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Abstract: θ-Defensins are cyclic antimicrobial peptides expressed in leukocytes of Old 

world monkeys. To get insight into their antibacterial mode of action, we studied the activity 

of RTDs (rhesus macaque θ-defensins) against staphylococci. We found that in contrast to 

other defensins, RTDs do not interfere with peptidoglycan biosynthesis, but rather induce 

bacterial lysis in staphylococci by interaction with the bacterial membrane and/or release of 

cell wall lytic enzymes. Potassium efflux experiments and membrane potential measurements 

revealed that the membrane impairment by RTDs strongly depends on the energization of 

the membrane. In addition, RTD treatment caused the release of Atl-derived cell wall lytic 

enzymes probably by interaction with membrane-bound lipoteichoic acid. Thus, the premature 

and uncontrolled activity of these enzymes contributes strongly to the overall killing by  
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θ-defensins. Interestingly, a similar mode of action has been described for Pep5, an 

antimicrobial peptide of bacterial origin. 

Keywords: antimicrobial peptides; host defense peptides; defensins; antibiotics; mode  

of action 

 

1. Introduction 

Host defense peptides (HDPs) are important effector molecules of the ancient, non-specific innate 

immune system displaying multiple functions involved in microbial clearance. They may be constitutively 

expressed or be induced in response to infection or injury, e.g., through activation of Toll-like receptors 

or pro-inflammatory cytokines. Most peptides exhibit direct antimicrobial activity in the low micromolar 

concentration range against a large number of microorganisms, including multidrug resistant bacteria [1–3]. 

In higher organisms, HDPs have also been recognized as important immune regulators affecting either 

stimulation or suppression of immune cell activity [4,5]. Thus, the gene copy number or dysregulated 

expression of certain HDPs predisposes to various infectious and inflammatory diseases, underlining the 

importance of these peptides in controlling microbial pathogens [6,7]. 

Despite the great diversity in their primary structure and amino acid composition, HDPs are  

typically small (12–50 amino acids), positively charged and able to adopt an amphiphilic structure in 

solution [1,3,8]. One conserved group of HDPs comprises defensins sensu stricto, which were first 

discovered in mammals and subsequently found in invertebrates, plants and fungi. These peptides are 

characterized by a disulfide-stabilized β-sheet structure and primarily expressed in epithelial tissues or 

phagocytic cells [9,10]. Due to structural and functional similarity, it has been proposed that all defensins 

evolved from a single precursor that can be traced back to prokaryotic origin [11,12]. 

Mammalian defensins possess potent broad-spectrum activity against both Gram-positive and  

Gram-negative bacteria, fungi and certain viruses. They are further divided into three groups, α-, β- and 

θ-defensins, based on their gene structure as well as spacing and pairing of their six conserved cysteine 

residues. α- And β-defensins are widely expressed in mammals and share a three-stranded antiparallel 

β-sheet fold, whereas the cyclic θ-defensins have only been isolated from the leukocytes of Old World 

monkeys [13–15]. θ-Defensins arose from a mutated α-defensin gene containing a premature stop codon 

in its defensin domain. During biogenesis, a nine amino acid segment is excised from the truncated  

α-defensin precursor and subsequently ligated head to tail to a similar or identical nonapeptide [15]. 

Rhesus macaques express three θ-defensin precursors, which can pair to generate six different 

homodimeric and heterodimeric isoforms (rhesus macaque θ-defensins 1 to 6; RTDs). Their concentration 

in the PMNs differs greatly, with RTD-1 being the most abundant [16]. Interestingly, the cyclic structure 

seems to be crucial for antimicrobial activity and confers salt resistance up to 150 mM NaCl [14]. In 

addition, θ-defensins possess potent anti-inflammatory properties in vitro and in vivo mediated by the 

suppression of numerous pro-inflammatory cytokines and blockade of TNF-α release [17]. Noteworthy, 

there are six θ-defensin genes present in the human genome, but a stop codon in the signal sequence 

blocks their translation. Synthetic or restored products of these pseudogenes termed retrocyclins show 

remarkable anti-HIV activity by inhibiting virus attachment and entry [18–20]. 
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Mode of action studies with defensins from different eukaryotic kingdoms demonstrated that 

conserved molecules of the microbial cell envelope, which are readily accessible, such as the bacterial 

cell wall precursor lipid II or fungal sphingolipids, are targets of defensins and an important component 

of the killing mechanism [21–27]. Here, we have investigated the mechanism of action of θ-defensin 

bactericidal activity. Interestingly, RTDs do not interfere with peptidoglycan biosynthesis, but rather 

induce bacterial lysis in staphylococci by interaction with the bacterial membrane and/or release of 

autolytic enzymes similar to the lantibiotic Pep5. 

2. Results and Discussion 

The two θ-defensins, RTD-1 and RTD-2 (Figure 1), were initially tested for their activities against 

different staphylococcal species in a standard broth microdilution assay. Both peptides exhibited potent 

antimicrobial activity and inhibited growth of the three strains tested at concentrations ranging from 0.5 

to 6 μg/mL (Table 1). 

Figure 1. Amino acid sequences of heterodimeric RTD-1 and its two variants and of 

homodimeric RTD-2. Positively charged residues are marked in red. 

 

Table 1. Antimicrobial activity of RTDs against staphylococci in half-concentrated  

MHB. MIC values (µg/mL) * are expressed as the lowest concentration that caused visible 

growth inhibition. 

 RTD-1 RTD-2 RTD-1-30 RTD-1-25 

S. aureus SG511-Berlin 6 ± 2 4 ± 0 6 ± 2 8 ± 4 

S. simulans 22 1.5 ± 0.5 1.5 ± 0.5 3 ± 1 3 ± 1 

S. carnosus TM300 0.75 ± 0.25 0.5 ± 0 ND ND 

ND, not determined; * Average values obtained from two or more independent experiments (±SD). 

2.1. Impact on Bacterial Cell Wall Biosynthesis 

Fungal [22,25] and invertebrate defensins [24] bind with high affinity to the cell wall building block 

lipid II, thereby specifically inhibiting peptidoglycan biosynthesis in Gram-positive bacteria. Similarly, 

lipid II targeting has also been reported for two mammalian defensins, the human α-defensins HNP-1 

and β-defensin hBD3, which are both broad-spectrum antimicrobials [21,23]. 

In order to verify whether θ-defensins also interfere with peptidoglycan biosynthesis, the cytoplasmic 

level of the cell wall precursor UDP-MurNAc-pentapeptide in Staphylococcus simulans 22 treated with 

RTDs was determined. Accumulation of UDP-MurNAc-pentapeptide is typically induced by antibiotics 

which inhibit the late, membrane-bound steps of cell wall biosynthesis and has also been demonstrated 

for hBD3 [23]. As shown in Figure 2, θ-defensins did not cause a significant accumulation of the cell 
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wall precursor compared to vancomycin-treated control cells indicating that the antibiotic action of 

RTDs differs from that of defensins mentioned above. 

Figure 2. Intracellular accumulation of the final soluble cell wall precursor UDP-MurNAc-

pentapeptide in S. simulans 22 exposed to θ-defensins. Cells were treated with 10× MIC 

vancomycin (positive control) (A) or RTDs (B), incubated for 30 min, and subsequently 

extracted with boiling water. The cytoplasmic pool of UDP-linked cell wall precursors was 

analyzed by RP-HPLC. 

 

2.2. Impact on Membrane Integrity 

Due to their cationic and amphiphilic nature, it is widely believed that the killing activity of HDPs is 

based on the disruption of the membrane barrier function. To assess the membrane impairment by  

θ-defensins, the potassium release of whole cells was monitored over a period of 5 min by growing  

S. simulans 22 in half-concentrated Mueller-Hinton broth (MHB) and subsequently diluting the cells in 

choline buffer (see Experimental). Under these conditions, with cells suspended in buffer without an 

energy source, significant potassium efflux could not be detected in response to RTDs at 5× and 10× 

MIC (Figure 3A). However, when cells were energized by addition of 10 mM glucose, rapid 

concentration-dependent ion release occurred after peptide treatment (Figure 3B). In contrast, the 

activity of the pore-forming lantibiotic nisin—used here as a positive control—was independent of the 

presence of glucose (Figure 3). 

These results suggest that the membrane activity of RTDs depends on the bacterial membrane 

potential. To investigate this hypothesis further, 5 μM of the ionophore CCCP (carbonyl cyanide  

m-chlorophenylhydrazone) were added to energized cells shortly after the peptides. CCCP uncouples 

the proton gradient across the cytoplasmic membrane leading to fast membrane depolarization. Indeed, 

RTD-induced ion leakage was blocked immediately after CCCP addition (Figure 3C). 

Moreover, the membrane potential of S. simulans 22 in choline buffer (used for the potassium efflux 

experiments) was estimated by the distribution of the lipophilic cation TPP+ inside and outside the cells. 
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As expected, membrane potential increased by 15–20 mV after incubation with 10 mM glucose (data 

not shown [28]). Thus, a membrane potential of sufficient magnitude—as builds up after addition of 

glucose—seems to be essential for the membrane-disrupting activity of RTDs. 

Figure 3. Impact on the membrane integrity of RTD-treated S. simulans 22 cells. Potassium 

efflux was monitored with a potassium-sensitive electrode in absence (A) and presence (B) 

of 10 mM glucose. RTD-induced potassium release of energized cells could be blocked by 

the addition of 5 µM CCCP (carbonyl cyanide m-chlorophenylhydrazone; (C). Ion leakage 

was expressed relative to the total amount of potassium released after addition of 1 µM of 

the pore-forming lantibiotic nisin (100% efflux). RTDs were added at 5× and 10× MIC; 

controls were incubated without peptide. The arrows indicate the moment of peptide addition. 

 

Similarly, the membrane potential of S. aureus SG511-Berlin was monitored in half-concentrated 

MHB, which was routinely used for MIC determinations and mode of action studies. In absence of 

glucose, the peptides did not cause any change of the membrane potential when added at 10× MIC. In 

contrast, in presence of glucose RTDs caused a reduction of the membrane potential of about 15 mV, 

which was, however, slowly restored within 20 min of treatment (Supplementary Figure S1). 

The requirement for an energized membrane for antibacterial activity has also been described for the 

cationic antimicrobial peptide Pep5 produced by S. epidermidis 5 [29]. Further, Pep5 induces autolysis 

in S. simulans 22 by releasing cell wall lytic enzymes [30,31]. Thus, the question was raised if the 

membrane impairment alone is sufficient for killing by RTDs or if additional activities are involved in 

the killing mechanism—such as activation of autolytic enzymes—as described not only for Pep5 [30,31] 

but also for cationic peptides and proteins in general [32,33]. 

2.3. Impact on Autolytic Enzymes 

RTD-treated cells of S. aureus SG511-Berlin grown in half-concentrated MHB were inspected by 

transmission electron microscopy. After 30 min treatment, additional membranous structures could be 

observed in many cells (Figure 4A–C), indicating the loss of cytoplasmic content. After 60 min exposure 

to RTD-2, cells showed evidence of cell wall degradation, particularly in the septum area between  

two daughter cells (Figure 4D,E). Moreover, in some cells, the cell wall was completely peeled off  

(Figure 4F). These morphological changes might indicate a premature activation and release of 

peptidoglycan lytic enzymes (referred to as autolysins) involved in cell separation as has been described 
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for Pep5-treated cells [34]. These results suggest that the release of autolysins, which hydrolyze the 

glycan chains and peptide bridges of murein, also contributes to the killing activity of RTDs. 

Figure 4. Transmission electron microscopy of S. aureus SG511-Berlin treated with  

10× MIC RTD-2. (A) Untreated control cells. (B,C) Cells treated for 30 min. Additional 

membranous structures could be observed. (D,E,F) Cells treated for 60 min. Dividing cells 

showed degradation of the cell wall in the septum area between two daughter cells  

(D,E) or peeling of the cell wall (F). Scale bar: 0.2 µm. 

 

To test for release of cell wall hydrolases as a relevant component of the antistaphylococcal activity 

of RTDs, the supernatant of RTD-treated cells was analyzed for autolytic activity. Hence, S. aureus 

SG511-Berlin was incubated in the presence of RTDs at 10× MIC for 30 or 60 min, harvested and the 

concentrated supernatants were subjected to SDS-PAGE containing heat-inactivated M. luteus cells as 

substrate. Clear bands indicated the cell wall lytic activity of released enzymes. Cells exposed to Pep5 

were included in the study and served as a positive control. 

Autolysins could be observed in all peptide treated samples, whereas hardly any activity was 

detectable in the untreated control (Figure 5A). Interestingly, all detected bands represent different 

processed forms of the autolysin Atl since in an atl deletion mutant (S. aureus SA113 Δatl; Figure 5B) 

corresponding bands were missing after treatment with RTD-2. Atl is a bifunctional autolysin  

that plays a key role in separating cells after cell division and is highly conserved among  

staphylococci [35]. Proteolytic processing of the Atl precursor protein of S. aureus generates two 

catalytically active enzymes fused to repeat units, an amidase (AM, 62 kDa; cleaves the amide bond 

between MurNAc and L-alanine) and a glucosaminidase (GL, 51 kDa; cleaves the β-1,4-glycosidic bond 

between GlcNAc and adjacent monosaccharides), and both components bind to the septum site of 

dividing cells [36,37]. In addition to the AM and GL bands, three additional bands with molecular masses 

of 138 kDa, 113 kDa and 87 kDa could be detected. The 138 kDa band corresponded to the full length 

protein (Pro-Atl). The 113 kDa and 87 kDa bands presumably represented the unprocessed amidase and 

glucosaminidase domains after proteolytic cleavage of the signal and propeptide (Atl) and the amidase 

with the propeptide (PP-AM), respectively (according to Schlag et al. [36]). 
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Figure 5. Detection of cell wall lytic enzymes in the supernatant of RTD-treated cells.  

(A) S. aureus SG511-Berlin was exposed to 10× MIC of RTDs or Pep5, respectively, for  

30 and 60 min. Equal amounts of the concentrated culture supernatant (containing  

autolysins released from the cell surface) were separated on a 12% SDS-PAGE containing 

heat-inactivated M. luteus cells as substrate. Bands represent cell lysis zones; (B) S. aureus 

SA113 ∆atl treated for 60 min with 10× MIC RTD-2; (C) S. aureus SG511-Berlin treated 

for 60 min with two RTD-1 variants (RTD-1-30 and RTD-1-25) which differ in the 

distribution of positively charged residues. All bands represent differently processed forms 

of the autolysin Atl as in the atl deletion mutant (∆atl) the corresponding autolysis bands 

were missing (B). Pro-Atl: Atl with full-length propeptide, Atl: amidase and glucosaminidase, 

PP-AM: amidase with propeptide, AM: amidase, GL: glucosaminidase. 

 

Consistent with the release of the autolysin Atl by RTDs, θ-defensin-mediated killing was diminished 

in S. aureus SA113 Δatl. Killing kinetics of the atl deletion mutant and its wild-type strain (WT) showed 

that the mutant was significantly more resistant to the action of RTD-2 (Figure 6). In the course of the 

experiment, the number of colony forming units (CFU) of the WT was reduced by several log after 

addition of the peptide, whereas the atl deletion mutant was only slightly affected by RTD-2 even at  

80 μg/mL (Figure 6). 

Figure 6. Killing kinetic of S. aureus SA113 (WT) and its atl deletion mutant (Δatl) in 

presence of 40 and 80 μg/mL RTD-2 (corresponding to 5× and 10× MIC, respectively) over a 

period of 4 h. The first sample was taken immediately after peptide addition (time point 0). 

The results given are mean values of at least two independent experiments.  
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Recently, it has been reported that the Atl amidase is directed to the septal region by its repeat 

domains. In this process, S. aureus wall teichoic acid (WTA)—present in the old cell wall—acts as a 

repellent for the repeats, thereby directing the enzymes to the septum, where they bind to and are 

controlled by lipoteichoic acid (LTA) [36,38]. This suggests that highly cationic molecules such as RTDs 

and Pep5 bind to the polyanionic LTA, thereby liberating the enzymes such that they can degrade the 

cell wall in an uncontrolled manner. This view is supported by the fact that only in the WT strain the 

colony count dropped by 1 to 2 log immediately after RTD addition (data at time point 0, Figure 6). 

Apparently, the displacement of Atl-derived enzymes from LTA occurs rapidly and is irreversible, such 

that autolysis can proceed after plating and prevent colony formation. Similar rapid effects described as 

“contact killing” have been observed with other highly cationic peptides, e.g., hBD3 [39]. How the 

activity of the Atl enzymes is controlled under coordinated physiological conditions remains to be elucidated. 

Consistently, addition of LTA in a 4-fold molar excess in respect to the peptide antagonized the 

antimicrobial activity of RTDs and resulted in unhindered growth (Figure 7). Moreover, fluorescence 

microscopy of S. aureus SA113 treated with Pep5-Cy3 demonstrated that the peptide localizes 

preferentially in the septal region of dividing cells (Supplementary Figure S2) similar to Atl repeats [36]. 

Unfortunately, this experiment could not be performed with RTDs as they do not harbor any free amine 

group for labeling. 

Figure 7. Growth kinetic measurement of S. aureus SG511-Berlin in half-concentrated 

MHB in presence of RTD-1 (A) or RTD-2 (B) and different molar ratios of LTA. Peptides 

were added at 10× MIC (corresponding to 28.8 µM and 19.1 µM, respectively). 

 

Interestingly, remarkable differences could be revealed between cells treated with RTD-1, its two 

variants (namely RTD-1-30 and RTD-1-25) and RTD-2 indicating that the number and distribution of 

positive charges of a given peptide might be of particular relevance for the interaction with LTA and 

thereby for the release of autolysins. A higher autolysin activity could be detected in the supernatant of 

cells exposed to RTD-2 (net charge +6) as well as in RTD-1-30 (net charge: +5; Figure 5C) in which the 

charged residues are clustered on both sides of the molecule (compare Figure 1). 

As θ-defensins and Pep5 both interact with membrane-bound lipoteichoic acid, we investigated whether 

this interaction also facilitates the pore-formation process. For example, the lantibiotic nisin uses lipid 

II as docking molecule to subsequently form pores in the membrane of susceptible strains [40]. Thus, 
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carboxyfluorescein-loaded liposomes were made of DOPC or DOPC supplemented with 0.5 mol% 

purified LTA to monitor the efflux of the fluorescent dye after addition of 1 μM of each peptide. 

However, only minor marker release was observed with pure DOPC vesicles and DOPC doped with 

LTA indicating that LTA are not involved in the membrane-disrupting activity of RTDs and Pep5 

(Supplementary Figure S3). 

2.4. Activity against Gram-Negative Bacteria 

In contrast to Pep5, RTDs also exhibit activity against Gram-negative bacteria over a similar 

concentration range as against Gram-positives [14,15,41]. Tran et al. [41] reported that RTD-1 and  

RTD-2 effectively permeabilize the outer and inner membrane of E. coli ML35-pYC. Consistent with 

these results, a significant loss of cytoplasmic content could be observed in RTD-2 treated E. coli 

BW25113 cells (Supplementary Figure S4). Moreover, the interaction with the outer membrane seems 

to differ from hBD3 [42] as blebbing of the outer membrane which is indicative of LPS released from 

the surface could not be observed (Supplementary Figure S4). 

3. Experimental Section 

3.1. Peptide Synthesis and Purification 

RTDs were assembled by solid-phase synthesis as described previously [14,15]. Purification of  

Pep5 and nisin was performed according to the protocol of Sahl and Brandis [43] and Burianek and 

Yousef [44], respectively. 

3.2. Determination of Minimal Inhibitory Concentration (MIC) 

MIC determinations were carried out in 96-well polypropylene microtiter plates (NuncTM; Thermo 

Fisher Scientific, Schwerte, Germany) by standard broth microdilution using half-concentrated  

Mueller-Hinton broth (MHB). Test strains were grown to an optical density at 600 nm (OD600) of 1 and 

subsequently diluted to 1–2 × 105 cells/mL. Then, 50 µL of the bacterial suspension were mixed with  

50 µL of the peptide solution. MICs were read after 24 h of incubation at 37 °C without agitation. The 

results given are mean values of at least two independent experiments performed in duplicate. 

3.3. Bacterial Killing Kinetics  

Cells were grown in half-concentrated MHB to an OD600 of 0.1. Defensins were added in 

concentrations corresponding to 5× or 10× MIC (as determined after 24 h). At defined time intervals,  

40 μL aliquots of the culture were taken, diluted in 360 μL 10 mM potassium phosphate buffer (pH 7) 

and 100 μL of appropriate dilutions were plated in triplicate on Mueller-Hinton II agar plates (Becton 

Dickinson GmbH). The plates were incubated overnight at 37 °C and the number of colony forming 

units (CFU) was calculated based on the respective dilution factor. An untreated culture was run as a 

control. The results given are mean values of at least two independent experiments. 
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3.4. Intracellular Accumulation of the Final Soluble Cell Wall Precursor UDP-MurNAc-Pentapeptide 

Antibiotics that interfere with the late, membrane-bound steps of peptidoglycan biosynthesis, trigger 

the accumulation of UDP-MurNAc-pentapeptide in the cytoplasm which can be isolated and detected 

by HPLC. Analysis of the cytoplasmic peptidoglycan precursor pool was performed as described 

previously [23,24]. Briefly, S. simulans 22 was grown to an OD600 of 0.5 in half-concentrated MHB and 

supplemented with 130 μg/mL of chloramphenicol. After 15 min of incubation, defensins or 

vancomycin, respectively, were added at 10× MIC and the samples were further incubated for 30 min. 

Then, cells were harvested and treated with two volumes boiling water for 15 min. Insoluble components 

were removed by centrifugation and the supernatants analyzed by reversed-phase high pressure liquid 

chromatography (RP-HPLC) in 50 mM sodium phosphate buffer (pH 5.2) under isocratic conditions on a 

Nucleosil 100-C18 column (Schambeck SFD GmbH, Bad Honnef, Germany). 

3.5. Potassium Release from Whole Cells 

Potassium efflux from whole cells was monitored with a MI-442 potassium electrode and a MI-409F 

reference electrode (Microelectrodes Inc., Bedford, MA, USA) connected to a microprocessor pH meter 

(pH 213; HANNA® Instruments, Kehl, Germany). 

S. simulans 22 was grown in half-concentrated MHB (±10 mM glucose) at 37 °C to an OD600 of  

1 to 1.5. Then, cells were harvested by centrifugation (4000 rpm, 3 min, 4 °C), washed with prechilled 

choline buffer (300 mM choline chloride, 30 mM MES, 20 mM Tris; pH 6.5) and resuspended in the 

same buffer (±10 mM glucose) to a final OD600 of 30. For each measurement, cells were diluted in 

choline buffer (±10 mM glucose) to an OD600 of 3, and the potassium release was monitored for 5 min 

at room temperature. Peptides were added at 5× and 10× MIC. Potassium concentrations were calculated 

from the measured voltage according to Orlov et al. [45] and expressed relative to the total amount of 

potassium released after addition of 1 µM of the pore-forming lantibiotic nisin (100% efflux). Results 

given are mean values of three independent experiments. 

3.6. Estimation of Membrane Potential 

Cells were grown in half-concentrated MHB (±10 mM glucose) to an OD600 of 0.5 to 0.6. To monitor 

the membrane potential, 1 μCi/mL of [3H]tetraphenylphosphonium bromide (TPP+; 26 Ci/mM; Hartmann 

Analytic GmbH, Braunschweig, Germany) was added (the lipophilic TPP+ diffuses across the bacterial 

membrane in response to a trans-negative membrane potential). The culture was treated with defensins 

at 10× MIC, sample aliquots of 100 μL were filtered through cellulose acetate filters (pore size 0.2 μm; 

WhatmanTM, Dassel, Germany) and washed twice with 5 mL of 50 mM potassium phosphate buffer  

(pH 7). The filters were dried, placed into 5 mL scintillation fluid and the radioactivity was measured with 

a liquid scintillation counter for 5 min per filter. Non specific TPP+ binding was determined by 

measuring the TPP+ incorporation into cells treated with 10% butanol (v/v); the total radioactivity was 

measured using unfiltered 100 μL sample aliquots. The pore-forming lantibiotic nisin was used as a 

control. For calculation of the membrane potential (∆ψ), the TPP+ concentrations were applied into the 

Nernst equation ∆ψ = (2.3 × R × T/F) × log [(TPP+ inside)/(TPP+ outside)], where T is the absolute 
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temperature, R is the universal gas constant and F is the Faraday constant. A mean ∆ψ was calculated 

from at least two independent experiments. 

3.7. Zymogram Analysis 

Cell wall lytic enzymes in the supernatant of RTD- and Pep5-treated cells were analyzed by 

zymograms. For this, S. aureus SG511-Berlin was grown in half-concentrated MHB to an OD600 of 0.6. 

Then, cells were harvested by centrifugation (4000 rpm, 5 min, 4 °C) and washed with 10 mM sodium 

phosphate buffer (SPB; pH 7.4). Finally, cells were resuspended in 10% MHB (in 10 mM SPB; pH 7.4) 

and aliquots of 2.5 mL were incubated with peptides corresponding to 10× MIC. After incubation for  

30 or 60 min, cells were pelleted (10,000 rpm, 5 min, 4 °C). The supernatant containing released proteins 

was concentrated to a volume of 50 µL using VivaSpin-columns (Sartorius AG, Göttingen, Germany) 

according to the manufacturer’s instructions. Equal amounts of the enzyme extract were loaded onto a 

polyacrylamide gel containing heat-killed M. luteus DSM 1790 cells as substrate. After the run, the gel 

was washed three times with distilled water for 15 min before overnight incubation in buffer (50 mM 

Tris-HCl, pH 7.5; 10 mM CaCl2, 10 mM MgCl2, 0.1% Triton X-100, v/v) at 37 °C. Lytic activity was 

observed as clear zones against an opaque background. To gain a higher contrast, gels were stained with 

0.1% methylene blue (w/v) for 15 min and washed with distilled water until clear bands became visible. 

3.8. Transmission Electron Microscopy 

Cells were grown in half-concentrated MHB to an OD600 of 0.6. Aliquots of 5 mL were exposed to 

RTDs (at 10× MIC) for 30 min or 60 min at 37 °C. Afterwards, the bacteria were harvested by 

centrifugation (5000 rpm, 5 min, 4 °C), resuspended in 0.1 M SPB (pH 7.4) containing 3% 

glutaraldehyde (v/v) and fixed overnight at 4 °C. After washing the cells three times for 10 min with  

0.1 M SPB (pH 7.4), they were postfixed in 2% phosphate-buffered osmium tetroxide (v/v) at 4 °C for 

2 h. Subsequently, the samples were dehydrated with increasing concentrations of ethanol beginning 

with 30%. The dehydrated cells were incubated three times in propylene oxide for 5 min, followed by a 

treatment with a 1:1 mixture of polypropylene oxide and Epon-812 (v/v; Science Services, München, 

Germany) overnight at RT. Finally, cells were embedded in Epon-812 and incubated for polymerization 

at 60 °C for 48 h. Thin sections (60 nm) were contrasted with 3% uranyl acetate and 0.3% lead citrate 

and subsequently examined with an EM900 electron microscope (Zeiss; Oberkochen, Germany) at 50 kV. 

3.9. Growth Kinetic in Presence of LTA 

LTA isolated from S. aureus (Sigma-Aldrich, Taufkirchen, Germany) was tested for antagonization of 

antimicrobial activity. Therefore, S. aureus SG511-Berlin was grown in half-concentrated MHB to an 

OD600 of 0.5 to 0.6. Then, 100 µL of the cell suspension were added to 100 µL of RTD-1 or RTD-2  

(at 10× MIC) preincubated with LTA in a molar ratios of 1:1, 1:2 and 1:4 in respect to the peptide. Cell 

growth was measured on a microplate reader (SunriseTM; Tecan, Crailsheim, Germany) over a period of 6 

h at 37 °C and obtained data were analyzed by MagellanTM data analysis software [46]. Results given 

are mean values of at least two independent experiments performed in triplicate. 
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4. Conclusions 

Here we report that RTDs do not only impair the membrane barrier function, but also liberate the 

staphylococcal autolysin Atl from LTA in a similar way as the lantibiotic Pep5. These peptides share 

some features such as the regular spacing of positively charged residues and a structure stabilized by 

disulfide bridges or lanthionines, respectively. Thus, the antimicrobial activity may rather depend on the 

overall conformation and charge distribution than on the primary sequence. However, Pep5 and RTDs 

differ in their activity spectrum, in particular in their efficacy against Gram-negative bacteria. This 

demonstrates that the physico-chemical properties which provide the basis for the activity against  

Gram-positive bacteria are not relevant for the killing of Gram-negative bacteria where—in case of 

RTDs—membrane permeabilization may be the dominant killing activity. 
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