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Abstract  

 

Time-resolved AFM images revealed that the antimicrobial peptide (AMP) caerin 1.1 caused 

localised defects in the cell walls of lysed Klebsiella pneumoniae cells, corroborating a pore-

forming mechanism of action. The defects continued to grow during the AFM experiment, 

becoming large holes that were also visualised by scanning electron microscopy. Evidence of 

damaged cytoplasmic membranes was visualised by cryo-EM using the same peptide 

concentration as in the AFM experiments. At three times the minimum inhibitory 

concentration of caerin, ‘pores’ were visible in the outer membrane. The capsule of K. 

pneumoniae AJ218 was unchanged by exposure to caerin, indicating that the ionic interaction 

of the positively charged peptide with the negatively charged capsular polysaccharide is not a 

critical component of AMP interaction with K. pneumoniae AJ218 cells. Further, the 

presence of a capsule confers no advantage to wild-type over capsule-deficient cells when 

exposed to the AMP caerin. 

 

 

Introduction 

Throughout the plant and animal kingdoms, antimicrobial peptides (AMPs) are part of the 

host organism’s innate defence response.[1] AMPs show promise as an alternative to 

conventional antibiotics: [2, 3] their minimum inhibitory concentrations (MICs) are in the 

low micromolar range, and comparable to the active concentrations of commercially 

available antibiotics against sensitive organisms. [4] The activity of most AMPs has been 

attributed to membrane disruption, either via a detergent-like or pore-forming mechanism, [5] 

although studies have proposed mechanisms in which, following membrane permeabilisation, 

AMPs target intracellular cell components as the killing mechanism. [3, 6] In either case, the 
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mechanism of AMP-induced membrane permeabilisation remains unclear, and warrants 

further investigation. Phospholipid membranes have been used extensively to study the mode 

of action of AMPs. These model systems lack the complexity of the bacterial surface and cell 

wall, but have demonstrated that phospholipid charge [7, 8] and membrane curvature [9-11] 

influence the mode of interaction. The size, structure and hydrophobicity of the peptide also 

affect its selectivity and activity. [12] However, studies of the interactions of AMPs with 

model membrane systems and live bacteria often yield contradictory results, [13-17] which 

emphasise the importance of in situ studies. 

 

Caerin 1.1 (GLLSVLGSVAKHVLPHVVPVIAEHL-NH2) is a major component of the skin 

gland secretions of the Australian tree frogs of the genus Litoria. [18] Like many AMPs, 

caerin 1.1 is an unstructured random coil in solution, rearranging into an amphipathic α-helix 

on partitioning into membrane or membrane mimetic environments. [11] It has wide 

spectrum antibiotic activity [19] although the peptide is more specific to Gram-positive 

bacteria. This has been attributed to more complex protective structures separating the inner 

workings of Gram-negative bacterial cells from their environments. [11] Caerin has also 

shown anticancer [20] and antiviral [21] activity and has been characterised by quartz crystal 

microbalance [22], surface plasmon resonance [23], circular dichroism and nuclear magnetic 

resonance [16] studies. 

 

Atomic force microscopy (AFM) is a proven technique for the study of biological samples in 

situ [24, 25]. The physical properties of living biological cells can be studied under 

physiologically relevant conditions that require little sample preparation and without 

destruction of the sample. [26-29] Properties such as cytoplasmic turgor pressure, cell wall 

elasticity and long-range electrostatic interaction can be determined using AFM [30, 31]. Of 
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particular relevance to this work are studies that have investigated how AMPs affect cell 

stiffness and adhesion in live bacteria. [15, 32-35] Here, we present AFM data that gives 

insight into the physiological responses of Klebsiella pneumoniae when exposed to the AMP, 

caerin 1.1. 

 

K. pneumoniae is a source of shared antimicrobial resistance such as carbapenem-resistance 

and the extended-spectrum beta lactamases (ESBLs) [36, 37] and is also recognized as a 

serious cause of hospital-acquired infections. A loosely organised polysaccharide layer 

(known as the capsule) is assembled around the K. pneumoniae cell envelope. It takes the 

form of a hydrated polyelectrolyte network and can grow up to several hundred nanometers 

thick. [38] The capsule provides protection from environmental stresses, such as antibiotics, 

detergents, desiccation and the host’s immune response. [39] The exopolysaccharide capsule 

also plays a role in the formation of biofilms on surfaces. [40] Further, a direct association 

has been discovered between capsular size and pathogenicity of isolates in animal models. 

[41] Since AMPs must first pass through this network, the role of the capsule in the mode of 

action of caerin warrants investigation. 

 

The resistance of a capsule-deficient K. pneumoniae mutant to the AMPs, α-defensin-1 and 

polymyxin B, was increased following the addition of purified capsular polysaccharides. [42] 

The negatively charged bacterial capsule was proposed to act as an effective decoy, enabling 

encapsulated cells to resist cationic AMPs. The AMPs were postulated to trigger the release 

of capsular material in vivo, which in turn protect bacteria against AMPs. Previously [35], we 

used AFM capsule thickness measurements to demonstrate that the entropic drive of the 

peptide to associate with the bacterial membrane dominates over long-range electrostatic 

attraction between a cationic peptide and the negatively-charged K. pneumoniae capsule. The 
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long-range electrostatic attraction, however, may first attract the peptides to bacterial cells. 

These results do not negate the idea that extracellular capsular polysaccharides play a role in 

protecting bacterial cells from AMPs. 

 

The melittin-derived peptide used previously (GIGAVLKVLTTGLKALISWIKRKRQQ-

NH2) is structurally very similar to caerin 1.1, and is one more amino acid in length. Caerin 

[43] is one of several closely related peptides that appear to act by fundamentally different 

mechanisms depending on their length. In the same model membranes, the shorter of these 

peptides, aurein and citropin, have been shown to act via a detergent-like mechanism whereas 

the longer peptides, caerin and -maculatin, use a pore-forming mechanism. 

 

In this work we present time-resolved AFM images that revealed caerin caused local defects 

in the cell wall of lysed K. pneumoniae, which supports a pore-forming mechanism of action. 

These defects continued to grow, becoming large holes that also were visualised using 

scanning electron microscopy. Further, we present data which demonstrate that the K. 

pneumoniae AJ218 capsule did not confer an advantage over capsule-deficient K. 

pneumoniae AJ218. The K. pneumoniae AJ218 capsule appeared to be unaffected by peptide 

exposure which indicates that ionic interaction of peptide and bacteria-bound capsular 

polysaccharide is not a critical component of K. pneumoniae AJ218 interaction with caerin. 

 

 

Experimental 

 

1. Peptides 

Caerin 1.1 was purchased from Bio21 Peptide Technology, University of Melbourne. 
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Melittin was purchased from Mimotopes (Clayton, Australia). Peptides were synthesized by 

solid-phase techniques and were >95% pure. 

 

2. Bacterial strains, culture conditions, and harvesting 

Klebsiella pneumoniae AJ218 (capsule serotype K54) is a human urinary tract infection 

isolate, identified at the microbiological laboratory of the Alfred Hospital, Melbourne, 

Australia. [44, 45] All strains were maintained on Luria-Bertani (LB) agar at 37°C. LB broths 

inoculated with these cultures were grown for 16 hours at 37°C while shaking (180 rpm). 

Stationary phase cells were then harvested by centrifugation (10 min at 3500 × g) and washed 

twice with Milli-Q™ water (18.2 MΩ cm-1). The final concentration of bacterial cells in 

Milli-Q™ water was approximately 2 × 108 CFU mL-1. 

 

A wzc mutant of K. pneumoniae AJ218, defective in the transporter that enables capsule 

polysaccharide export, was isolated following random mini-Tn5Km2 transposon insertion 

mutagenesis [46] of K. pneumoniae AJ218. To confirm transposon insertion within the wzc 

gene, Y-linker ligation PCR and subsequent DNA sequencing analysis of the transposon-

flanking region was performed to ensure correct location of the mutation. [47] 

 

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration 

(MBC) of caerin was determined for both wild-type and capsule-deficient K. pneumoniae 

cells using the microdilution broth method outlined by the National Committee for Clinical 

Laboratory standards. [48] 
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3. Viable count assay 

Cell suspensions of K. pneumoniae AJ218 wild-type and capsule-deficient strains were 

incubated in 10 mM HEPES buffer (pH 7.4) at 37°C in the presence or absence of 6 µM 

peptide solution. At hourly time-points, aliquots were removed from suspensions and then 

diluted on agar media to determine the viable number of bacteria (expressed as colony 

forming units per mL, cfu/mL). 

 

4. Bacterial sample conditions for AFM measurements 

Gelatine-coated glass slides were used to immobilize bacteria for AFM measurements. In 

previous work [30, 35] PEI-coated slides were used for wild-type cells. The PEI and gelatine 

coating methods are described [30] When treated with caerin 1.1, K. pneumoniae AJ218 did 

not adhere firmly enough to PEI-coated slides for force measurements.	Substrate rigidity is a 

requirement when measuring cell indentation to ensure that only cell compression contributes 

to the measurement. Wang et al.	[30] have shown that, even though gelatine may be expected 

to be a softer substrate than PEI, there is no measureable effect of gelatine deformability on 

the force profiles of the bacteria, which suggests that this method results in a gelatine layer 

sufficiently thin to present as a rigid surface in AFM force measurements. 

 

All mechanical measurements were performed within 2-3 hours of removal of the bacteria 

from growth media. Bacteria-coated slides were immersed in 10 mM HEPES buffer (pH 7.4) 

or 6 µM peptide solution (made in 10 mM HEPES buffer, pH 7.4) and kept at rest within the 

calibrated AFM for at least 40 minutes before measurements commenced. Previous work has 

demonstrated that cells remain viable for the duration of the experiment as determined by 

live/dead cell fluorescence assays using a Molecular Probes Bacterial Viability Kit. [30] 
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An imaging volume of 5 mL was used. Measurements were conducted first in HEPES buffer 

and then exchanged for 1.2 µM peptide in HEPES buffer. To establish the lipid to peptide 

ratio at which experiments were conducted, bacteria attached to the slides were stained with 

crystal violet following AFM measurements, and viewed at 60x magnification. Counting 

cells in several areas of known size allowed for an approximation of the number of cells per 

slide. Ingraham et al. [49] give an approximation of the number of lipids per microbial cell, 

which allowed us to calculate the number of lipid molecules per slide. The lipid to peptide 

ratio for all experiments reported here, assuming all peptide is bound, was estimated to be 

1:1. This is considerably higher than generally used with model membrane systems to ensure 

measurable peptide-cell interaction within the timeframe of the experiment. 

 

5. Atomic force microscopy and force measurements 

AFM measurements were performed using an MFP-3D instrument (Asylum Research, Santa 

Barbara, CA). Silicon nitride cantilevers were purchased from Bruker (MLCT, Camarillo, 

CA) with a nominal spring constant of 0.01 Nm-1 and probe radius of 20 nm (according to the 

manufacturer’s specifications). Cantilever spring constants were determined using the 

thermal tune method [50] included in the MFP-3D software. Calibrated spring constants were 

within the range of 0.016-0.020 Nm-1. All cantilevers used were from the same batch. All tips 

were cleaned in a BioForce UV/ozone cleaner (BioForce Nanosciences Inc, Ames, IA) before 

use. Photodetector sensitivity was measured on a clean silica slide prior to force 

measurements. [51] The slope of the constant compliance region of the force curves obtained 

was used to convert the deflection, d, in mV to nm. The cantilever defection was then 

converted into a force, F, according to Hooke’s law, F = k × d, where k is the force constant 

of the cantilever. [52] 
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Cells were imaged in contact mode at a scan rate of 1 Hz. Trace and retrace were monitored 

to locate the true apex of cells and ten force curves were measured at different locations 

along it. The cell apex was probed during force measurements rather than the cell periphery, 

which has a high degree of curvature that makes quantifying mechanical properties difficult. 

[53] Imaging was repeated after each collection of ten force curves to ensure no change in 

cell morphology had occurred. Force curves were acquired at a loading rate of 600 nm s-1. 

 

Force data at time zero (i.e., before the addition of peptide) were acquired by measuring 10 

force curves per cell across a population of cells. The values obtained were averaged to 

provide a negative control and are in good agreement with prior reports [30, 35] under similar 

conditions. The force profiles acquired following the addition of peptide were measured on 

single wild-type cells over a ~2 hour time frame. At each time point, 10 force curves were 

measured and the median curve was selected for analysis. Ten single cell experiments were 

performed to ensure reproducibility in the observed trends over time. The error bars around 

each data point in the figures represent ±1 standard deviation, which was calculated for a set 

of 10 force curves in both buffer and 6 µM caerin solution. The data obtained showed good 

reproducibility from location to location along each cell apex and from cell to cell at 

comparable times of exposure to peptide (Supporting Information, Figure S1). 

 

6. Bacterial cell indentation and force curve analysis 

Force curves obtained from both cells for this work were analysed using Hooke’s law: 

𝐹"#$%&'( = 𝐾+$,-./&01𝛿 (1) 

where 𝐹"#$%&'( is the applied loading force, 𝐾+$,-./&01 is the bacterial spring constant, and δ 

is the indentation. The slope of this linear compliance region of the force profile yields 

𝐾+$,-./&01, which is a direct measure of the relative turgor pressure of the bacterium. [31, 52] 
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The indentation depth at which the linear portion of the force curve begins provides an 

estimate of the bacterial capsule thickness. 

 

7. Cryo-electron microscopy 

Bacteria were exposed to buffer or caerin solution for two hours before being absorbed on 

glow discharge holey carbon grids and plunge frozen in liquid ethane. The resulting grids 

were observed on a FEI Tecnai F30 operating at 300 kV under low dose. Each micrograph 

was recorded on a Gatan Ultrascan 1000 with a total dose of ~2,000 e-/nm2. 

 

8. Scanning electron microscopy  

Cells were adhered to coverslip surface with poly-L-lysine and then fixed in 2.5% 

gluteraldehyde. Cells were then dehydrated by rinsing with ethanol/water of increasing 

ethanol percentage. Coverslips were dried before sputter coating with a Dynavac sputter 

coater. Cells were visualised using a FEI Quanta FEG 200 ESEM at a voltage of 10.0 kV. 

 

 

Results and Discussion 
 

Following adhesion to PEI slides, bacterial cells were imaged in contact mode in HEPES 

buffer (10 mM, pH 7.4) both before and after each set of force measurements to ensure cells 

were well adhered to the surface. Figure 1a shows a typical 12 x 12 µm AFM image of well-

dispersed, rod-shaped K. pneumoniae cells. The surfaces of the cells appeared 

topographically homogenous on this and smaller scale images (Figure 1b). 
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Figure 1. 3D projections of AFM images: (a) 12 × 12 µm image of topographically 

homogenous, rod shaped K. pneumoniae cells; and (b) 3 × 3 µm image of a single K. 

pneumoniae cell.  All cells were imaged in situ (10 mM HEPES buffer, pH 7.4). 

 

To provide statistically robust data in this study, force profiles of bacterial cell indentation 

were obtained at 10 points along the apex of each bacterium. Before measurements 

commenced, the system was allowed to equilibrate to minimise lateral drift.  Images of cells 

before and after each set of force measurements were compared to confirm minimal drift. 

Highly reproducible force curves were collected in this way. (Supporting Information, Figure 

S1). In all experiments, maximum loading force was controlled to prevent bacterial cell wall 

rupture due to force measurements. [54] The contact point, i.e., zero indentation, is defined as 

the point at which contact was first made between the tip and the sample, correlates to the 

onset of cantilever deflection. Long-range non-contact double layer interactions are 

negligible in this study since the electrolyte concentration is 10 mM (corresponding to a 

Debye length of ~ 3nm). 



	 12	

 

Figure 2. Typical force profiles (blue) of a K. pneumoniae cell with Hooke’s law fit (red) in 

a) HEPES buffer, and b) 6 μM caerin solution. Derived parameters (capsule thickness and 

turgor pressure) shown. 

 

Figure 2a shows a typical force profile for the indentation of a K. pneumoniae cell in buffer. 

In Figure 2b, the force profile shown is typical of lysed cells in 6 μM caerin solution. 

Hooke’s law fit (Eq. 1) has been applied to the linear portion of both curves. It is this stage of 

cell indentation that corresponds to the point where the loading force on the cell is of 

sufficient magnitude that the dominant opposing force is the turgor pressure of the cell. The 

gradient of the linear Hooke’s law fit is the turgor pressure of the cell. The turgor pressure of 

a bacterial cell is a measure of the osmotic stability and viability of the cell. 

 

Figure 3 contains plots of turgor pressure and capsule thickness for three of the 10 single cell 

experiments in this study. The three cells depicted here were chosen because their turgor 
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pressure plots are representative of a type of behaviour observed when exposed to caerin. In 

Figure 3a, a large increase in turgor pressure to ~250 mN/m, indicative of increased osmotic 

stress, is seen in the first 90 minutes, significantly greater than the average turgor pressure of 

cells in buffer (118 ± 40 mN/m) and indicative of increased osmotic pressure. Measurements 

then plateaued for the remaining period of observation. Four of 10 single cells showed this 

behaviour. In Figure 3c, the cell underwent a very large turgor pressure increase to 784 

mN/m followed by a rapid decrease. Two of 10 single cells showed this behaviour. Turgor 

pressure reduction after reaching a maximum is suggestive of lysis and cytoplasm leakage 

from a compromised envelope/membrane. This observation is in good agreement with 

previous work. [35, 55] Figure 3e shows a steady turgor pressure reduction until 

measurements plateaued at a value typical of lysed cells (~15 mN/m) [56]. Four of 10 single 

cells showed this behaviour. 

 

These three behaviours can be considered as part of the same process: the increased osmotic 

pressure that occurs due to the accumulation of peptide at the outer membrane followed by 

lysis and turgor pressure reduction. We speculate that the cells that behave like those in 

Figure 3a may withstand caerin exposure and the cells in Figure 3e may have experienced 

increased osmotic pressure prior to lysis. Turgor pressure changes in the data presented here 

indicate that peptide accumulation at the membrane has taken place. If peptide were 

accumulating within the capsule or interacting with lipopolysaccharide molecules, there 

would be no change in the linear region of force curves that report on turgor pressure. The 

variation in the kinetics of turgor pressure loss reported here has been observed in previous 

work [35] and is an expectation when performing quantitative measurements of biological 

systems as large natural variation exists within populations. [42, 57] 
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Figure 3. Turgor pressure and capsule thickness data for three representative K. pneumoniae 

cells submerged in 6 μM caerin solution. 

 

Figures 3b, 3d and 3f show the capsule thickness measurements for the three representative 

cells. As in our previous work with a melittin analogue, capsule thickness measurements did 

not change appreciably. A change in capsule thickness was evident only at long exposure 

times (as in Fig. 3b & 3d at ~130 min) or at times associated with lysis (as in Fig. 3f at 85 

min). This was also in good agreement with our previous work with melittin, although 

initially surprising since a cationic peptide would be expected to interact electrostatically 

with an anionic polysaccharide capsule. [58] Ionic interation would reduce polysaccharide 
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segment-segment repulsion and a collapse of the capsule and its brush-like structure (shown 

to exist in the K. pneumoniae capsule, [31]) would be expected. Such changes were not seen 

for either peptide. The changes in turgor pressure observed throughout the experiments 

reported here suggest that the peptide rapidly translocates through the capsule without any 

long-lived electrostatic association. Long-range electrostatic attraction may play a role in 

peptide-cell interactions but these results suggest that it is the entropic drive of the peptide to 

associate with the bacterial membrane that dominates. As was the case with melittin, similar 

MICs of 125 µM were obtained for both the wild-type and the capsule-deficient mutant, 

further evidence that the capsule confers no advantage to caerin exposure. To further 

understand the kinetics of peptide action, viable count assays of K. pneumoniae wild-type and 

capsule-deficient cells exposed to 6 µM caerin and melittin solutions were performed 

(Supporting information, Figure S2). The exposure of K. pneumoniae wild-type and capsule-

deficient cells to 6 µM caerin resulted in a reduction of viable cell number of ~4.5 x 106 

cfu/ml to ~2.0 x 104 cfu/ml  within the first hour, corresponding to a 95% reduction, after 

which cell numbers remained constant after 24 hours. Melittin was found to be more 

bacteriostatic than caerin, where after a one-hour exposure time, no viable wild-type nor 

capsule-deficient cells were observed. These results are consistent with MIC/MBC data 

demonstrating that the MIC of caerin is three times larger than that of melittin, and no 

difference in susceptibility to either peptide was observed between wild-type and capsule-

deficient cells (Supporting information, Figure S2). 

 

Uniquely for caerin was the formation of ‘holes’ in the bacterial surface during the time 

course of an experiment as shown in Figure 4. The cell, shown in both height and deflection 

images, corresponds to the turgor pressure and capsule thickness data shown in green in 

Figure 3e and 3f. The cell was chosen for measurement due to its regular shape, average size 
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and adherence to the gelatine coated slides after initial scanning. It was first imaged at 50 

minutes exposure time. At 85 minutes, the tip registered some interference, manifest in the 

‘lines’ visible across both the height and deflection images (Fig. 4c & 4d). This corresponds 

to the high capsule thickness measurement at 85 minutes in Figure 3f. Tip interference of this 

type was evident in all the subsequent images. One hole first became apparent at 95 minutes 

exposure time, but the interference with the tip blurred the image and those that followed. By 

120 minutes, imaging with less tip interference was possible (Fig. 4e & 4f) and several small 

and one large hole were visible. The holes were observed to grow to the size shown in 

Figures 4g and 4h at 173 minutes exposure time. The cell was observed for a further 25 

minutes with no significant change. 

 

Figure 4. Height and deflection images (3 × 3.4 μm ) of K. pneumoniae cells submerged in 6 

μM caerin solution at a) and b) 67 minutes; c) and d) 85 minutes; e) and f) 120 minutes; and 

g) and h) 173 minutes exposure time. 
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Several cells that had not been subjected to successive force curve collection and imaging 

cycles also had similar damage, confirming that this phenomenon was not a product of AFM 

measurements. Damage of this kind, originating from very small defects, points to localised 

damage in the cell wall induced by caerin. A similar phenomenon was observed using AFM 

time lapse imaging by Rakowska et al. [59] in supported lipid bilayers exposed to a de novo 

peptide generated as an ideal model of a transmembrane AMP. As in our experiments with K. 

pneumoniae, the pores formed in the supported lipid bilayer experiments of Rakowska et al. 

were not limited to a particular size but could expand laterally on both the nano-to-

micrometer scale. To observe the effect of caerin exposure on the cytoplasmic and outer 

membranes, cells treated with caerin were visualised using cryo-electron microscopy. 

 

Figure 5a shows a single K. pneumoniae cell treated with buffer only. Cytoplasmic 

membrane, peptidoglycan layer, outer membrane and fimbriae are all clearly visible. Figure 5 

b and 5c show cells treated with caerin for two hours before flash freezing for cryo-EM. Two 

different caerin concentrations were used. Firstly, the concentration at which AFM 

measurements were taken, 6 μM (Fig. 5b), and a higher concentration, three times the MIC, 

at 380 μM (Fig. 5c) to ensure cells were captured in a damaged state, as caerin did not lyse 

cells in four out of 10 AFM single cell experiments. 

 

Sixty cells were visualised at 6 μM. Of these, five cells showed damage of the kind in Figure 

5b where cytoplasmic membrane is no longer visible and peptidoglycan only partially 

evident. A further 20 cells showed membrane or peptidoglycan discontinuities and the 

remaining 35 cells showed no visible damage. This is in good agreement with AFM data that 

showed cells were not uniformly affected by caerin. 
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Figure 5:  Cryo-electron micrographs of K. pneumoniae cells treated with: a) HEPES buffer; 

b) in 6 μM caerin; c) 380 μM caerin, arrows indicate the presence of ‘holes’ or ‘cracks’ in the 

outer membrane; and d) 6 μM melittin. Swelling of periplasm indicated by doubled-headed 

arrow, cytoplasmic membrane discontinuity indicated by arrow. 

 

Cryo-EM images of melittin-treated cells (6 μM) showed a higher proportion of cells (14 of 

18) visualised with swelling of the periplasm as in Figure 5d, reflecting the lower MIC (38 

μM [35]). The outer membrane and peptidoglycan layer appear to be intact. The cytoplasmic 

membrane appears to be sufficiently intact to contain the cellular contents, though it appears 

irregular and discontinuous in places. This contrasts with caerin-treated cells, where cellular 

contents appeared to be no longer contained. The distance between outer membrane and 

peptidoglycan layer and the cytoplasmic membrane is greater in treated cells, most probably 

reflecting a state of post-osmotic stress-induced lysis. A similar phenomenon was observed 

previously with K. pneumoniae and the antibiotic cyclic lipopeptide colistin [56]. Of the four 

remaining melittin-treated cells, three had discontinuous cytoplasmic membranes and one cell 

appeared to be free of damage. 
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At 380 μM caerin, 27 of 37 cells visualised had no distinct cytoplasmic membrane and only 

partially visible peptidoglycan layers. Of these, 19 cells showed ‘cracks’ or ‘holes’ (~20 nm) 

in the outer membrane as marked with arrows in Figure 5c. A further 9 cells showed 

membrane discontinuities and one remaining cell showed no visible damage. The AFM 

images in Figure 4 show that the large ‘holes’ arise from very small defects. It is unclear 

though if these ‘cracks’, visible by cryo-EM at a high concentrations of caerin, are related to 

these small defects. 

 

Figure 6: Scanning electron microscopy (SEM) images of K. pneumoniae treated with a) 

HEPES buffer; b) 6 μM caerin solution; and c) 380 μM caerin solution. 

 

Scanning electron microscopy was used to further examine the cells. A cell treated with 

buffer (Fig. 6a) shows evidence of the dehydrating preparation. In Figure 6b, two cells treated 

with 6 μM caerin are shown. As in AFM and cryo-EM experiments, SEM images of caerin-

treated cells do not indicate a uniform affect. Of the 38 cells visualised at this concentration, 

14 displayed the kind of damage visible in the lower of the two cells. The remaining 24 cells 

showed damage that could not be easily distinguished from the effect of dehydration on the 

cells (as shown in the upper of the two cells). At 380 μM, 26 cells were visualised. Of these, 

20 cells were severely damaged as in Figure 6c. The remaining 6 cells showed damage that 

could not be easily distinguished from the effect of dehydration on the cells. The caerin-
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damaged cells in Figure 6b and 6c show cells with concave damage, in good agreement with 

the ‘holes’ found in AFM experiments. 

 

Conclusions  

 

Time-resolved AFM images revealed caerin caused localized defects in the cell wall of lysed 

K. pneumoniae, pointing to a pore-forming mechanism of action. These defects continued to 

grow to become large holes that were also visualised by scanning electron microscopy. 

Evidence of damaged membranes was visualised by cryo-EM at the concentration used in 

AFM experiments. At three times the MIC, ‘pores’ in the outer membrane were visible. In 

addition, the K. pneumoniae AJ218 capsule was largely unchanged by exposure to caerin, 

indicating that ionic interaction with bacteria-bound capsular polysaccharide was not a key 

factor for AMP interaction with K. pneumoniae AJ218 cells. Further, the presence of a 

capsule conferred no resistance advantage to wild-type over capsule-deficient cells when 

exposed to caerin. Caerin 1.1 appears to affect the mechanobiology of bacteria via membrane 

pore formation. 
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