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Abstract 

The threat of antimicrobial resistance (AMR) is becoming a greater threat to the world’s healthcare. To 

combat AMR, there is a need to search and develop novel antibiotics. Plectasin is such novel antibiotic. 

It targets lipid II (LII), which is often referred to as the ‘Achilles heel’ of the cell. LII is an indispensable 

for the bacterium’s survival. It is the major building block for the bacterial peptidoglycan network and 

once disturbed, leads to rapid cell death. Plectasin is a cysteine-stabilized αβ defensin and a derivative 

of plectasin, NZ2114, is a triple mutant that has dramatically increased activity against methicillin-

resistance Staphylococcus aureus, one of the most dangerous drug-pathogen combinations. The three 

mutations (D9N, M13L, Q14R) in NZ2114 however do not overlap with the suggested LII binding site, 

and no rationale why these mutations increase the efficacy against MRSA could be found thus far.  

Here, we investigated the effect of the three mutations on the efficacy of plectasin against MRSA, 

MSSA and Staphylococcus simulans using a combination of solution NMR, bacterial killing assays, 

and isothermal titration calorimetry (ITC) experiments. We found that mutations D9N and Q14R 

drastically increase plectasin’s activity against MRSA. The D9N mutation causes many chemical shift 

perturbations (CSP), specifically in the anionic patch and β-loop region that bind Ca2+ and W8 and F35 

which are suggested to bind the sugars of LII. Mutations M13L and Q14R do not cause CSP in the Ca2+ 

binding site, but do cause CSP in the α-helix, which is responsible for oligomerization of plectasin.  
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Layperson abstract 

We are facing a huge threat to the worlds general healthcare due to the widespread and careless use of 

antibiotics. Antimicrobial resistance (AMR) occurs when microbes, such as bacteria, develop 

mechanisms that make antibiotics ineffective. To combat AMR, we need to search or develop novel 

antibiotics that are very effective against these superbugs, very difficult to develop resistance towards 

and that are broadly applicable towards many bacteria. However, big pharmaceutical companies are 

backing out due to the high cost to search and develop these drugs with very little in return. Antibiotics 

that meet the requirements have to have an outstanding target within the bacteria.  

One such target is lipid II (LII), as it is the major building block for the bacterial cell wall and often 

referred to as its ‘Achilles heel’. LII is essential in the bacteria’s survival as it is responsible for its size 

and shape, its protection against the outside, its reproduction, and many other function. LII is made 

inside the cell membrane of the bacteria and after incorporated in the cell wall. Once the peptidoglycan 

network is disrupted, by for instance the sequestering of LII from being incorporated, the bacteria will 

rapidly die.  

A novel antibiotic that targets LII and the main focus of the report is plectasin. Many studies have been 

performed on plectasin and it’s a representative of a major class of new antibiotics. From the research, 

we now know that it targets two parts of LII, which are highly unlikely to be modified, in turn making 

plectasin a very difficult antibiotics to gain resistance towards. Plectasin has also been shown to be 

highly active in infected mice models with low toxicity towards the animal. NZ2114 is plectasin that 

has three mutations which makes it more active against one of the most dangerous superbugs: 

methicillin-resistant Staphylococcus aureus (MRSA). These three mutations do not correlate with the 

way plectasin would bind to LII and there was no knowledge about how these three mutation would 

increase plectasin’s ability to kill MRSA. The three mutations in NZ2114 do correlate to the binding 

site that plectasin has with calcium ions. These calcium ions play a very important role in the 

antibacterial activity of plectasin, but how the calcium ions and the mutations influence the binding of 

plectasin to LII is currently unknown.  

This study aimed to shed light on the effect of the three mutations in plectasin that lead to increased 

activity against MRSA. Here, we used did the mutagenesis to produce plectasin with one of the three 

or two of the three mutations. After production and purification of plectasin, we inspected the structure 

of all our plectasins. These six different mutants, the normal plectasin and NZ2114 were compared to 

each other for their effectivity in killing MRSA and their binding affinity to LII. We found one mutation 

causes a large change in the calcium ion binding site and maybe the LII binding site, which also 

increases the killing activity. The other mutants cause a change in the structure which might make 

NZ2114 more likely to stick to other NZ2114 molecules. This in turn helps NZ2114 in killing MRSA. 

Another option for the increased activity is caused by changing the overall charge of the antibiotic, from 

+1 to +3, due to the mutations. This may help the more positively charged NZ2114 to bind LII as it is 

less repelled by the very negatively charged bacterial cell membrane. 

  



 
 

3 
 

Table of contents 
 

Introduction           4 

 Antimicrobial resistance and the need for novel antibiotics    4 

 Lipid II as ideal antibiotic target        4 

 Plectasin and plectasin-derivatives       5 

Materials and Methods         8 

 Plasmid construction         8 

 Transformation of DH5α        8 

 Purification of the plasmid        8 

 Peptide expression and purification       8 

 Solution NMR          9 

 Isothermal titration calorimetry        9 

 Inhibitory assays         9 

Results            10 

 Production and purification of plectasin and mutants     10

 Conserved protein fold with large chemical shift perturbations    11 

 Mutations D9N and Q14R increased the antimicrobial activity    12 

 The thermodynamic profile of D9N and M13L mutants was similar to NZ2114  13 

Discussion           16 

 Conclusion          16 

 Discussion          16 

 Future prospects         18 

Acknowledgements          19 

References           19 

Supplementary Information         24 

  



 
 

4 
 

Introduction 
 

Antimicrobial resistance and the need for novel antibiotics 

In the recent years, it has become more and more apparent that antimicrobial resistance (AMR) is a 

major threat to our general health1,2. Due to the use and abuse of antibiotics in hospitals, but also in 

nonmedical use cases, bacteria are gaining more resistance to the widely used but also the last resort 

drugs3. To combat this problem, new antimicrobial drugs or alternatives have to be developed4,5. The 

discovery and development of such drugs is time intensive, the drugs might not get approved, they are 

very costly to develop and make and thus isn’t profitable for the big pharma6,7. Academia can provide 

insights into the working mechanisms of antimicrobial drugs, which can then be used in the drug 

development process reducing loss and ensuring a steady stream of novel compounds.  

The World Health Organisation (WHO) has on multiple occasions published a list of ‘priority 

pathogens’8–10, which are a major cause of disease and deaths every year for millions of people 

worldwide2,11. More recently, a study has been able to attribute 1.2 million deaths to AMR and 4.9 

million cases AMR associated deaths1. Their findings also include the leading pathogens for deaths 

associated with AMR (Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus 

pneumoniae, Acinetobacter baumannii and  Pseudomonas aeruginosa) and the most prevalent 

pathogen-drug combination associated with AMR deaths, which was methicillin-resistant S. aureus 

(MRSA). 

 

Lipid II as ideal antibiotic target 

A strategy to combat AMR is to develop antibiotics with a target that is essential, difficult to modify 

and  conserved in between bacterial species. One such target is lipid II (LII), often referred to as the 

‘Achilles heel’ of bacteria12. LII is a crucial building block in the peptidoglycan (PGN) synthesis of 

bacteria. The PGN layer is present in both Gram-negative and -positive bacteria, however it is mostly 

present as a single layer in between the inner and outer membrane of Gram-negative bacteria and present 

as much larger multi-layered cell wall on the outside of Gram-positive bacteria13. The PGN is readily 

accessible in Gram-positive bacteria, which makes the biosynthesis proteins, lipid II itself and its 

precursors outstanding targets for antibiotics14. The general structure of LII consist of the undecaprenyl 

phosphate (C55-P) that is linked via a pyrophosphate to N-acetyl-muramyl-pentapeptide-N-

acetylglucosamine (MurNAc-pp-GlcNAc) disaccharide (Figure 1A)13. The biosynthesis is a multistep 

process spanning three cell compartments: the cytoplasm, the inner face of the inner membrane and the 

outer face of the inner membrane. After crossing over to the outer face of the membrane, the 

disaccharide is transferred to a nascent chain (Figure 1B).  

Disruption of the LII biosynthesis leads to dysfunction of the bacteria, as the PGN is responsible for 

many critical functions, such as cell integrity and reproduction15. There are a variety of LII binders that 

target different components of LII16. The (glyco-)lipopeptide vancomycin17 binds LII on the D-Ala-D-

Ala of the pentapeptide, which can be altered by bacteria to D-Ala-D-Lactate to acquire resistance. 

Other LII binders target the pyrophosphate and MurNAc sugar, i.e. the depsipeptide teixobactin18, the 

lantibiotic nisin19 and the defensin plectasin20. The pyrophosphate of LII is an ideal target, as it cannot 

be modified. 
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Figure 1. (A) The structure of lipid II (LII). LII consists of a undecaprenol lipid tail (C55) coupled the 

sugars MurNAc-GlcNAc by a pyrophosphate. On the MurNAc sugar is the pentapeptide. In this 

depiction it is based on LII of most Gram-positive bacteria, in which the pentapeptide consists of L-

Ala-D-Glu-L-Lys-D-Ala-D-Ala. (B) A schematic depiction of the peptidoglycan (PGN) for Gram-

positive and Gram-negative bacteria and a schematic overview of the biosynthesis of LII. After 

synthesis of LII in the cytoplasm, the LII is flipped to the outer leaflet by a flippase, where it can then 

be incorporated into the PGN. Most Gram-negative bacteria only contain a single layer of PGN, while 

Gram-positive bacteria have a multi-layered PGN.  

 

Plectasin and plectasin-derivatives 

Plectasin is a 40 residue long cysteine-stabilized αβ (CSαβ) defensin, isolated from the fungus 

Pseudoplectania nigrella20,21. It contains 3 disulfide bonds (C4–C30, C15–C37, C19–C39), an α-helix 

(M13–S21) and two antiparallel beta-strands (G28–A31, V36–C39) (Figure 2). Curiously, plectasin 

contains a negative patch (D9-E10-D11-D12) at the end of the first loop right before the α-helix, which 

is not present in other known CSαβ defensins. Recent studies show that plectasin can bind divalent 

cations22,23 and this may be related to the anionic patch and antibacterial activity23,24. Plectasin does not 

only bind Ca2+ with the amides of the anionic patch residues (excluding D9), but also the amides of 

residues A31-K32-G33-G34 and the side chain of N5 and Q1425. 

Its exact mode of action however remains unidentified. The killing might occur, like many other LII 

binders, by sequestering the LII from incorporation into the PGN. Another common AMP mode of 

action is by pore formation, however literature suggest that pore formation is not its only mode of action, 

if it occurs at all in biological membranes26,27. Plectasin’s minimal inhibitory concentration (MIC) and 

minimal bactericidal concentration (MBC) are very close together20,21, suggesting it kills the bacteria 

and not only halting its replication. We can also observe oligomerisation of the LII-plectasin complex, 

like other LII-targeting antibiotics18, using ssNMR DNP experiments25, high speed AFM studies and 

fluorescent microscopy (unpublished data).  
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Figure 2. Schematic view of wildtype plectasin. Residues 9, 13 and 14 (indicated in red) will be studied 

in this research by way of mutagenesis, NMR, ITC and inhibitory studies. We will focus on mutations 

D9N, M13L and Q14R, single and double mutants, as these three mutations together improve plectasin 

MIC against MRSA. NZ2114, as the triple mutant is called, has been described to have a similar fold 

as wildtype plectasin. Residues D9-E10-D11-D12 are commonly referred to as the anionic or negative 

patch and is the binding site for Ca2+. 

 

Some natural and synthetic derivatives include NZ2114 (D9N, M13L, Q14R)28,29, MP1102 (D9, M13, 

Q14)30 and Py4 (Q14K, G33A)31. These examples all contain a mutation on Q14 and to a lesser extent 

D9 and M13, and all have increased activity against MRSA. In this research we will be taking a closer 

look at NZ2114. This triple mutant has a +3 net charge (to plectasin’s +1) and the mutations do not 

correlate to the LII binding site, however they are very close to (M13, Q14) or are part of the negative 

patch (D9). Interestingly, these three mutations increase the activity against MRSA, while the overall 

fold is still conserved23,25,32,33. LII of MRSA has two distinct structural changes: the E2 of the 

pentapeptide is amidated and the K3 contains a pentaglycine chain34,35 

In this study, we aim to better understand the influence of the three point mutations in plectasin, D9N, 

M13L, and Q14R that lead to an increase in anti-MRSA activity. We will discuss in short the production 

and purification of plectasin and the mutants (Figure 3), which consist of site-directed mutagenesis and 

purification via Ni2+ affinity and gel-filtration chromatography. The main results were produced by 

solution NH NMR, MIC studies and ITC to observe the increase in anti-MRSA activity and LII binding 

between the mutants compared to the wildtype. 
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Figure 3. The schematic workflow of the production of plectasin. (A) Site-directed mutagenesis was 

used to turn wildtype plectasin DNA into the mutants that we wanted. This is done by a primer mismatch 

on both strands and amplification by PCR. The wildtype plectasin DNA was digested using a restriction 

enzyme specific for methylated sites. Plasmid stocks were obtained by transformation of E. coli DH5α 

and isolating the plasmids. (B) After transformation of E. coli Shuffle cells, they were grown in M9 

minimal media containing 15NH4Cl. The cells were harvested 4 hours after induction and destroyed 

with a sonication probe. The His-tagged SUMO-plectasin was isolated using a Ni-NTA column, after 

which the SUMO was cleaved off by Ulp1 overnight. The mixture of proteins was purified using a gel-

filtration column.  
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Materials and Methods 
 

Plasmid construction 

Plectasin DNA was inserted into pET_SUMO vector by previous PhD and MSc students. The construct 

contains the Small Ubiquitin-like Modifier (SUMO) protein as recombinant protein, which increases 

the solubility of plectasin in the cytosol and contains a his-tag for ease of purification. 

Site-directed mutagenesis was performed on wildtype plectasin in the pET_SUMO with the primers 

that were provided (Table S1) using the KOD Hot Start DNA Polymerase protocol (Novagen)36. The 

thermocycles used were as follows: 1. 5:00 95 °C 2. 0:30 95 °C 3. 0:30 52 °C 4. 7:30 68 °C 5. Repeat 

steps 2-4 12x 6. 12:30 72 °C 7. 4 °C. Digestion of the wildtype vector was done using DpnI restriction 

enzyme, which only cuts methylated DNA. 

  

Transformation of DH5α  

Chemically competent E. coli DH5α was transformed using 10 µL of the PCR product following a 

standard heat shock protocol at 42 °C for 30 seconds. The bacteria were kept on ice and allowed to 

recover in SOC medium at 37 °C while shaking (200-250 rpm) for 1-2 hours. The bacteria were 

centrifuged at 3,000 × g for 2 minutes, resuspended in a small volume of supernatant (50 µl) and plated 

on a petri dish containing LB agar with 25 µg/ml kanamycin. The petri dishes were incubated overnight 

at 37 °C and afterwards put at 4 °C until needed. 

 

Purification of the plasmid  

Single colonies of transformed E. coli DH5α were inoculated into 5-10 mL LB containing 25 µg/mL 

kanamycin and grown overnight at 37 °C, 200 rpm. The plasmids were then isolated following a 

GeneJET Plasmid miniprep kit (#K0503, Thermo Scientific)37. The elution was done using Milli-Q 

(MQ) water. The plasmids were sent for Sanger sequencing (EZ-seq, Macrogen) according to their 

specifications. The resulting data was analysed using Serial Cloner v.2.6.1 and Macrogen’s provided 

chromatograms. 

 

Peptide expression and purification 

SHuffle® T7 Express lysY E. coli (NEB) were transformed using 2 µl of purified plasmid DNA 

following the same  protocol as above. E. coli Shuffle ® cells is a stain that facilitates the formation of 

disulfide bridges in the cytoplasm, which makes removes the otherwise necessary refolding of the 

protein. The LB agar was supplied with 25 µg/mL kanamycin and additionally 17.5 µg/ml 

chloramphenicol. The petri dishes were incubated overnight at 37 °C and afterwards put at 4 °C until 

needed. 
Single colonies were inoculated into 1 ml LB containing 25 µg/ml kanamycin and 17.5 µg/ml 

chloramphenicol and incubated overnight at 37 °C while shaking at 200 rpm. The inoculates were 

diluted into 200 mL of M9 minimal medium and incubated at 37 °C while shaking overnight. The 

preculture was scaled up 1 L by diluting to OD600 0.2-0.3 in (un)labelled M9 minimal medium and 

grown to OD600 0.6. If isotopically labelled 15NH4Cl or 13C-Glucose was used when scaling up, the 

preculture was first centrifuged at 3,000 × g for 10 minutes and the supernatant was discarded. The cells 

were resuspended in the labelled M9 medium. This was done to remove unlabelled material from the 

medium. The expression was induced by the addition of isopropyl ß-d-1 thiogalactopyranoside (IPTG) 

to a final concentration of 0.5 mM and incubated for 4 hours. The cells were harvested by centrifugation 

for 15 minutes at 4,000 × g at 4 °C and frozen at -20 °C in lysis buffer (50 mM sodium phosphate pH 

8.0, 150 mM NaCl, 1 mM β-mercaptoethanol and 25 mM imidazole) until further use. 

The cells were thawed and benzonase was added to the cell suspension. The bacteria were lysed by a 

sonication probe using intervals of 15/45 seconds on/off for 15 minutes. The sample was kept on ice 

during and after sonication to prevent the sample from heating up. The debris was centrifuged at 40,000 

× g for 30 minutes and the supernatant was loaded onto a Ni-NTA column. The lysate was loaded onto 

the column four times, whereafter the column was washed using 10 CV of lysis buffer, and the SUMO-

plectasin was eluted using 5 CV of elution buffer (50 mM phosphate buffer pH 8.0, 150 mM NaCl, 1 

mM b-mercaptoethanol and 400 mM imidazole). The eluate was incubated with Ulp1 overnight at 4 
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°C, to cleave the bond between SUMO and plectasin. Verification of cleavage was done using 

tris/tricine SDS-PAGE (20%). 

Plectasin was further purified using a gel-filtration column (Superdex 30 prep-grade HiLoad 260/60) 

on a Äkta pure system. The sample was loaded and eluted using buffer containing 50 mM Sodium 

phosphate, 150 mM NaCl and 1 mM b-mercaptoethanol. Purified plectasin was stored at -20 °C and 

was concentrated before use to avoid aggregation of the peptide. The sample concentration was done 

using an Amicon 15 Centrifugal Filter Units (3,000 NMWL). Buffer exchange was also done using 

Amicon Centrifugal Filter Units by dilution of the phosphate buffer to HEPES buffer of at least 600 

times. 

  

Solution NMR 

All spectra shown were acquired using a Bruker 600 MHz spectrometer and analysed using Topspin 

4.1.3 and Poky suite38.  

A 5 mm glass NMR tube (Wilmar) was filled with 20 µM 15N-labelled plectasin in Pi buffer (50 mM 

NaPi, 150 mM NaCl, 1 mM β-mercaptoethanol) with 10% (v/v) D2O. 2D NH heteronuclear single-

quantum correlation (HSQC) experiments were acquired to assess the backbone fold. Assignments of 

the peaks were taken from literature20,23,25,32. 

Chemical shift perturbations (CSP) for the plectasin and the mutants free in solution can be calculated 

as the sum the absolute backbone HN and N chemical shifts using: 

∆𝛿𝐶𝑆𝑃, 𝐻𝑁 (𝑝𝑝𝑚) =
√(𝛿𝐻, 𝑃𝑙𝑒𝑐 − 𝛿𝐻, 𝑀𝑢𝑡) + (

𝛿𝑁, 𝑃𝑙𝑒𝑐 − 𝛿𝑁, 𝑀𝑢𝑡
𝐵 )

2

2

 

where δH and δN are the chemical shifts (ppm) of the corresponding nuclei and B is the B-factor, which 

was kept as 5. 

  

Isothermal titration calorimetry 

Large unilamellar vesicles (LUVs) of DOPC, doped with 2% LII, were prepared using the extrusion 

method39. The concentration of the LUVs was determined as the concentration of inorganic phosphate 

after digestion with perchloric acid40 by UV-VIS spectrometry. LUVs and plectasin w.t. or mutants (50 

mM HEPES, 150 mM NaCl, 1 mM β-mercaptoethanol, pH 7.2) were degassed for 15 minutes at 37 °C 

prior to the start of the experiment. The cell was filled with 200 µL plectasin and 2 µL LUVs were 

titrated at set intervals at a rate of 0.5 µL/sec at a constant stirring rate of 125-150 rpm. All ITC 

measurements were performed at 37 °C on a Affinity ITC (TA Instruments). The resulting data was 

analysed using Nano Analyze Software (v.3.12.0, TA Instruments). Independent models were used for 

fitting of the raw data. As plectasin and its mutants cannot cross the membrane, the lipid II concentration 

was adjusted for the calculations. 

 

Inhibitory assays 

Antibacterial activity of plectasin and its mutants were determined using a broth microdilution assay 

according to the Clinical and Laboratory Standards Institute (CLSI) guidelines41. Colonies of MRSA 

(USA300), MSSA (ATCC29213) and Staphylococcus simulans were inoculated in cation-adjusted 

Müller-Hinton Broth (CAMHB) and grown overnight at 37 °C (non-shaking). The cultures were diluted 

OD600nm 0.05 and grown to log phase (OD 0.1-0.3). The antibiotics were serially diluted in a round-

bottom 96-well plate from a 100 µg/ml stock. The bacteria were added so the concentration was 106
 

CFU/ml. The plate was then incubated at 37 °C for 20 hours and growth was determined by eye. The 

experiments were performed in triplicate on different days and the average was recorded. 

The inhibitory zone assay was performed using an overnight culture of bacteria, inoculating this into 

warm tryptic soy agar and pouring this into petri dishes to a height of 5 mm. Once cooled, 1000-125 

nmol of plectasin and its mutants was spotted (~5µL) onto the agar. This was incubated 4 hours at 4 °C 

and another 24h at 37 °C. The size of the resulting disc was determined by scanning the plates and 

measuring using ImageJ. 
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Results 

Production and purification of plectasin and mutants.  

The pET_SUMO vectors containing the plectasin DNA were kindly provided by a previous PhD 

candidate and students. However, after the first round of protein expression and purification we 

concluded that some mutant vectors (M13L and M13L Q14R) did not contain correct mutation(s). For 

these mutants, vectors of plectasin were used for site-directed mutagenesis (Table S1). The product was 

introduced in E. coli DH5α and plasmids were isolated. The plasmid for every mutant was sequenced 

(Figure 4A) using Sanger sequencing. The correct mutations were identified in the plectasin sequence, 

while no other mutations were detected in either plectasin or SUMO. E. coli Shuffle® cells were 

transfected with the plectasin and mutant DNA. The Shuffle cell line allows for disulfide bridge 

formation in the cytoplasm of the bacteria, which is crucial for CSαβ defensins. After induction with 

IPTG, the cells were harvested and lysed. The SUMO-plectasin construct was purified with a Ni-NTA 

column and subsequently, the SUMO was cleaved of using Ulp1 (Figure 4B). The mixture was run over 

a gel-filtration column to purify plectasin (Figure 4C and D). Interestingly, the plectasin mutants 

containing D9N eluted later from the column. This suggests that these mutants adopt a smaller 3D 

conformation. Peaks 3-6 on the gel-filtration trace all contain plectasin (Figure 4D), however only 

plectasin from peak 6 is eluted as a monomeric state. 

 

Figure 4. (A) Representative trace of sequenced plectasin DNA. It contains full length plectasin (red 

box), the SUMO protein (full length not shown, blue box) and the beginning of the pET_SUMO vector 

(green square). (B) Representative SDS-PAGE after the first purification on a Ni-NTA column. PM = 

protein marker. Loaded on the gel were the cell pellet after cell lysing (1), the supernatant (2), the 

flowthrough of the Ni-NTA column (3), the wash of the Ni-NTA column, the elution of the Ni-NTA 

column (5) and the elution after overnight cleavage of SUMO-plectasin using Ulp1 (6). In the red square 

was cleaved plectasin and in the blue squares are SUMO-plectasin (5) and SUMO (6). (C) Normalized 

gel-filtration UV traces of plectasin and the mutants D9N, Q14R, D9N M13L and D9N Q14R. 

Interestingly, the traces containing the D9N mutation elute later, thus are of a smaller particle size. 

Mutants M13L and M13L Q14R are excluded due to being run differently on the gel-filtration column. 

The numbers 1-6 correspond to the peaks of the plectasin trace. (D) Representative SDS-PAGE gel 

after gel-filtration. PM = protein marker. Loaded on the gel were 1-6 from the gel-filtration. Peak 2 
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contains the SUMO and peaks 3-6 all contain plectasin (red square), however only peak 6 is used for 

experiments. 

Conserved protein fold with large chemical shift perturbations 

We measured 2D N-H solution state NMR spectra of plectasin, NZ2114, and the mutants to ensure that 

the peptides folded correctly. All spectra could be fully assigned based on previous literature20,22 (Table 

S2). Previous literature also mentioned several chemical shift perturbations (CSP) present in NZ2114 

compared to plectasin42,43, however the CSαβ-fold was conserved. We also observed the same CSPs 

(Figure 5A and S1) in NZ2114, where residues N5, W8, D/N9, E10, D11, D12 (negative patch) and 

M/L13 show huge signal shifts. Surprisingly, the single mutant D9N is the source of most of these 

perturbances (Fig 5B). N5, W8, E10, D11 and D12 all shift to a different state which is present for all 

mutants containing the D9N mutation. D9N is also the only mutation that causes relatively large 

perturbations further in the peptide, mainly for F35 and V36. CSPs per mutant are visualized in Fig. 6. 

Single mutant M13L shows perturbances in Q14 and itself, while Q14R only shows a shift in this 

residue. Interestingly, the M13L Q14R double mutant shows only a shift in the position of L13 and not 

R14. This is in accordance with the shifts present in NZ2114.  

 

Figure 5. Comparison of 2D N-H NMR data of plectasin, NZ2114, and the mutants. (A) Overlay of the 

full spectra of plectasin and NZ2114. (B) Overlay of plectasin, NZ2114, and all the mutants in the 

region of interest of A. Additional regions of interested show the shifts of the anionic patch (D/N9-E10-

D11-D12), M/L13, Q/R14, N5 and W8 
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Figure 6. CSP of the negative patch and mutation sites visualised as white spheres in proportion with 

the perturbance measured in NMR compared to wildtype plectasin for NZ2114 and all mutants.  

Mutations D9N and Q14R increased the antimicrobial activity  

To investigate the importance the mutations had on the increased activity of NZ2114 against MRSA, 

we performed microbroth dilution assays were performed to determine the MIC for MRSA, methicillin-

susceptible Staphylococcus aureus (MSSA) and S. simulans (SS). MSSA and SS were chosen as control 

strains to test if the activity of NZ2114 is selective for MRSA and for any Staphylococcus. None of the 

tested AMPs showed abolished inhibitory activity and all showed activity on par with or greater than 

wildtype plectasin (Table 1). For single mutants D9N and M13L, we observed no increase in MIC over 

plectasin, except for D9N against MSSA. Mutant Q14R showed an improvement in MIC against all 

tested bacteria, while the double mutant D9N Q14R performed on par with NZ2114. Surprisingly, the 

MIC for MRSA was lower than the MIC for MSSA for plectasin and all mutants except D9N. The 

combinations of D9N M13L and M13L Q14R did have increased antibacterial activity, however they 

showed the same amount of activity as the single mutant Q14R. 

Our obtained MIC values for plectasin corresponded nicely to the literature (2-32 µg/ml20,44), whereas 

the MIC data for NZ2114 against MRSA were between 2-4 µg/ml for NZ211428,45, or previous in-house 

MIC data for NZ2114 (<0.78 µg/ml). Thus, we expected to see a greater difference between the mutants. 

As this was not the case, we opted to do a follow-up experiment to test the antimicrobial activity of the 

mutants. 
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Table 1. Minimal inhibitory concentrations (MIC), minimal bactericidal concentrations (MBC), and 

inhibition zone diameter of plectasin and its mutants against MRSA, MSSA and SS. 

 
MRSA MSSA SS 

 

MIC 

(µg/ml) 

size inhibition 

disc (mm) 

MIC 

(µg/ml) 

size inhibition 

disc (mm) 

MIC 

(µg/ml) 

size inhibition disc 

(mm) 

Plectasin 12.5 8.8 25 7.3 12.5 13.1 

D9N 12.5 10.1 12.5 8.1 12.5 13.3 

M13L 12.5 8.8 25 7.9 12.5 13.1 

Q14R 10.4 10.5 12.5 8.7 9.4 14.8 

D9N M13L 10.4 10.4 12.5 8.6 6.3 13.7 

D9N Q14R 8.3 11.7 12.5 9.6 6.3 15.2 

M13L Q14R 10.4 11.3 12.5 9.0 9.4 14.5 

NZ2114 8.3 11.6 12.5 9.7 6.3 14.7 

Vancomycin 0.8 - 0.8 - 0.8 - 

 

Additionally, an inhibition zone assay was performed to assess the inhibitory efficacy of plectasin (Fig. 

7, Table 1) in the hope to find a greater discrepancy between the different mutant activities. The size of 

the disc corresponds to the area of growth inhibited bacteria and a greater area means greater 

bactericidal activity. As expected, the inhibition was most limited for the wildtype plectasin, with the 

M13L mutant having similar antimicrobial activity. We could now differentiate the effectiveness 

between D9N and Q14R, as the latter had a greater disc size. The double mutants follow the same trend, 

as the D9N Q14R was close to or sometimes even outperforming NZ2114. M13L Q14R was slightly 

worse, but still outperformed D9N M13L. These trends were observed against MRSA and also MSSA 

and S. simulans (Table S3; Figure S2). 

 

Figure 7. Inhibition zone assay of plectasin and its mutants on MRSA. The size of the discs are shown 

in Table 1. The bacteria are allowed to grow inside the agar medium while 125, 250, 500 and 1,000 

nmol (5 µL) of the AMPs are added on top op the agar. This was then incubated for 20 hours and a scan 



 
 

14 
 

was made of the agar plate. The sizes of the discs of 1000 nmol plectasin are in Table 1, all values are 

in Table S3. 

The thermodynamic profile of D9N and M13L mutants was similar to NZ2114  

We compared binding affinities (Kd, Figure 8) and thermodynamic parameters (ΔG, ΔH, TΔS, Table 2) 

of plectasin, NZ2114 and our mutants with LII doped DOPC LUVs using isothermal titration 

calorimetry (ITC). In this system, plectasin should only have had access to 1% LII, due to it being 

unable to cross the membrane and access the inner leaflet. Wildtype plectasin had a high entropy and 

high enthalpy value, while NZ2114 had an entropy of close to zero and the binding energy coming 

almost entirely from enthalpy. We found that the strongest binder (lowest Kd) to LII was the M13L 

mutant. We expected to see the same high entropy as we saw for the wildtype plectasin, due to the 

mutation not improving the MIC. While still having a slightly higher entropy than the other mutants 

with the exception of Q14R, the thermodynamic profile of M13L more closely resembled NZ2114 . 

This was also the case for D9N and the double mutants of D9N, but this was expected due to the CSPs 

we observed during the NMR experiments. All double mutants performed similarly to each other, while 

D9N M13L plectasin had a slightly higher Kd than D9N Q14R and M13L Q14R. Remarkably, while 

the Kd of Q14R plectasin was the worst out of all our mutants, its thermodynamic profile matches that 

of plectasin and it had an increased antimicrobial effect. 

 

Table 2. Thermodynamic parameters (Kd, ΔG, ΔH and -TΔS) for the binding of plectasin and its 

mutants to LII (2%) doped DOPC LUVs. 
 

Kd (M) ΔG (kJ/mol) ΔH (kJ/mol) -TΔS (kJ/mol) 

Plectasin 4.56E-06 -31.71 -79.04 -47.33 

D9N  8.51E-07 -36.04 -32.89 -3.154 

M13L 6.10E-08 -42.84 -51.8 -8.957 

Q14R 1.00E-04 -23.75 -80.26 -56.51 

D9N M13L 3.22E-06 -32.61 -33.07 -0.458 

D9N Q14R 1.42E-06 -34.73 -26.59 -8.137 

M13L Q14R 1.89E-06 -33.99 -25.02 -8.962 

NZ2114 2.86E-06 -32.92 -33.52 -0.602 
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Figure 8. Representative isothermal 

titration calorimetry (ITC) data. (A) 

The corrected heat release data of 

plectasin, NZ2114 and D9N. (B) 

The enthalpy measured in A is 

plotted against the mole ratio of the 

added LUVs. (C) The 

thermodynamic parameters of 

plectasin and the mutants (see Table 

2 also). ITC measurements were 

performed 1-3 times for each 

peptide. 

  



 
 

16 
 

Discussion 
 

Conclusion 

The major advantage NZ2114 has over plectasin is its effectiveness again MRSA. The difference 

between NZ2114 and wildtype plectasin are the mutations D9N, M13L and Q14R. These mutations do 

not overlap with the proposed binding site to LII, but are close to the plectasin specific anionic patch, 

which is the proposed divalent cation binding site. Here, we looked at the influence these mutations 

(single and double mutants) had on the effectiveness of plectasin in antimicrobial activity and binding 

LII and its structure. We could already see during the purification that the D9N mutation caused small 

changes in the conserved CSαβ defensin fold. With NMR, we could see that this mutation perturbs the 

whole anionic patch (D/N9-E10-D11-D12) of plectasin, while the single and double mutants of M13L 

and Q14R only show very small chemical shift perturbations in the α-helix (M13-S21). We could clearly 

observe an increase in the MIC for the mutants D9N, Q14R and their double mutant, which has around 

the same potency as NZ2114. The single mutant M13L did not improve its activity, however the double 

mutants of M13L did have better activity over the single mutant. The LII binding affinity for plectasin 

and NZ2114 was around the same strength, while mutations D9N and M13L increased the binding 

affinity by 5 and 100 fold. Furthermore, we observed a decrease in binding affinity for Q14R by 200 

fold, while its thermodynamic parameters (ΔH and TΔS) stayed comparable with those of plectasin 

with a high entropy and enthalpy values. The thermodynamic parameters of the D9N and M13L single 

and double mutants showed a closer resemblance to NZ2114, with lower entropy values close to zero. 

 

Discussion  

Previous research by this group25 suggests that residues D9, M13 and Q14 are not part of the binding 

interface of the plectasin-LII complex. However, we see a very large contribution of the D9N mutation 

to the protein conformation based on NMR data. The mutations allosterically perturbs residues W8 and 

F35, as seen in the NMR data (Figure 5, 9A and S1), which are part of the binding interface of LII-

plectasin. We suggest based on this and previous studies that the mutation D9N induces a change in the 

conformation that allows for plectasin to bind a wider array of LII isoforms. This includes the heavily 

modified LII of MRSA. We speculate that the amidation of E2 and/or the addition of a pentaglycine 

peptide on K3 might lead to a loss of interaction between LII and wildtype plectasin. This would be 

supported by the ITC data above, as the mutants of D9N and NZ2114 do not have to overcome a large 

entropic penalty, thus needing less binding interactions with LII.  

Mutations D9N and Q14R also replace the negatively charged aspartic acid for asparagine and a 

glutamine for a positively charged arginine. Both mutations are located in or close to the extremely 

negatively charged part of plectasin. These mutations radically change the charge in plectasin, from +1 

to +3 overall. This more positively charged plectasin is highly likely to be less repelled by the great 

amount of negatively charged lipids (phosphatidyl glycerol and cardiolipin) in the bacterial 

membrane46. 

Mutations M13L and Q14R do not cause CSPs in the Ca2+ or LII binding site, but rather in the α-helix. 

Residue H18 in present in the α-helix and likely involved in the oligomerization of plectasin22. The 

process of oligomerization is driven by the hydrophobic effect and is part of the entropic penalty. While 

Q14R has a large entropic contribution, the double mutant M13L Q14R does not anymore. Thus, we 

expect the M13L and Q14R mutations to improve the bacteriostatic activity of NZ2114 by improved 

oligomerization and the mutations D9N and Q14R to improve the binding to bacterial membrane by the 

charge difference. 

Other plectasin derivatives (NZ211429, MP110230 and Py431) had their Q14 replaced by a positively 

charged residues (R and K). All these mutants and our studied Q14R single and double mutants all have 

increased activity towards MRSA over plectasin. Interestingly, the Q14R single mutant is the only 

mutant that shows a similar thermodynamic profile (Figure 8C) as plectasin in our ITC studies and had 

the same retention time as wildtype plectasin in our gel-filtration (Figure 4C). Plectasin and the Q14R 

mutant have an bigger conformation than the D9N mutant. We think this is due to plectasin being in a 

partially unfolded structure, due their different thermodynamic profile compared to NZ2114 and the 

D9N mutants. 
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Figure 9. Wildtype plectasin. (A) Residues D9, M13 and Q14 are coloured red and residues W8 and 

F35 are visualized as sticks. (B) Plectasin with the anionic patch coloured red and the residues involved 

in the Ca2+ binding visualized as yellow spheres. 

 

The role Ca2+ plays in the mode of action of plectasin is more significant then was assumed at the start 

of this study.  Plectasin binds to divalent cations with the anionic patch (E10-D12), the β-loop (A31-

G34) and side chains of N5 and Q1425 (Figure 9B). Ca2+ is the strongest binder23, however the effect of 

Ca2+ on the mode of action of plectasin remains elusive. We have observed Ca2+ dependency in LII 

doped DOPC vesicles in which there is no permeabilization effect in the absence of free Ca2+ 

(unpublished data, Maik Derks). It has been shown that plectasin can bind LII in the absence of Ca2+47, 

thus Ca2+ seems to only be necessary for the permeabilization of the membrane. 

The D9N mutation also disturbs the Ca2+ binding site consisting of D-x-D, that is a conserved sequence  

in other types of antibiotics, like lipopeptides48,49 and mutation D9N and Q14R also decrease the 

negative charges in and around the anionic patch. The latter may lead to a independence of Ca2+ or 

enhanced effect when bound to Ca2+ for NZ2114 in its mode of action, however this needs to be 

investigated. Preliminary data shows that NZ2114 has a lower affinity (Kd) for Ca2+ than plectasin has23 

and it was observed that NZ2114 changes conformation upon binding Ca2+23. This Ca2+ dependence 

could explain the large variance in ITC data we acquired and the multiple states of plectasin and NZ2114 

in previous NMR experiments23. In this and previous studies, Ca2+ was often not added to the system 

during the NMR and ITC experiments. Plectasin strongly binds divalent ions, e.g. Ca2+, Mg2+ or Ni2+, 

and these cations may be present in differing amounts in the stock solutions, which were not removed 

during the production and purification. Other CSαβ defensins, like insect defensin50, plant defensins51 

and ASABF52, show a decrease in killing activity with increasing Ca2+ concentrations. We suggest that 

this is caused by a high concentration of Ca2+ leading to more ions bound to the lipid surface and 

increasing the tightness of the lipid packing, thus creating more difficulty for plectasin to bind LII53,54. 

This Ca2+ dependency of plectasin should always be considered in experiments to come and previous 

studies and data about plectasin without Ca2+ should be reassessed. 

 

As mentioned in the results section, our MIC results for NZ2114 did not closely correspond to data 

from this and other groups. While we saw an increase in MIC for NZ2114 over plectasin, this was only 

a 2 fold increase, while literature reports a 10-25 fold increase20,25,28,44,45. The differences between 

plectasin and the mutants became more clear with the inhibition zone assay, still do not represent the 

dramatic increase we can see in the literature. The reason for why the MIC measurements do not show 

a large difference between plectasin and NZ2114 in this study remains unknown, but we can speculate. 

The first and most obvious cause: there could be a error in the stock. NZ2114 was the only stock not 

specifically prepared for this study, the other peptides were. For the preparation of the stocks in the 
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MIC and IZA experiments, the concentration of NZ2114 and all other plectasins were measured using 

a Nanodrop 2000 spectrophotometer. No mistakes were found here. The peptides were diluted in the 

same stock of PBS before the MIC experiments, if there went something wrong with this, we would 

have seen a difference for the other mutants too during the MIC determination. The MIC determination 

was also done in triplicate to ensure an authentic result. Lastly, the mutation might cause plectasin to 

aggregate out of solution more easily55, as mentioned above, however we did not observe formation of 

a precipitate after preparation of the stocks for MIC determination. 

 

Future prospects 

Next steps in understanding plectasin and derivatives include having (labelled) MRSA-LII. This LII 

contains an amidated E234 on the pentapeptide and a pentaglycine on the K335. These modifications are 

crucial for the AMR of MRSA and it is crucial to know how plectasin and especially NZ2114 interacts 

with this LII.. This can be investigated using a ssNMR approach with MRSA-LII doped liposomes. We 

should be able to see contacts between wildtype plectasin and the E2, that would disappear with the 

amidated E2. The plectasin residues in contact with E2 should be one of the three residues mutated in 

NZ2114 or one of the residues that undergoes a CSP due to the D9N mutation. This would give a better 

understanding of the plectasin-LII interface, which could afterwards be modelled with the newly 

obtained restraints in a LII doped bilayer system.  
Oligomerization seem to be an important mode of action of antimicrobial peptides in general. Many 

have been observed to be able to oligomerize and kill bacteria in this way, e.g. teixobactin18, nisin56 and 

protegrin-I57. While this group has been able to determine some contacts in plectasin-LII and plectasin-

plectasin complexes, the overall structure and mode of action is still obscured. There are multiple 

models for the modes of action of AMPs58, however the two main hypothesizes are pore formation and 

metabolic inhibition. Pore formation or membrane permeabilization can be achieved in a multitude of 

ways59 (toroid pore, barrel-stave, carpet and aggregate models), but it is difficult to determine what is 

actually happening on the surface of a membrane. Two ways to further investigate this are high-speed 

atomic force microscopy (HS-AFM) and cryo-electron tomography (cryo-ET). HS-AFM would allow 

for the investigation of pore formation in model systems containing LII or biological membrane (from 

membrane isolate)60,61. Cryo-ET would give insight in the oligomeric state of the plectasin-plectasin 

complex and can possibly provide structure at atomic resolution62,63. 

Lastly, Ca2+ plays a vital role in the mode of action of plectasin and . From research done in this group, 

Ca2+ is needed permeabilization of the membrane. The residues that can interact with these cations have 

been determined with the use of paramagnetic divalent cation Mn2+25. A ssNMR study using a Ca2+ 

probe can verify these contacts and find contacts of Ca2+ with the membrane. Hopefully, a structure of 

bound LII-plectasin with Ca2+ can be obtained to elucidate the complex and their interaction.   
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Supplementary Information 

Table S1. Sequences of Plectasin DNA and mutant primers. 

Name Sequence 

Plectasin DNA GGA TTC GGT TGT AAT GGA CCC TGG GAC GAG GAT GAC ATG 

CAG TGC CAT AAT CAT TGT AAA TCT ATA AAA GGC TAT AAG 

GGA GGG TAT TGC GCG AAA GGC GGT TTT GTT TGT AAG TGC 

TAT 

Primers    

D9N FW TGT AAT GGA CCC TGG AAC GAG GAT GAC ATG CAG 

D9N RV CTG CAT GTC ATC CTC GTT CCA GGG TCC ATT ACA 

D9N M13L FW TGT AAT GGA CCC TGG AAC GAG GAT GAC CTG CAG TGC CAT 

AAT CAT 

D9N M13L RV ATG ATT ATG GCA CTG CAG GTC ATC CTC GTT CCA GGG TCC 

ATT ACA 

D9N Q14R FW TGT AAT GGA CCC TGG AAC GAG GAT GAC ATG CGG TGC CAT 

AAT CAT TGT 

D9N Q14R RV ACA ATG ATT ATG GCA CCG CAT GTC ATC CTC GTT CCA GGG 

TCC ATT ACA 

M13L FW TGG GAC GAG GAT GAC CTG CAG TGC CAT AAT CAT 

M13L RV ATG ATT ATG GCA CTG CAG GTC ATC CTC GTC CCA 

M13L Q14R FW TGG GAC GAG GAT GAC CTG CGG TGC CAT AAT CAT TGT 

M13L Q14R RV ACA ATG ATT ATG GCA CCG CAG GTC ATC CTC GTC CCA 

Q14R FW GAC GAG GAT GAC ATG CGG TGC CAT AAT CAT TGT 

Q14R RV ACA ATG ATT ATG GCA CCG CAT GTC ATC CTC GTC 

Sequencing primer 

FW 

AGG ATC GAG ATC TCG ATC CC 

Sequencing primer 

RV 

GGG TTA TGC TAG TTA TTG CTC AGC 
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RESIDUE WILDTYPE 
PLECTASIN 

NZ2114 
 

D9N 
 

M13L 
 

Q14R 
 

D9N M13L D9N Q14R M13L Q14R 

 
δN 
(ppm) 

δH 
(ppm) 

δN 
(ppm) 

δH 
(ppm) 

δN 
(ppm) 

δH 
(ppm) 

δN 
(ppm) 

δH 
(ppm) 

δN 
(ppm) 

δH 
(ppm) 

δN 
(ppm) 

δH 
(ppm) 

δN 
(ppm) 

δH 
(ppm) 

δN 
(ppm) 

δH 
(ppm) 

G3 100.36 7.949 101.34 8.102 100.789 7.95 100.347 7.932 100.386 8.072 100.675 7.933 101.279 8.1 100.391 8.071 

C4 122.579 7.563 121.856 7.657 122.276 7.608 122.556 7.57 122.393 7.593 122.395 7.607 122.105 7.592 122.399 7.603 

N5 121.042 8.192 121.074 8.102 121.146 8.054 120.987 8.198 121.046 8.218 121.181 8.051 121.19 8.11 121.034 8.226 

N5 SIDE 
CHAIN 

114.908 6.809 114.016 6.984 114.283 6.979 114.925 6.813 114.657 7.501 114.318 6.981 113.994 6.96 114.648 7.517 

N5 SIDE 
CHAIN 

114.915 7.441 114.019 7.374 114.33 7.327 114.909 7.45 114.657 6.757 114.385 7.331 114.021 7.358 114.657 6.767 

G6 109.376 7.209 109.63 7.425 109.686 7.381 109.351 7.222 109.266 7.216 109.678 7.381 109.637 7.408 109.263 7.234 

W8 116.048 7.33 118.066 7.914 117.609 7.88 116.112 7.343 116.357 7.357 117.555 7.89 117.994 7.901 116.285 7.362 

W8 SIDE 
CHAIN 

129.86 10.098 129.181 10.066 129.126 10.048 129.867 10.102 129.984 10.105 129.119 10.047 129.161 10.053 129.954 10.111 

D/N9 123.167 7.611 121.06 8.003 121.087 7.943 123.187 7.632 123.079 7.616 121.169 7.955 121.1 7.977 123.124 7.648 

N9 SIDE  
CHAIN 

 
113.183 6.947 113.057 6.938 

    
113.027 6.94 113.207 6.937 

  

N9 SIDE  
CHAIN 

 
113.206 7.49 113.078 7.467 

    
113.037 7.46 112.969 7.475 

  

E10 121.374 8.156 121.369 8.419 121.356 8.392 121.447 8.153 121.625 8.179 121.358 8.39 121.379 8.407 121.631 8.179 

D11 125.167 8.127 124.097 8.202 124.234 8.211 125.252 8.121 125.048 8.098 124.516 8.197 124.019 8.203 125.274 8.105 

D12 123.259 8.397 122.129 8.183 122.751 8.31 123.061 8.342 123.253 8.383 122.548 8.25 122.44 8.23 123.013 8.322 

M/L13 117.366 8.181 120.145 8.091 117.777 8.269 119.445 7.968 117.476 8.19 119.798 8.044 118.155 8.315 119.588 7.983 

Q/R14 120.817 7.596 120.656 7.583 120.748 7.717 119.79 7.522 121.728 7.622 119.726 7.619 121.825 7.636 120.752 7.543 

R14 SIDE 
CHAIN 

111.915 6.897 
  

111.603 6.849 111.959 6.9 
  

111.601 6.857 
    

R14 SIDE 
CHAIN 

111.922 7.706 
  

111.59 7.7 111.956 7.724 
  

111.607 7.708 
    

C15 121.223 7.322 120.583 7.648 121.352 7.453 121.012 7.34 121.102 7.364 121.146 7.441 121.535 7.721 121.327 7.39 

H16 122.193 9 122.2 8.931 122.079 8.934 122.34 9.028 122.213 9.004 122.351 8.981 121.998 8.908 122.384 9.031 

N17 115.024 8.381 114.993 8.575 114.968 8.425 115.099 8.508 114.896 8.403 115.128 8.554 114.969 8.455 115.039 8.537 

N17 SIDE 
CHAIN 

111.78 7.464 111.682 7.486 111.759 7.465 111.584 7.465 111.962 6.878 111.537 7.462 111.859 7.479 111.749 6.842 
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RESIDUE WILDTYPE 
PLECTASIN 

NZ2114 D9N M13L Q14R D9N M13L D9N Q14R M13L Q14R 

 δN 
(ppm) 

δH 
(ppm) 

δN 
(ppm) 

δH 
(ppm) 

δN 
(ppm) 

δH 
(ppm) 

δN 
(ppm) 

δH 
(ppm) 

δN 
(ppm) 

δH 
(ppm) 

δN 
(ppm) 

δH 
(ppm) 

δN 
(ppm) 

δH 
(ppm) 

δN 
(ppm) 

δH 
(ppm) 

N17 SIDE 
CHAIN 

111.772 6.849 111.684 6.852 111.787 6.952 111.588 6.807 111.974 7.482 111.588 6.954 111.808 6.889 111.757 7.485 

H18 121.641 7.968 122.321 8.019 121.739 7.977 122.106 7.996 121.899 7.958 121.902 8.002 121.965 7.989 122.247 7.999 

C19 120.336 8.679 120.11 8.625 120.219 8.629 120.275 8.698 120.246 8.671 120.335 8.651 120.113 8.598 120.287 8.699 

K20 114.304 7.788 114.293 7.793 114.327 7.78 114.263 7.808 114.219 7.781 114.326 7.793 114.287 7.767 114.201 7.801 

S21 114.393 7.33 114.498 7.392 114.259 7.432 114.576 7.382 114.467 7.358 114.257 7.434 114.38 7.351 114.569 7.391 

I22 125.817 7.543 125.895 7.566 125.835 7.545 125.801 7.56 125.851 7.555 125.902 7.547 125.895 7.546 125.877 7.568 

K23 126.356 8.097 126.335 8.108 126.354 8.102 126.195 8.083 126.351 8.101 126.37 8.104 126.394 8.106 126.293 8.1 

Y25 119.701 7.676 119.741 7.706 119.709 7.686 119.724 7.693 119.68 7.686 119.703 7.686 119.714 7.69 119.717 7.699 

K26 120.736 10.604 120.706 10.61 120.721 10.613 120.709 10.595 120.735 10.615 120.739 10.616 120.679 10.616 120.735 10.618 

G27 106.82 7.252 106.893 7.289 106.825 7.267 106.857 7.264 106.839 7.263 106.896 7.267 106.832 7.271 106.899 7.272 

G28 107.611 8.694 107.582 8.792 107.545 8.708 107.609 8.708 107.627 8.725 107.589 8.738 107.535 8.743 107.637 8.766 

Y29 115.441 8.376 115.675 8.448 115.713 8.433 115.421 8.38 115.406 8.369 115.637 8.418 115.807 8.441 115.344 8.373 

C30 117.491 9.129 117.788 9.061 117.626 9.078 117.531 9.141 117.526 9.12 117.586 9.085 117.713 9.053 117.521 9.138 

A31 129.046 9.583 129.379 9.495 129.216 9.521 129.009 9.594 129.039 9.58 129.164 9.536 129.425 9.49 129.046 9.582 

K32 119.087 8.887 119.387 8.913 119.274 8.872 119.001 8.897 119.091 8.897 119.236 8.872 119.484 8.887 119.096 8.909 

G33 109.536 8.792 109.137 8.829 109.402 8.816 109.251 8.81 109.589 8.783 109.217 8.809 109.223 8.815 109.46 8.777 

G34 104.025 7.387 104.271 7.429 104.128 7.443 104.101 7.381 104.138 7.391 104.149 7.446 104.208 7.431 104.181 7.389 

F35 116.334 7.211 116.887 7.334 116.942 7.347 116.281 7.2 116.376 7.216 116.941 7.343 116.934 7.36 116.322 7.214 

V36 118.053 7.672 118.47 7.724 118.45 7.701 118.043 7.683 118.07 7.677 118.459 7.702 118.448 7.707 118.112 7.692 

C37 127.142 8.741 127.146 8.771 127.231 8.761 127.104 8.734 127.154 8.74 127.274 8.758 127.141 8.767 127.116 8.737 

K38 135.977 8.974 135.829 9.006 135.917 9.008 135.969 8.978 135.922 8.98 135.931 9.003 135.83 9.01 135.865 8.983 

C39 121.204 7.829 121.132 7.855 121.171 7.847 121.195 7.822 121.21 7.828 121.153 7.837 121.165 7.857 121.203 7.824 

Y40 126.279 8.303 126.281 8.328 126.276 8.311 126.286 8.313 126.302 8.31 126.297 8.315 126.269 8.312 126.302 8.325 
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Figure S1. Absolute chemical shift differences (ppm) summed between HN and N for NZ2114 and  

the mutant plectasins compared to wildtype plectasin.  
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Table S3. Inhibition zone diameter (mm) of plectasin and its mutants against MRSA, MSSA and S. 

simulans. 

 MRSA MSSA S. simulans 

  

1000 

nmol 

500 

nmol 

250 

nmol 

125 

nmol 

1000 

nmol 

500 

nmol 

250 

nmol 

125 

nmol 

1000 

nmol 

500 

nmol 

250 

nmol 

125 

nmol 

Plectasin 8.8 7.0 4.8 4.5 7.3 6.3 6.1 5.1 13.1 10.8 8.6 6.9 

D9N 10.1 9.0 5.8 4.8 8.1 7.3 6.7 6.2 13.3 11.7 10.1 7.6 

M13L 8.8 7.2 4.2 4.1 7.9 6.9 6.3 5.7 13.1 10.9 8.7 6.6 

Q14R 10.5 8.2 5.7 5.2 8.7 7.9 6.7 6.4 14.8 13.0 11.4 9.3 

D9N M13L 10.4 8.6 6.7 5.4 8.6 7.4 6.4 5.6 13.7 12.1 10.5 9.0 

D9N Q14R 11.7 10.6 7.9 7.3 9.6 8.8 7.9 7.0 15.2 13.9 12.6 11.0 

M13L Q14R 11.3 9.3 7.3 5.8 9.0 8.0 6.9 5.8 14.5 13.3 11.7 9.5 

NZ2114 11.6 10.4 8.5 7.2 9.7 8.4 7.7 7.0 14.7 13.1 12.0 10.4 

 

 

Figure S2. Inhibition zone assay of plectasin and the mutants against methicillin-resistant S. aureus 

(MSSA) and S. simulans (SS). The amount of loaded peptide was 125-1000 nmol in ~5 µL PBS. 


