Cell OD600 was fixed at 0.6. 
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Dye release assays do not show synergistic interaction 

The membrane lytic activity of the peptides was investigated by monitoring the level of 

carboxyfluorescein (CF) release from LUVs made of PE/PG and PG/CL (Fig. 3). Aurein was 

the least lytic (LC50 >8 μM), while maculatin (LC50 < 2 μM) and caerin (LC50 < 0.3 μM) 

displayed significantly greater activities (Table 3). Binary mixtures produced about two-fold 

greater values than the most lytic peptide of the couple, which indicates no synergistic effect 

between the peptides for dye release from LUVs. 

 

 

 

Figure 3. CF fluorescence intensity as a result of dye release from LUVs of: (A) PE/PG (7:3), 

and (B) PG/CL (3:2) by aurein 1.2 (circles), maculatin 1.1 (squares), and caerin 1.1 

(triangles); and aurein-maculatin (diamonds), aurein-caerin (stars), and maculatin-caerin 

(hexagons) binary mixtures. All samples were prepared with 100 μM fixed LUV 

concentration. Samples were made in duplicate and experiments performed at 25°C. 
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Table 3. Synergistic effects on LC50
a
 for AMPs from Australian tree frogs. 

 

 

 

Discussion 

Structure-synergy relationship 

Aurein, maculatin and caerin adopted a dominant helical conformation in the presence of 

lipid vesicles. The peptide equimolar mixtures induced similar structural content as the 

average of the individual peptides within the pair (Table 2), indicating that they do not 

compete for the lipid interface or form greater supramolecular structures. In an helical 

conformation, the short 13 residue peptide, aurein, cannot span the hydrophobic core of a 

lipid bilayer and thus acts via a carpet mechanism that requires a high peptide concentration 

threshold before the lipid membrane is disrupted (Fernandez et al. 2012). Maculatin and 

caerin, 21 and 25 amino acids long, respectively, are able to span the hydrophobic core of a 

bilayer and form pores in lipid membranes (Fernandez et al. 2013c; Sani et al. 2013), which 

require lower peptide concentrations. The dye release assays upheld the expected difference 

in lytic concentration (LC50) necessary to release entrapped CF dye from LUVs (Table 3), as 

aurein exhibited greater LC50 than maculatin or caerin. Combining peptides in pairs reduced 

the LC50 to about two-fold of that of the more potent peptide, indicating no obvious 

synergistic interactions between the carpet and pore-forming peptides or between two pore-

forming peptides. The study suggests that these peptides are unlikely to have significant 

synergistic interactions unlike, for instance, the helical magainin 2 and PGLa peptides, that 

were shown to adopt a stable transmembrane configuration at lower concentration when 

mixed at equimolar ratio (Zerweck et al. 2016). These peptides did not display a synergistic 

affinity for each other that would, for example, lower the critical concentration for disrupting 

 
aurein 1.2 

(μM) 

maculatin 1.1 

(μM) 

caerin 1.1 

(μM) 

aurein-

caerin 

(μM) 

aurein-

maculatin 

(μM) 

caerin-

maculatin 

(μM) 

POPE/POPG 7.9 0.8 0.3 0.7 1.6 0.6 

POPG/TOCL 10.0 2.1 0.2 0.3 3.5 0.3 

a
 LC50 were obtained from fitting the fluorescence intensity as a function of increasing amount 

of peptide concentration using a logistic function with a typical standard deviation of less than 

5%. LUV concentration was fixed at 100 μM.  
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lipid bilayers. Furthermore, many AMPs have been shown to adopt transient arrangements in 

lipid bilayers (Wang et al. 2016) and mixing peptides could either stabilize or decrease the 

lifetime of these assemblies. Since the helical content or the LC50 were not enhanced upon 

co-mixing, it is unlikely that aurein, maculatin and caerin form more stable hetero-structures. 

To our knowledge, synergy between carpet and pore acting peptides has not been reported. 

Peptide-peptide self-assembly is necessary for the lytic mechanism and, although combining 

peptides with different affinity for bacteria is attractive, the lytic activity of Australian tree 

frog aurein, maculatin and caerin peptides was not enhanced.   

Most mixed pairs showed similar MICs against S. aureus as the most potent peptide of the 

couple, despite the concentration of the most potent peptide being half that used to determine 

the MIC of individual AMPs, suggestive of a small synergistic effect at a physiological level. 

Given that the lytic activity of AMP mixtures was equivalent to the activity of individual 

peptides, it is unlikely that pore formation by longer peptides (maculatin and caerin) is 

enhanced as a result of membrane disruption by short peptides (aurein). Thus, while the 

primary target of these AMPs are the lipid membrane, and disrupting its integrity can happen 

at much lower concentration than the reported MIC as observed for maculatin (Sani et al. 

2015a), AMP interaction with a secondary intracellular target may explain the synergistic 

effects observed in S. aureus MIC assays. A number of AMPs have been shown to penetrate 

cells and interact with intracellular targets (Krizsan et al. 2014; Shah et al. 2016). One 

possibility is that the better membrane-disrupting peptides, maculatin and caerin, open the 

way for aurein, which may have a greater affinity for an intracellular target. This synergistic 

situation is observed when AMPs and antibiotics are mixed (Cassone and Otvos 2010; Feng 

et al. 2015; Nuding et al. 2014; Sanchez-Gomez et al. 2011). 

The role of the lipid membrane composition 

The lipid composition of biological membranes has been shown to have a critical role in the 

structure-function relationship of AMPs (Sani and Separovic 2016; Sani et al. 2012). The 

negative charge of the membrane surface can modulate both the peptide structure and the 

LC50 but the effects are not necessarily correlated. The CD results show that the membrane 

charge played a role in increasing the helical content of the cationic AMPs but helicity was 

not directly correlated to lytic activity since PG/CL increased LC50 but also produced the 

highest helical content. This is further highlighted by the surprisingly low helical content 

found in the presence of S. aureus (5%), which do not correlate with the low MICs, compared 

to higher helical content (ca. 25%) obtained in the presence of E. coli although all three 
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peptides are less active against this strain. Conceivably, other lipids and cellular components, 

such as the peptidoglycan layer, may reduce peptide access to the membrane. In addition, 

helicity may be transient if an intracellular target is involved, further reducing the proportion 

of peptides detected in helical conformations. This remains a puzzling outcome, as maculatin 

was shown to induce dye uptake in live S. aureus and E. coli at similar concentrations (Sani 

et al. 2015a). The equimolar mixtures were not particularly sensitive to the membrane charge 

density, possibly due to their similar cationic charge (+1) which would limit the competition 

in terms of electrostatic interaction. Testing mixture of peptides with greater charge 

difference would be interesting to see if competition occurs at the bacterial membrane 

interface since, during invasion, hosts usually use a wide array of AMPs.  

 

 

Conclusion 

AMPs show promise as alternatives to classic antibiotics, and are produced concomitantly 

with bacterial invasion as part of innate immune response. These peptides exist in diverse 

mixtures which may serve to keep bacteria in check. Since their mode of action involves 

peptide-peptide interaction, studying synergistic effects of peptide mixtures is of importance. 

Synergy between AMPs from the skin secretion of Australian tree frogs was not identified by 

CD and dye release assays using model membranes. However, MICs against S. aureus 

showed a synergistic effect to some extent and further characterisation using different 

biophysical assays or experimental conditions is required. Finally, synergy between classic 

antibiotics and a variety of AMPs should also be investigated, as it has been observed for 

other AMPs. 
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