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Abstract 

Maculatin 1.1 (Mac1) showed potent activity against Staphylococcus aureus with an MIC of 7 

µM. The mode of action of Mac1 was investigated by combining assays with S. aureus cells and 

lipid vesicles mimicking their membrane composition. A change in Mac1 conformation was 

monitored by circular dichroism from random coil to about 70% α-helix structure in contact with 

vesicles. Electron micrographs of S. aureus incubated with Mac1 showed rough and rippled cell 

surfaces. An uptake of 65% of small (FD-4 kDa) and 35% of large (RD-40 kDa) fluorescent 

dextrans by S. aureus was observed by flow cytometry, and indicate that Mac1 formed a pore of 

finite size. In model membranes with both dyes encapsulated together, the full release of FD-4 

occurred but only 40% of RD-40 was reached, supporting the flow cytometry results, and 

indicating a pore size between 1.4 nm and 4.5 nm. Finally, solid-state NMR showed formation of 

an isotropic phase signifying highly mobile lipids such as encountered in a toroidal pore structure. 

Overall, Mac1 is a promising antimicrobial peptide with the potent capacity to form pores in S. 

aureus membranes.  

 

  



	   3	  

Introduction 

Host defense peptides act as sentinels in living organisms, in which they provide effective 

protection against microbial infections (1, 2). Immunocompromised patients have a significantly 

increased risk of microbial infections and often require a wide range and expensive antibiotic 

treatments to maintain their health. The widespread use of antibiotics in humans and animals has 

led to bacteria becoming ever more resistant to antibiotics by modifying the targeted structures, 

inactivating therapeutics or inhibiting their uptake. For instance, methicillin-resistant strain 

Staphylococcus aureus (MRSA) strains are a constant threat in hospital environments because 

classic antibiotics are becoming less effective against them (3, 4). Therefore, alternative 

antimicrobials with the ability to limit resistance are being sought. In this regard, the 

antimicrobial peptides (AMP) produced in eukaryotic cells are promising candidates alone or in 

combination with classic antibiotics (5). AMP display significant variation in their minimum 

inhibitory concentration (MIC) and are usually active against a particular class- (Gram-positive 

versus Gram-negative) or particular bacterial species. As most AMP are positively charged, they 

target the negatively charged bacterial membranes with higher affinity compared to the neutral 

outer leaflet of eukaryotic cell membranes. AMP may alter the lipid bilayer structure via three 

mechanisms: the carpet mechanism which involves the formation of small lipid micelles; the 

barrel-stave pore whereby the peptides are inserted in a transmembrane fashion along the lipid 

acyl chains; and the toroidal pore formed by peptides inducing high curvature constraint into the 

lipid headgroups (1, 6). In vitro studies are commonly performed with simple lipid systems to 

determine the mechanism of action for a particular AMP (7, 8). Unfortunately, it has been 

difficult to link in vitro studies with in vivo observations. In the present study, the activity of 

maculatin 1.1 (Mac1) was investigated in both in vivo and in vitro environments and a pore-

forming mechanism against S. aureus membranes is described.   
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 Mac1 is an AMP secreted on the skin of the Australian tree frog Litoria genimaculata 

(9). It is a 21 amino acid long cationic peptide (charge +1 at pH 7) that is unstructured in aqueous 

solution but upon contact with lipid membranes adopts an amphipathic helical structure (10). 

Mac1 has shown activity in the low µM range against Gram-positive bacteria (11), and especially 

MRSA (1.8 µM, not published) and low toxicity against red blood cells (60 µM) (11). We 

performed in vivo and in vitro experiments to identify the mechanism by which Mac1 disrupts S. 

aureus lipid membranes. The morphology of S. aureus bacteria after incubation with the peptide 

was observed with electron microscopy (EM) and the change in Mac 1 secondary structure upon 

interaction with vesicles mimicking S. aureus lipid membranes was measured by circular 

dichroism (CD). The antimicrobial mechanism of action of Mac1 was investigated by flow 

cytometry and dye release experiments, where the uptake by S. aureus cells or the release from 

loaded vesicles, respectively, of fluorescent dextran of 4 kDa and 40 kDa molecular weight was 

measured as a function of peptide concentration. Finally, solid-state NMR was performed to 

probe the lipid packing and dynamic perturbations induced by Mac1 on lipid bilayers. 

 

Material and Methods 

Synthesis of maculatin 1.1.  

 Maculatin 1.1 (GLFGVLAKVAAHVVPAIAEHF-CONH2) was chemically synthesized 

at a 0.1 mM scale on a CEM Liberty microwave peptide synthesizer (CEM Corporation, 

Matthews, NC), using standard solid-phase peptide synthesis protocols for Fmoc (9-

fluorenylmethoxy carbonyl) chemistry throughout as previously described (12) with the 

following modifications: addition of Fmoc-His(Trt)-OH was accomplished by double coupling at 

50°C for 60 mins, the peptide was assembled as the carboxyamide form using Rink AM sure 

resin, after which the peptide was cleaved from the resin support using 

TFA:TIPS:Anisol:Phenol:water (90:2.5:2.5:2,5:2.5) cleavage cocktail for 2 hours at room 
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temperature. After cleavage the resin was removed by filtration, the filtrate was concentrated to 

~1 mL under a stream of nitrogen, and the peptide products were precipitated in cold ether and 

washed three times. Crude peptide was dissolved in 20% v/v aqueous formic acid and purified 

using a semi-preparative ZORBAX 300 SB-C18 column (9.4 mm x 25 cm) installed in an 

Agilent 1200 HPLC system (Agilent Technologies, Melbourne, Australia). Purified Mac1 

(2144.4 Da observed, 2144.23 Da calculated) was analysed by using an Esquire-HCT 

electrospray ionization-MS (ESI-MS) system (Bruker Daltonics). Purified peptide (>99% purity) 

was lyophilized and residual TFA was removed by 3 rounds of lyophilisation in 5 mM HCl (13) 

and then stored at −20°C.  

 

Staphylococcus aureus growth conditions and determination of minimal inhibitory 

concentration (MIC) and minimal bactericidal concentration (MBC) of maculatin 1.1. 

 Staphylococcus aureus (ATCC 29213) was grown and maintained at 37°C on blood agar 

plates (Oxoid Blood Agar Base no. 2, Thermo Scientific, Sydney, Australia) supplemented with 

5% v/v lysed horse blood (Equicell, Sydney, Australia). Single colonies from the blood agar 

plates were used to inoculate Luria broth (LB, 10 g of tryptone/L, 5 g of yeast extract/L, 10 g 

NaCl, pH 7.5, Thermo Scientific Pty Ltd, Sydney, Australia), and S. aureus growth was 

monitored at 650 nm using a spectrophotometer (model 295E, Perkin-Elmer, Sydney, Australia) 

with culture purity checked by microscopic examination and culture. Batch grown cells were 

harvested during exponential growth phase and counted. Their viability was determined by using 

a Baclight viability kit (Invitrogen, Sydney, Australia) using a Quanta SC-MPL Flow cytometer 

(Beckman Coulter Pty Ltd, Sydney, Australia). Viable cells were diluted to 2 x 106 cells/mL (2 x 

106 CFU/mL equivalent) in Mueller-Hinton broth (MHB, Oxoid, Thermo Scientific Pty Ltd, 

Sydney, Australia) at 37°C or 4°C immediately prior to determining minimal inhibitory 

concentration (MIC) or performing the fluorescent-dye diffusion assays.  
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The MIC of Mac1 for S. aureus was obtained according to the Lambert and Pearson 

growth curve analysis method (14), where instead of reporting the concentration at which no 

growth is observed, an extrapolation of the maximal growth versus the peptide concentration is 

used. The minimal bactericidal concentration (MBC) was obtained by plating the bacterial 

solutions on an agar plate according to the CLSI protocol (15). Briefly, serial dilutions of Mac1 

in MHB (100 µL, from initial stock concentrations 200 µM or 40 µM), 2 x 105 viable bacterial 

cells (100 µL of stock suspension, 2 x 105 CFU) were added, and the 96 well flat-bottomed 

microtitre plate (Interpath Services, Melbourne, Australia) incubated at 37°C for 90 mins. After 

incubation, bacterial growth was monitored (1) for determination of MIC at 10 min intervals over 

a 12 hour period at OD650 using an iEMS microplate reader (Pathtech Pty Ltd, Melbourne, 

Australia) which incubated the cultures at 37°C; (2) for determination of MBC the peptide 

bacterial suspensions were diluted and MHB agar plates inoculated. The MIC was calculated 

using the Lambert and Pearson growth curve analysis method (14), briefly, by plotting the 

relative growth at each peptide concentration compared to maximal growth (determined as the 

point when bacteria incubated in media alone entered stationary phase of growth, 100% growth), 

the MIC was determined as the lowest peptide concentration required to completely inhibit the 

growth of the bacteria i.e., the intersection of the linear curve with the x-axis. The MBC was 

determined as the lowest peptide concentration where no growth was observed compared to 

control. 

 

S. aureus fluorescent-dextran diffusion assay. 

 S. aureus was grown as described above and viable cells were diluted to 2.5 x 106 

cells/mL in cold (4°C) MHB. 2 x 105 viable S. aureus cells (80 µL) were added to wells of a 96 

well flat-bottomed microtire plate containing 100 µL of Mac1 (serial dilutions) and 10 µL of 3.2 

mM solution of fluorescein isothiocyanate (FITC)-dextran 4,000 Da (FD-4, Sigma-Aldrich, 
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Sydney, Australia) in Dulbecco’s PBS (Sigma-Aldrich, Sydney, Australia) and 10 µL of 3.2 mM 

solution of tetramethylrhodamine isothiocyanate (TRITC)-Dextran 40,000 Da (RD-40, Sigma-

Aldrich) in Dulbecco’s PBS. Control wells contained 100 µL MHB and 20 µL Dulbecco’s PBS. 

Live and heat-killed bacteria were used to determine background adherence of the fluorescent-

conjugated dextrans. Assay plates were gently mixed and incubated at 4°C for 90 mins after 

which the numbers of FD-4 and RD-40 positive S. aureus cells were determined using the Quanta 

SC-MPL Flow cytometer (Beckman-Coulter Ltd, Sydney, Australia). The green fluorescence of 

FD-4 positive cells (525±20 nm band-pass filter) and the red fluorescence of the RD-40 positive 

cells (575±15 nm band-pass filter) were measured on a logarithmic scale and analysed 

simultaneously with the electrical volume (EV) and side scatter (SS) using a 488 nm laser. 

Fluorescent analysis gates (FD-4, FD-4/RD-40 and RD-40) were set to contain 1 % of 

background fluorescence (defined as the non-specific adherence of the dextran molecules to heat-

killed S. aureus cells), and analysis was completed over 1 minute, which typically captured 

14,000 ± 2000 counts. Statistical evaluation of the data was conducted using Student’s T test (16). 

 

Circular dichroism 

 Maculatin 1.1 was dissolved in Milli-Q water to afford a 1 mg/mL stock solution, which 

was sonicated and vortexed prior to each use. To prepare unilamellar vesicles mimicking the 

composition of S. aureus membrane, E. coli phosphatidylglycerol and E. coli cardiolipin were 

mixed at a 3:2 mass ratio, according to the composition given by White and Frereman. (17). Then 

the phospholipids were co-solubilized in chloroform/methanol (3:1 v/v) before removal of 

solvents by rotatory evaporation. Phospholipids were hydrated in Milli-Q water and lyophilized 

overnight. The resultant lipid powders were re-suspended in 10 mM Tris and 5 mM NaCl buffer 

solution (pH 7.3) to produce 5 mM dispersions and subjected to three freeze/thaw cycles. The 

homogeneous dispersions were then extruded 10 times through an Avanti Mini-Extruder 



	   8	  

(Alabaster, AL) using 0.1 µm polycarbonate filters to produce large unilamellar vesicles (LUV) 

of 100 nm diameter. Samples were extruded at 37-40°C.  

 Appropriate volumes of peptide stock solution and lipid vesicle dispersion were mixed to 

produce 300 µL samples with lipid to peptide (L/P) molar ratio 30:1. Lipid vesicles were allowed 

to equilibrate at the desired temperature prior to the addition of peptide. CD spectra were 

acquired on a Jasco J-815 spectropolarimeter (Jasco, ATA Scientific, Japan) between 195 nm and 

250 nm using a 1 mm path-length quartz cell (Starna, Hainault, UK). Spectra were acquired at a 

rate of 50 nm/min with 1 nm data intervals, 4 s integration time and a 1 nm slit-width. Three 

accumulations were made to reduce noise. Signal was recorded as milli-degrees. 

 Spectra were zeroed at 250 nm and normalised to give units of mean-residue ellipticity 

(MRE) according to  

                                         [1] 

where θ is the recorded ellipticity in milli-degrees, c is the peptide concentration in dmol/L, l is 

the cell path-length in cm, and Nr is the number of residues per peptide.  

The secondary structure was calculated from processed CD spectra using the CDPro 

Software Package with the ContinLL algorithm and the SMP56 basis-set (18, 19). 

 

Dye release experiments  

 Maculatin 1.1 was dissolved in 10 mM Tris and 7 mM NaCl buffer to produce a 0.1 

mg/mL peptide stock solution. Lipid powders were prepared as described for CD samples. Lipid 

powders were suspended in 0.5 mL of dye solution containing 2 mM rhodamine dextran of 40 

kDa molecular weight (RD-40) and 2 mM fluorescein dextran of 4.4 kDa molecular weight (FD-

4) in 10 mM Tris and 5 mM NaCl buffer solution (pH 7.3) to produce 15 mM lipid dispersions 

and subjected to three freeze-thaw cycles. The homogenous dispersions were extruded 10 times 

through an Avanti Mini-Extruder (Alabaster, AL) using 0.2 µm pore size polycarbonate filters to 

€ 

θ[ ]MRE = θ c × l × NR( )
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produce LUV of 200 nm diameter. The larger diameter was chosen for dye-release experiments 

to maximise the final yield after washing after we found that LUV extruded through 0.1 µm pore 

size filters did not centrifuge as efficiently. Samples were extruded at 37-40°C. To remove un-

encapsulated dye from LUV dispersions, extruded samples were centrifuged three times at 

15,000 rpm for 30 minutes. After each centrifugation, the supernatant was removed from each 

tube and replaced with an equal volume of fresh 10 mM Tris and 7 mM NaCl buffer solution and 

mixed gently. Lipid concentrations of washed LUV dispersions were determined in triplicate 

using the phosphorus assay of Anderson et al. (20).  

For peptide-containing samples, 500 µL samples were made of 250 µM washed LUV and 

appropriate amount of peptide to obtain a lipid-to-peptide molar ratio of 30:1. LUV were 

equilibrated at the required temperature prior to the addition of peptide. Analogous samples were 

made up with 10 mM Tris and 7 mM NaCl buffer solution instead of peptide stock solution to 

produce negative controls. Complete dye-release samples were achieved by treating LUV with 

0.5% Triton X-100 (Tx). Following addition of peptide stock, buffer or Tx, samples were 

incubated at the required temperature for 30 minutes prior to centrifugation at 15,000 rpm (22000 

g) for 30 minutes. 300 µL of the resultant supernatant was removed from each sample for 

analysis.  

 The fluorescence emission of RD-40 and FD-4 in each supernatant was recorded on a 

Varian Cary Eclipse Spectrophotometer (Melbourne, Australia) using a 4 mm path-length quartz 

micro fluorimeter cell (Starna, Hainault, UK). The excitation wavelengths were 550 nm for RD-

40 and 480 nm for FD-4. Fluorescence emission was recorded from 560-650 nm using slow scan 

control speed and medium PMT voltage.  

 The fluorescence intensity of each sample was determined by measuring the area under 

the emission curve. The % release of each sample was calculated by using the following 

equation: 
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                        [2]  

where, I is the fluorescence intensity of Mac1 treated vesicle supernatant, I0 is the intensity of 

lipid only (negative control) supernatant, and Imax is the fluorescence intensity of the Tx treated 

supernatant (positive control). 

 

Scanning electron microscopy (SEM) 

 S. aureus bacteria were incubated at 37°C for 4 hours in LB, corresponding to mid-log 

phase (determined by OD600 measurements), prior to the addition of Mac1 to a final concentration 

of 8 µg/mL. The suspensions were kept at 37°C for 30 min. Samples were washed three times 

before incubation at room temperature for 15 min in 2.5% gluteraldehyde. The bacteria were 

dehydrated by immersing for 15 mins in 30%, 50%, 70%, 80% to 100% ethanol solutions.  

 The sample was then deposited on a SEM stubs and coated by using a cold magnetron 

sputter coater with sputtered gold/palladium alloy (60/40) for 60 s at 300 V, 10 mA (approx. 3 nm 

of gold deposited). Bacteria were observed using a field emission gun SEM (Quanta; Fei 

Company, Hillsboro, Oregon) at 15 kV and an Everhart Thornley detector.  

 

Solid-state NMR 

 NMR samples were prepared by co-dissolving E. coli phosphatidylglycerol (PG) and 

cardiolipin (CL) lipids at a 3:2 mass ratio in chloroform/methanol (3:1 v/v) before removal of 

solvents by rotary evaporation. Lipid films were then hydrated with a buffer solution (Tris 30 

mM, NaCl 100 mM) containing the appropriate amount of Mac1 and lyophilised overnight. The 

resultant powders were re-suspended with Milli-Q water, producing multilamellar vesicles 

(MLV). Three freeze-thaw cycles were used to achieve sample homogeneity prior to packing into 

a 3.2 mm rotor (Revolution NMR, Fort Collins, CA)  

€ 

%DyeRe lease =100 × (I − I0) (Imax − I0)
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 31P static and magic angle spinning (MAS) solid-state NMR experiments were performed 

at 242.76 MHz on a Varian (Palo Alto, CA) 600 MHz spectrometer using a 3.2 mm HXY 

BioMAS probe (Varian).  Static 31P NMR spectra were collected under 57 kHz SPINAL64 

proton decoupling (21) using a single π/2-pulse with a duration of 4.4 µs. A minimum of 1024 

transients were averaged at a spectral width of 125 kHz, and were Fourier transformed following 

100 Hz exponential line broadening. 31P relaxation experiments were carried out under MAS at 4 

kHz. T1 relaxation times were measured using the inversion recovery pulse sequence. Typical 

recycle delays were 4 s with variable τ-delay values between 0 and 4 s. T2 relaxation times were 

measured with a Hahn spin-echo experiment with total echo delay (τ) values between 0.5 and 26 

ms using integer multiples of the rotor period.  

 Static 31P NMR spectra were analyzed using a straightforward deconvolution of data into 

a user-specified number of asymmetric, axially symmetric, and/or isotropic components (using an 

in-house program by J.D. Gehman). Relaxation times were calculated using non-linear curve fits 

of both the intensities and integrals of peaks vs. τ . Relaxation curve fitting using integrals 

compared favourably with fits from peak heights. 

 

Results 

Antimicrobial activity of maculatin 1.1. The antimicrobial activity (MIC) of Mac1 against S. 

aureus was determined by combining the turbidometric assay and flow cytometry viable cell 

counts (CFU equivalents) prior to the assay (Fig. 1A). Fig. 1B shows the growth curves of S. 

aureus that had previously been incubated for 90 mins at 37°C with increasing peptide 

concentrations. In the absence of peptide, S. aureus reached maximal growth at 270 ± 20 mins. 

Pre-incubation of S. aureus in the presence of Mac1 at 37°C decreased the growth of S. aureus, 

and at peptide concentration of 6.88 µM, no growth was observed. The MIC of Mac1 when pre-

incubated with S. aureus at 37°C was determined by plotting maximal growth versus peptide 
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concentration, according to the Lambert and Pearson analysis method (Fig. 1C) (14). The 

intersection with the x-axis using a linear regression gave an MIC value of 7.74 ± 0.83 µM when 

S. aureus was pre-incubated with Mac1 at 37°C (Fig. 1C).  The ability of Mac1 to kill rather than 

inhibit S. aureus growth was confirmed by colony forming unit assay, which gave a minimal 

bactericidal concentration (MBC) of 8.12 ± 0.76 µM.  

 S. aureus cells were incubated in the presence of Mac1 at 4°C for the diffusion assay,  in 

order to reduce	  the	  non-‐specific	  binding	  and	  active	  transport	  of	  the	  dyes,	  and	  therefore	  the 

MIC of Mac1 when pre-incubated with S. aureus at 4°C was determined as described above. 

Mac1 decreased the growth of S. aureus, but the peptide concentration where no growth was 

observed was higher than at 37°C, being 27.5 µM, and MIC determined from three assays was 

also higher 30.45 ± 4.65 µM when Mac1 and S. aureus cells were pre-incubated at 4°C prior to 

the growth assay at 37°C (Fig. 1C). 

 

S. aureus membrane surface alteration. Since Mac1 showed potent activity against S. aureus, 

SEM was used to monitor the damage caused by the peptide to the bacterial morphology. As 

shown in Fig. 2, the usually smooth and spherical morphology observed in control peptide-free 

micrograph was replaced by rough and rippled shapes when S. aureus was incubated with 3.8 µM 

Mac1 at 37°C for 30 min (Fig. 2). Although the cell surface was altered, most likely due to the 

perturbation of the peptidoglycan outer layer, the global size of the bacteria did not appear to 

change and no fragments were found in SEM of the supernatant after centrifugation. 

 

Maculatin 1.1 conformational changes upon interaction with lipid membranes. The membrane 

mediated conformational change of Mac1 was characterized by CD spectrometry in the 250-200 

nm range at 37°C (Fig. 3A). Since bacteria have a strong CD signal due to their native proteins, 

the lipid membrane was mimicked using large unilamellar vesicles (LUV) made of E. coli 
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phosphatidylglycerol (PG) and E. coli cardiolipin (CL). In the absence of vesicles, the CD line 

shape of the membrane-free peptide solution exhibited a single minimum at around 200 nm, 

which indicates a dominant unstructured conformation. Deconvolution using a protein structure 

data set confirmed ca. 70% of random coil contents (Fig. 3B). Addition of LUV triggered a major 

conformation change, which was dependent of the lipid to peptide molar ratio (L/P). Indeed, the 

negatively charged vesicles promoted typical features of helical conformation with two minima at 

222 nm and 208 nm and values becoming positive towards 200 nm. At L/P 80:1, the helical 

content was 38%, increasing to 62% and 69% at 30:1 and 10:1, respectively. 

 

Permeation of S. aureus and LUV membranes by Mac1. Flow cytometry assays were performed 

to investigate whether the membrane of S. aureus could be disrupted by Mac1 to result in osmotic 

diffusion of large dextran molecules. The uptake of the fluorescent dextrans RD-40 and FD-4 was 

monitored in the presence of increasing concentrations of peptide. Initial assays showed that 

viable S. aureus non-specifically bound the fluorescent-dextrans resulting in a non-specific 

fluorescent (FD-4 and RD-40) cells. Furthermore, viable S. aureus cells were found to actively 

transported both FD-4 and RD-40 with counts ranging from 500 to 2,500 whereas heat-killed S. 

aureus had counts of <200, above the non-specific (cells alone) fluorescent background. To 

reduce active transport of dextrans, S. aureus cells were kept at 4°C throughout the experiment. 

Peptide-free incubation of S. aureus at 4°C with an optimal dextran concentration of 160 µM 

resulted in 886 ± 183 FD-4 and 291 ± 95 RD-40 (± SD) counts above non-specifically bound 

fluorescent dextrans to heat killed S. aureus cells. 

 In the dye diffusion assay, with increasing Mac1 concentrations there was a 

corresponding increase in the counts of FD-4, FD-4/RD-40 and RD-40 uptake in S. aureus cells 

up to maximal counts reached at 20 µM. At higher peptide concentrations, most of the S. aureus 

bacteria were killed, which resulted in a decrease in fluorescent positive S. aureus cell count 
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above background. At a Mac1 concentration of 20 µM the FD-4 and FD-4/RD-40 uptake by S. 

aureus cells were 4.4 and 3.9 fold higher than the uptake of RD-40 alone. Regression analysis 

showed that there was a significant (p< 0.05) quadratic (inverted U) relationship (r2= 0.991, 0.990 

and 0.951) between the counts of FD-4, FD-4/RD-40 and RD-40 uptake in S. aureus cells, 

respectively, with increasing Mac1 concentration (Fig. 4A). The overlaid flow cytometry 

histograms of FD4/RD-40 positive S. aureus cells with increasing Mac1 concentration in Fig 4B 

shows that fluorescent counts/channel increase (number of cells) up to a Mac1 concentration of 

20 µM. 

Pore formation and membrane disruption induced by Mac1 were investigated by 

monitoring the release of RD-40 and FD-4, encapsulated into LUV made of E. coli PG and CL 

lipids. As observed in Fig. 5, the release of both dyes was dependent on the peptide concentration. 

From L/P ratios of 100:1 to 20:1, Mac1 had a small effect on membrane permeability, as only the 

small FD-4 dye was released significantly (25%). LUV membranes were dramatically 

destabilized at 10:1 L/P when FD-4 was almost completely released (90%) and ~15% of RD-40 

was detected. Finally, at 5:1 L/P, the peptide induced severe damage to the lipid membranes, 

enabling 60% release of RD-40.  

 

Lipid membrane perturbation by maculatin 1.1. The structural and dynamic modifications 

induced by Mac1 to phospholipid membrane headgroups were investigated by using 31P NMR 

techniques. Static 31P NMR informs on the bilayer structure since the chemical shift anisotropy 

(CSA) line shape is sensitive to the lipid packing and reorientation via diffusion on the NMR 

time scale (µs range). Magic angle spinning 31P NMR was used to measure relaxation times of 

the lipid, with the longitudinal spin relaxation (T1) being sensitive to motion on the ns time scale, 

mainly long axis rotation, and the transverse spin-spin relaxation (T2) being sensitive to collective 

motions at the µs to ms time scale. The CSA obtained for the peptide-free membranes composed 
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of E. coli PG/CL lipids (Fig. 6) was typical of a bilayer organization. The CSA of ~27 ppm and 

the T1 and T2 values were indicative of a liquid-crystalline lipid phase, which is expected for 

unsaturated phospholipids. To our knowledge, however, solid-state 31P NMR of E. coli PG/CL is 

presented here for the first time. 

The bilayer structure and dynamics of the lipid headgroups were not significantly 

disturbed by the presence of Mac1 at 50:1 L/P. An isotropic peak (at ~ 0 ppm) was observed, 

indicative of a fast tumbling lipid population, representing 7% of the total signal. However, this 

peak was relatively broad (>8 ppm), which most likely indicated lipid diffusing in highly curved 

regions instead of the formation of small micelles (22). Increasing the peptide concentration to 

25:1 L/P led to a doubling of intensity of the isotropic peak (13%) and a slight increase of the 

membrane CSA to 30 ppm, indicating a change in phosphate re-orientation dynamics. This was 

supported by the 31P relaxation study, where a decrease in T1 (at 25:1) and an increase in T2 

correspond to an increase in lipid motions (Table 1). 

 

Discussion 

In this study, we demonstrated that Mac1 kills an antibiotic-sensitive strain of S. aureus, as 

determined by the microdilution CSLI assay, and have a MIC of 7.74 ± 0.83 µM and an MBC of 

8.12 ± 0.76 µM, in the range of classical antibiotics such as vancomycin 1.4 µM (23) or 

methicillin 7.9 µM (24). It is noteworthy that a close analogue of Mac1, maculatin 1.3 has a 

similar MIC of 6.2 µM against an MRSA strain (25). Furthermore, several antimicrobial peptides, 

such as protegrin 1, have also been shown to have a similar MIC against antibiotic-sensitive and 

multidrug-resistant S. aureus strains, including MRSA and VRSA strains (26). Although Mac1 

has not been tested against resistant strains in this study, a similar result may be expected since 

the same mechanism of activity is shared. The data showed that Mac1 exercises its antimicrobial 

action by altering the bacterial membrane structure and was examined in terms of carpet versus 



	   16	  

pore mechanism by correlating Mac1 activity against S. aureus cells and lipid vesicles mimicking 

S. aureus membrane composition. 

 

Pore versus carpet mechanism: Although it is difficult to differentiate a toroidal from a barrel-

stave pore mechanism, clear distinctions between a carpet model and the latter are observable. 

For instance, the carpet model involves the formation of small lipid micelles (about 30 nm 

diameter) entangled with peptides (1, 6, 27). The perforation generates substantial morphological 

changes, where lipid fragment removal would significantly reduce the size of the membrane. In 

the case of Mac1 interacting with S. aureus bacteria and with a lipid membrane model, no such 

observations were seen. Indeed, the size of S. aureus cells was maintained, although some 

bacteria had a rough surface (Fig. 2), which has been previously described as a feature of pore 

formation by other AMP (22, 28). Also, the titration of Mac1 to LUV mimicking the S. aureus 

bacterial membrane composition did not induce any vesicle size change in dynamic light 

scattering experiments (not shown), which, by contrast has been reported for peptide-induced 

micellization or membrane fusion (29).  

Furthermore, the removal of a large lipid chunk would allow through FD-4 and RD-40 

without distinction. The flow cytometry and the dye-release experiments showed that Mac1 

induced both uptake and release of the smaller dye FD-4 more significantly than the bigger dye 

RD-40, respectively. In the flow cytometry experiments at a 20 µM concentration of Mac1, S. 

aureus cell uptake was 65% of FD-4 and 35% of RD-40 and, in the dye release experiments 

when 100% of FD-4 was released, only 40% of RD-40 was reached. The size of the pore can 

thereby be estimated, from the dye release experiments to be between 1.4 nm (large 

release/uptake of FD-4) and 4.5 nm (low release/uptake of RD-40), according to the dye size 

provided by the supplier. This is a significant pore size for such a small peptide. Magainin 2 (23 

residues), for example, has been shown to release calcein dyes but not dextrans of 4.4 kDa 
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molecular weight by forming a toroidal pore of diameter less than 2 nm (30). However, a larger 

pore was observed by Yoneyama et al. in the study of the Lacticin Q antimicrobial peptide using 

similar dye leakage assays, although this peptide has a molecular weight about 3 times that of 

Mac1 (8). The difference in dye size released in LUV system, and even more so in the content of 

dye uptake by S. aureus bacteria, could be explained by the lower probability of having a larger 

molecule passing through a pore and, therefore, the estimated size could be larger than the RD-40 

diameter. In other words, the flux of diffusion would be greater for the smaller dextran than the 

larger one and, hence, by increasing the peptide concentration, the number of pores per 

membrane and the frequency of RD-40 release/uptake could be significantly increased, as 

observed in our measurements.  

The CD experiments showed a higher helical content with increased peptide concentration 

(Fig. 5) that is likely induced by the propensity to form a stable pore structure with a required 

number of peptides per pore. Possibly at 80:1 L/P there are not enough peptides to cover the lipid 

surface to induce a pore (supported by a low release of FD-4 between 100:1 and 50:1 L/P ratios); 

and the peptide is more loosely bound to the lipids and thus less structured, as observed in buffer. 

Finally, the perturbations induced by Mac1 on the lipid dynamics observed on the NMR 

timescale were indicative of an increase in lipid re-orientation. The broad isotropic peak 

contribution increased with peptide concentration as the number of pores increased (Fig. 6 and 

Table 1) whereas highly mobile micelles would be expected to produce a significant and sharp 

isotropic peak, even at a low peptide concentration (22). In a barrel-stave model, peptides induce 

less stress on the lipid packing than would a toroidal pore formed by lipids with a strong negative 

curvature. In this region, the lipid diffusion is increased, which is reflected in the 30% change in 

the overall lipid motions (T2).  
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Vesicle versus bacterium observations: A striking observation remains - the vesicle and 

bacterium activities of Mac1 differ greatly in terms of peptide-to-vesicle versus peptide-to-

bacterium ratio. An MIC of 7.74 ± 0.83 µM in 200 µL containing 2x105 cells translates to a 

peptide excess to bacteria of 2.25x109 at 37°C while consequently release of large dextran 

molecules was observed in vitro with a peptide excess to vesicles of only 1.3x104. The flow 

cytometry diffusion assays showed an optimum activity of the peptide at 20 µM for 2x105 cells, 

which again translates to a peptide excess to bacteria of 1.2x1010. Various effects may cause such 

differences: the peptide availability may be heavily reduced by being ‘trapped’ in the thick 

peptidoglycan cell wall, which could reduce peptide diffusion to the bacterial lipid membrane; or 

metabolites and proteins surrounding the lipid surface having some affinity for the peptide. In 

general, the discrepancies between in vitro and in vivo studies are assigned to counterproductive 

interactions with extracellular components, which are likely even more critical in physiological 

contexts, such as wounds or nasal mucus (31).  

Since in vitro experiments are crucial to resolve the structure-activity relationship required for the 

design of AMP with high therapeutic index, composing more complex systems is necessary but 

challenging. Solid-state NMR structural studies provide a molecular picture, and calorimetry 

measures the strength and the stoichiometry of the lipid-peptide association, but these 

characteristics are unlikely to be demonstrable in an in vivo environment. Therefore, data 

obtained with in vitro systems need to be matched with the in vivo observations, as achieved in 

this study. Mac1 has demonstrated promising activity against S. aureus membranes and 

correlation between in vitro and in vivo data indicated that a pore mechanism is the mode of 

action of this AMP, both in vitro and in vivo.  
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Fig. 1 Antibacterial activity of maculatin 1.1 (Mac1) against S. aureus. (A) Representative flow 

cytometry dot plot of S. aureus cells stained with Syto9 and PI to discriminate and count viable 

whole cells (region 1 – Syto9+ cells); dead whole cells (region 2 – PI+ cells) and cell debris 

(region 3 – Syto9- and PI-). (B) Representative growth curve of S. aureus incubated at 37°C with 

serial dilutions of Mac1 with the vertical dotted line denoting the maximal growth point. (C) 

Graphical representation of the determination of the MIC with S. aureus - Mac1 pre-incubated at 

37°C (dashed line) and 4°C (solid line). Data are the mean of 3 assays.  
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Fig. 2 SEM images of S. aureus at mid-log phase. (A) Untreated bacteria have a typical spherical 

shape with smooth surface. (B) After incubation with Mac1 (3.8 µM) for 30 min some bacteria 

show surface alterations. 
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Fig. 3 Conformational change of Mac1 upon interaction with lipid membranes. Left panel: CD 

spectra of Mac1 in absence of lipids (solid line) and with addition of PG/CL LUV at L/P molar 

ratio of 10:1 (triangle), 30:1 (star) and 80:1 (circle). Three scans were accumulated at 37°C. 

Symbols are displayed every 3 data points. Right panel: % helical structure obtained from CD 

deconvolution using CDPro software and basis set 7.  
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Fig. 4. Fluorescent-dextran diffusion assay. S. aureus cells were incubated with serial dilutions of 

Mac1 and 160 µM of FD-4 and RD-40 in Mueller-Hinton broth at 4°C for 90 mins and 

fluorescent (FD-4 and RD-40) S. aureus cells were quantified by flow cytometry. (A) Effect of 

Mac1 on the diffusion of FD-4 and RD-40 into S. aureus cells. Square symbol (n) indicates FD-4 

S. aureus cells, circle symbol (l) indicates FD-4/RD-40 S. aureus cells, and the triangular 

symbol (▲) indicates RD-40 S. aureus cells. Data are representative of two separate experiments 

and are expressed as the actual number of fluorescent whole cells (counts/min) above non-

specific fluorescent background. (B) Representative flow cytometry overlaid histograms of FD-

4/RD-40 S. aureus cells with increase Mac1 concentration. 
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Fig. 5. Effect of Mac1 concentration on the release of rhodamine-dextran 40 kDa (RD-40, solid 

bars) and fluorescein-dextran 4 kDa (FD-4, cross-hatched bars) release from PG/CL LUV. 250 

µM lipids were incubated with Mac1 with L/P from 100:1 to 5:1 for 30 min at 37°C, after which 

supernatant was removed from lipid pellets. RD-40 and FD-4 excitations at 550 nm and 480 nm, 

emissions were recorded at 560 - 650 nm and 500 - 600 nm, respectively. 
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Fig. 6 Solid-state 31P static NMR spectra of E. coli PG/CL MLV at 37°C in the absence of Mac1 

(bottom spectrum), at 50:1 (middle spectrum), and at 25:1 L/P (top spectrum).  
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Table 1      31P NMR parameters 

System L/Pa  CSAb (ppm) 
[% isotropic phase] T1 (s) T2 (ms) 

E. coli PG/CLa - 27 [-] 0.438 ± 0.001 3.05 ± 0.16 

+ Mac1 50:1 28 [7%] 0.443 ± 0.004 3.19 ± 0.18 

 25:1 30 [13%] 0.414 ± 0.001 3.99± 0.19 

a L/P lipid to peptide mole ratio 

b CSA (chemical shift anisotropy) determined by spectral deconvolution. See Materials & 

Methods. 
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