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Abstract 

 

Antibiotic resistance is a global threat to public health due to a combination of limited new antibiotic 

candidates and the dramatic rise in multidrug-resistant bacteria. Antimicrobial peptides (AMPs) are part 

of the host innate immune system and are potential alternatives to treat infections is increasing. AMPs 

have multiple modes of action to kill bacteria, mostly involving non-stereo specific interactions which 

drastically diminishe acquired-resistance pressure. For instance, one of the typical mechanisms is to target 

the bacterial cell membrane via electrostatic interactions and disrupt the lipid bilayer integrity. Maculatin 

1.1 (Mac1, GLFGVLAKVAAHVVPAIAEHF-NH2) is a cationic membrane-active AMP, isolated from 

the skin of Australian tree frogs and well-known for its antibacterial ability. The molecular mechanism 

of Mac1 interaction with bacterial membranes has been mainly studied in vitro using model membrane 

systems. Although providing critical insights into the lipid-peptide interactions, it is unclear if the peptide 

retains a similar behaviour against bacterial membrane. Indeed, while the details of how Mac1 assembles 

into a lipid bilayer, and the lipid composition of model membranes have been shown to play a critical role 

in the peptide activity. Thus, investigating Mac1 structural arrangement in intact bacteria is an important 

step towards deciphering how AMPs may interact in situ. Solid-state NMR (ssNMR) is able to reveal 

structural behaviour of AMP in vitro, but its application is limited in vivo, especially due to the short life 

span of bacteria. Recent developments in dynamic nuclear polarization (DNP) ssNMR has led to the 

feasibility to conduct in-cell experiments due to higher sensitivity and longer cell survival rates. Spin 

probes together with isotope enriched peptides are required for DNP ssNMR experiment. In this thesis, 

the methodology to determine the structural arrangement of Mac1 in live bacteria by DNP-ssNMR is 

developed and the initial steps in understanding how AMPs self-assemble will be described. 

Firstly, TOAC-based spin probes were attached to maculatin peptides (TOAC-MacW, TOAC-TOAC-

MacW) to function as the electron source for DNP ssNMR structural study of Mac1 in lipid model 

membranes. The structural arrangement and location of TOAC-based spin probes in the lipid membranes 

were investigated by a range of biophysical techniques. The TOAC-labelled peptides were found to adopt 

the same α-helix structure as native Mac1 as revealed by circular dichroism (CD) and solution NMR 

spectroscopy. The spin-labelled peptides behaved as an isolated radical source, inserting into the 

membrane near the glycerol/carbonyl region of the lipid, as shown by paramagnetic relaxation 

enhancement (PRE) of the lipid NMR and EPR spectroscopy. The results from molecular dynamics 

simulation of the TOAC-TOAC-MacW spin probe in phospholipid bilayers further supported the EPR 

and PRE observations. A localized carbonyl signal enhancement (~14 for TOAC-MacW, and ~27 for 

TOAC-TOAC-MacW) for Mac1 was achieved in the 13C DNP ssNMR experiments. 
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Subsequently, Escherischia coli was selected for the in-cell DNP ssNMR. A more hydrophilic spin probe, 

AMUPol, was selected as a radical source, which induces the largest signal enhancement. An NMR 

sample preparation method was developed to maintain bacteria survival and keep spin-labelled peptides 

intact within bacterial pellets, as indicated by viability tests and mass spectrometry (ESI-MS). The TOAC 

spin probes induced more localized and higher 13C NMR enhancement compared to AMUPol, with a 

factor of ~20. Hence, the TOAC probes were proved to be useful for in-cell structural study of Mac1 and 

its performance in cells was consistent with in vitro studies. 

After establishment of effective spin probes for in-cell DNP ssNMR studies, a workable biosynthetic 

method to express uniformly 15N labelled Mac1 with C-terminus amidation was undertaken. The 

expression and purification of target fusion proteins (SUMO-Mac1-Mxe GyrA) were successful, as 

supported by SDS-PAGE and ESI-MS. The extracted recombinant Mac1 retained the same activity as the 

synthetic form by displaying a similar α-helical conformation and antibacterial activity towards 

Staphylococcus aureus. However, the final yield of Mac1, about 0.1 mg/L in 15N enriched minimal media, 

precluded extensive structural studies, which necessitate mg quantities of 13C and 15N labelled peptide; 

and the expression method requires further optimization. 

In order to simplify the expression protocol for achieving higher recombinant peptide yield, the amidation 

step of native Mac1 was removed to produce Mac1 with carboxylated C-terminus (Mac1-OH). Firstly, 

the structural and biological activities of native Mac1 with amidated C-terminus was compared to its 

acidic form. CD and dye leakage experiments revealed that the amidated C-terminus increased structural 

stability of Mac1, which probably affects the direct electrostatic interaction with the membrane, and is 

correlated with higher antimicrobial ability and cytotoxicity. Mac1 disrupted the phospholipid headgroups 

more but the lipid tails less in the amidated vs. carboxylic form. Thus Mac1-OH is not suitable as a 

replacement for native Mac1 for further intracellular work. 

Overall, this project has laid a foundation for performing in-cell solid-state NMR in order to decipher 

how AMPs interacts with bacteria and is an important step in the pathway towards the development of 

antimicrobial peptides as therapeutics. 
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1.1 Abstract 

Cationic antimicrobial peptides (AMPs) from Australian frogs have been extensively studied as 

alternatives to traditional antibiotics. Solid-state NMR is used to characterise their effect on lipid bilayers, 

which are the primary target, but correlation with in vivo situations is tentative in view of the complex 

effects of changes in sample conditions (such as pH, temperature, lipid composition or peptide 

concentration). We have used 31P and 2H solid-state NMR and a range of biophysical techniques to study 

the impact of the AMPs, maculatin 1.1, caerin 1.1, aurein 1.2, kalata B1 and Chex-Arg20, on membranes 

that mimic those of E. coli and S. aureus bacteria and red blood cell membranes. Overall, the length of 

AMPs affects peptide-membrane interaction but also their conformations are important. While lipid 

composition plays a critical role in modulating AMP structure and function, electrostatic interactions are 

not sufficient to explain their specific activity and interactions with other membrane components need to 

be considered. Although in an early stage of development, in-cell NMR of labelled peptides in live 

bacteria, rather than model membrane studies, may provide new insights into bactericidal mechanisms of 

AMPs. 

 

1.2 Antimicrobial peptides background 

The increase in new antibiotic resistant strains, such as methicillin-resistant Staphylococcus aureus 

(MRSA), carbapenem-resistant Acinetobacter baumannii (CRAB) and multi-drug resistant tuberculosis 

1-3, usually occur through mechanisms such as mutation and horizontal gene transfer 4. The World Health 

Organization has warned that resistance to antibiotics can lead to even minor infection being lethal to 

public health 5. However, antimicrobial peptides (AMPs) that act against bacterial membranes may be 

less susceptible to resistance and may have potential as effective drugs 6-7. Many AMPs are isolated from 

animal cells, such as polymorphonuclear leukocytes, macrophages and mucosal epithelial cells, and play 

a vital role in host defense system 8. In contrast to traditional antibiotics that target specific cellular 

activities, AMPs have three advantages: (i) a broad-spectrum activity against bacteria, fungi, transformed 

cells, parasites and viruses; (ii) less likelihood of bacterial resistance due to multiple attack mechanisms 

and functionality through manifold innate immune systems; and (iii) host protection through modulation 

of multiple innate immune systems rather than direct antimicrobial activity 9. In addition, AMPs 

preferentially interact with bacterial rather than mammalian cells, which makes them more potent against 

microorganisms without inducing significant toxicity to mammalian cells 10. 

Although several show promising therapeutic effects, there are still challenges to their applications, 

including non-native structure in some environments 11, lack of selectivity towards specific pathogen 12, 

large-scale production and delivery to the target position 13, and reduction in activity due to surface 

coating 14. Several approaches have been suggested to develop more effective AMPs, including 

modification with covalent bonds, sequence changes, addition of amide group, insertion of unnatural 
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amino acid, and computer modeling to design more effective peptides 15. Understanding the relationship 

between AMP structure and its mode of action and knowing the specific process for AMP action are vital 

for the design of new antibiotic peptides. In order to understand their mode of action, the interaction of 

AMPs have been studied with Gram-negative Escherichia coli, Gram-positive S. aureus and Bacillus 

subtilis 16-17, and human red blood cells (RBCs) in vivo and in vitro 18-20.  

 

1.3 Lipid membranes of bacteria versus eukaryotic cells 

Both bacterial and eukaryotic cells have a cytoplasmic membrane, with protein embedded in lipid bilayers. 

Bacteria are prokaryotes, whose membrane lipids (Figure 1.1) are mainly comprised of 

phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin (CL), with a net negative 

charge 22-23. The lipid acyl chains may be saturated or unsaturated and display linear, branched or cyclic 

structures under different environment conditions 22-23. The membrane of eukaryotic cells primarily 

consists of phosphatidylcholine (PC), phosphatidylserine (PS) and PE with CL only present in 

mitochondria, and a significant percentage of cholesterol with a tendency to be more neutral in charge 24-

25.  Asymmetric lipid distribution exists in many eukaryotic cells, such as the plasma membrane, which 

leads to different biophysical properties and is important for several cellular processes, such as cell 

activation and cell death 26. The hydrophobic segment of membrane lipids contains a mixture of saturated 

or cis-unsaturated acyl chains to a different degree and a range of chain lengths 27. In addition, bacteria 

are able to adjust membrane fluidity via regulating saturation and length of acyl chains. For example, 

bacteria will produce a higher extent of unsaturated acyl chain at lower versus higher temperatures 28. In 

eukaryotic cells, membrane fluidity is regulated by cholesterol, which orders fluid phase phospholipids 29 

and can intercalate between them to prevent forming a gel-like state at low temperature and stabilize the 

bilayer at higher temperature. Also, bacteria have a cell wall composed primarily of peptidoglycan (also 

known as murein), which can protect against high turgor pressure. The cell wall is able to resist external 

mechanical pressure but with permeability to certain solutes. Gram-negative bacteria have an inner and 

outer membrane and an extra outer lipid layer of lipopolysaccharides (LPS) in comparison to Gram-

positive bacteria which have a very thick cell wall made up of peptidoglycan 30. The cell walls differ 

amongst eukaryotic cells, which may contain a polysaccharide (chitin) in the case of fungi or mainly 

cellulose in plants, and none for animals. 
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Figure 1.1 Structure classes of typical lipids in eukaryote and prokaryote membranes. 

 

In general, the AMP-lipid membrane interaction in vivo is difficult to understand due to membrane 

complexity. In order to study AMP-membrane interactions, simplified membrane bilayers are exploited 

to mimic bacterial and human cell membranes. Typically, dimyristoylphosphatidylcholine (DMPC), 

palmitoyloleoylphosphatidylcholine (POPC), sphingomyelin (SM) and cholesterol (CHOL); 

dimyristoylphosphatidylglycerol (DMPG), palmitoyloleoylphophatidylglycerol (POPG) and 

tetraoeloylcardiolipin (TOCL) are used as model bilayer membranes7, 18, 31-32. POPC/Chol bilayers are 

often used to mimic eukaryotic cell membranes, while POPG/TOCL and POPC/POPG are used as model 

bacterial membranes. However, the results from in vitro experiments do not well correlate to in vivo 

observations, probably owing to differences in membrane structure 33-34 and absence of cell wall 

constituents such as LPS, lipoteichoic acids and peptidoglycan (Figure 1.1) 35. As the microbial cell wall 

is the first barrier for cell penetration, these constituents can interact with AMPs and either facilitate or 

impede insertion of the peptides 36-38. 

 

1.4 AMP properties 

AMPs usually consist of 10 to 50 amino acids and have two or more basic polar or positively charged 

residues, such as lysine and arginine, leading to cationic peptides although there are some rich in acidic 

polar residues leading to negatively charged or anionic peptides. AMPs usually include over fifty percent 

hydrophobic residues, and can be rich in proline, methionine and phenylalanine 39. This complementarity 

of hydrophobic and hydrophilic residues results in the peptides displaying amphipathic properties in 

aqueous solution. 

The secondary structure of AMPs is mainly classified into five categories:  α-helix, β-sheet, β-hairpin or 

https://en.wikipedia.org/wiki/Alpha_helix
https://en.wikipedia.org/wiki/Beta_sheet
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loop, αβ mixed and extended (Figure 1.2). The α-helical structures are most common in nature with the 

helix resulting in ~ 0.15 nm distance and 100° angle for two adjacent amino acids 15. Most known linear 

cationic AMPs are unstructured in aqueous solution and adopt an α-helical conformation in a membrane 

environment 40. Examples include magainin, maculatin and aurein, whose activity is sequence dependent 

and related to size, cationicity and amphipathicity 41. β-sheet AMPs are less common and more 

constrained, typically containing at least two disulfide bonds which can protect peptides from degradation 

by proteases 42 and examples include defensins,43 thanatin 44 and protegrins 45. These peptides usually 

exhibit selective antimicrobial effects under certain conditions and are able to display β-sheet 

conformation in aqueous condition. β-hairpin or loop structures constructed by a single disulfide bond 

connection, such as lactoferricin B,46 cyclic peptides, and extended AMPs which are normally linear in 

shape may contain D- or unnatural amino acids such as aminoisobutyric acid 47. Some peptides do not fit 

neatly into a category, e.g. indolicidin, which is unstructured in aqueous solution and forms boat-like 

conformation in a lipid membrane system 48; and the defensin-like AMP, plectasin, that have a  mix of α-

helix and antiparallel β-sheet 49. However, we will concentrate on cationic peptides from Australian tree 

frogs, which form amphipathic α-helices in model membranes. 

 

Figure 1.2 Structure of different AMPs. (A) α-helical maculatin (PDB code 2MMJ);50 (B) β-sheet 

thanatin (PDB code 8TFA);51 (C) looped lactoferricins (PDB code 1Z6V);52 (D) mixed structure of 

plectasin (PDB code 3E7R);53 and (E) unstructured indolicidin (PDB code 1G89).54 The disulfide bonds 

are indicated in red. 

 

1.5 AMP effect on phospholipid membranes  

Antimicrobial peptides are usually membrane-active and able to lyse bacterial membranes leading to loss 

of intracellular proteins and function despite being enclosed by a cell wall or capsule 55-57. A number of 

modes of membrane disruption have been proposed including the barrel-stave, toroidal pore or detergent 

models 58-61. However, which mechanism dominates in pore formation is difficult to elucidate although 

the lipid headgroups lining the pore in the toroidal pore model tend to show an increase in disorder. Some 

AMPs target intracellular macromolecules or organelles such as DNA, RNA or ribosomes,62 without 

https://en.wikipedia.org/wiki/Beta_sheet
https://en.wikipedia.org/wiki/Beta_sheet
https://en.wikipedia.org/wiki/Alpha_helix
https://en.wikipedia.org/wiki/Alpha_helix
https://en.wikipedia.org/wiki/Beta_sheet
https://en.wikipedia.org/wiki/Beta_sheet
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causing membrane permeabilization (Figure 1.3). Their modes of action include cytoplasmic membrane 

septum alteration,63 ribosome inhibition,64-65 enzymatic inhibition 66 and promotion of release of defense 

peptides 67. By understanding such multi-modal mechanisms, the design of more selective drugs to target 

specific infections may be possible.  

 

Figure 1.3 Mode of action of AMPs: (A) barrel stave model, (B) carpet mechanism, (C) toroidal model, 

(D) detergent model, and (E) intracellular target 61. 

 

Phospholipids, which are a major component of membranes, are comprised of a hydrophilic headgroup 

and hydrophobic acyl chains, which allows them to form liposomes or a bilayer membrane in aqueous 

conditions. AMPs interact with these lipid membranes, mainly through electrostatic or hydrophobic forces, 

and form a α-helix or β-sheet secondary structure which have distinctive effects on the membranes. Solid-

state NMR techniques are often used to characterize peptide-membrane interactions, mainly 31P and 2H 

NMR to study the headgroup and acyl chains regions, respectively 7, 68. Peptide interactions may cause 

changes in the 31P lineshape or chemical shift anisotropy (CSA), deuterium quadrupolar splitting and 

order parameter, and lead to an isotropic component in the phospholipid spectra. The effect of the AMPs 

on the lipid membrane was observed through changes in lipid phase, headgroup dynamics, acyl-chain 

order and membrane thickness 69. Such investigations can determine how effective an AMP can de at 

disrupting the membrane bilayer and aid in the design of better antimicrobials. 

Extensive solid-state NMR studies of AMPs, maculatin 1.1 (Mac1) and caerin 1.1, from the skin of the 

Australia tree frogs, have been reported 6-7, 70 (Table 1.1).  

 

https://en.wikipedia.org/wiki/Alpha_helix
https://en.wikipedia.org/wiki/Beta_sheet
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Table 1.1 Sequences of selected antimicrobial peptides 

Peptide Sequence* 

Maculatin 1.1 GLFGV LAKVA AHVVP AIAEH F-NH2 

Aurein 1.2 GLFDI IKKIA ESF-NH2 

Caerin 1.1 GLLSV LGSVA KHVLP HVVPV IAEHL-NH2 

Kalata B1 GLPVC GETCV GGTCN TPGCT CSWPV CTRN 

Chex-Arg20 Chex-RPDKP RPYLP RPRPP RPVR-NH2 

* Note that the peptides are amidated, except for kalata B1, which is cyclized; and Chex = 1-amino-

cyclohexane-carboxylic acid. 

 

Both peptides are long enough to span the bilayer as an α-helix, with Mac1 having 21 residues and caerin 

1.1 with 25 residues. The effect of Mac1 on S. aureus was characterized and also its interaction with 

model membranes 6. 31P NMR was used to determine its effect on the CSA and lipid dynamics of 

DMPG/TMCL bilayers as a model for E. coli membranes. The lineshape became broader (i.e., CSA 

increased) and a small isotropic peak (~0 ppm) occurred after peptide addition, with a sharper isotropic 

peak clearly revealed at 50:1 lipid/peptide (L/P) ratio (Figure 1.4A).  

 

Figure 1.4 (A) Solid-state 31P static NMR spectra of E. coli-like DMPG/TMCL (3:2) bilayers at 30°C 

with Mac1 (dashed line indicates the isotropic peak formation); (B) 2H NMR spectra of multilamellar 

vesicles composed of d31-POPC upon addition of kalata B1 (solid red spectrum) and without (dotted 

spectrum); (C) Solid-state 15N NMR of kalata B1 in: (1) orientated, and (2) un-orientated phospholipid 

bilayers 68. Reproduced with permission from ref. [68], copyright 2017 Elsevier. 
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The phenomenon is attributed to lipid motion change and reorientation, which demonstrated that Mac1 

induces strong interaction on lipid headgroups and clearly disrupts the bilayer structure. Similarly, caerin 

1.1 caused membrane changes depending on peptide concentration 7. To determine the effect on the acyl 

chain, perdeuterated phospholipids and 2H NMR were used. After dePaking (akin to deconvolution) the 

spectra, the order parameter of caerin 1.1 was found to increase for the upper chain and decrease for the 

lower region, which indicated that peptides interacted with the surface and disturbed acyl tails deeply. 

This change is likely due to electrostatic interaction with the lipid headgroup and entire penetration of the 

peptide into the hydrocarbon region 31. (Figure 1.5) 

 

 

Figure 1.5 (A) Hydrophobic mismatch of Mac1 compared in different chain length PC lipid vesicles. (B) 

Helical structure (%) of Mac1 plotted against fluid-phase bilayer hydrophobic thicknesses for PC LUVs 

31. Reproduced with permission from ref. [31], copyright 2012 Elsevier. 

 

Aurein 1.2, a much short helical AMP compared to maculatin 1.1 and caerin 1.1, (Table 1.1) with only 

13 amino acids, interacted in a different manner 32 as characterized by 2H and 31P NMR in model 

membranes. There was little change in order parameter as observed from the 2H NMR splittings and a 

significant reduction of around 8 ppm in the 31P CSA (Table 1.2) compared to no peptide addition, which 

suggests that the peptide primarily interacts with the membrane surface via electrostatic interactions. A 

small isotropic peak observed in the 31P NMR spectra correlates with the formation of tumbling lipid 

aggregates. The shorter peptides are not effective to deeply penetrate into the bilayer and act via a surface 

mechanism. However, pore opening for short peptides will happen only when a threshold concentration 

is reached 71. 
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Table 1.2 Effect of aurein 1.2 on 31P CSA and 2H quadrupolar splittings of d54-DMPC and d54-

DMPC/DMPG bilayers32. CDn is order parameter at position n in acyl chain. 

 

 

 

 

 

 

 

 

 

 

In order to compare a very different peptide structure, Sonia et al studied the cyclotide kalata B1, a potent 

insecticidal peptide, with three interlocking disulfide bonds and backbone loops 68, 72 that confer chemical 

and proteolytic stability. Kalata B1 has shown anticancer, anti-HIV, hemolytic and antimicrobial activity, 

with potential for drug design 73-76. Cancer cells have an over representation of anionic lipids on the 

membrane surface compared to normal cells 77 and thus are more likely to interact with cationic peptides. 

Oligomer formation in the presence of model membranes was observed by 19F NMR as seen by changes 

in rotational diffusion of the labeled peptide 78-79. This was attributed to charged peptide residues 

interacting with lipid headgroups and nearby molecules via electrostatic forces to assemble into 

oligomeric structures. 15N NMR of peptides in aligned phospholipid membranes showed an increase in 

non-oriented peptide (Figure 1.4C) and 2H-NMR (Figure 1.4B) revealed that the peptides perturb the 

entire hydrophobic region with a large reduction in quadrupolar splittings, i.e., order parameter change, 

for all CDn along the lipid chain. Furthermore, the peptides localize in the polar/apolar membrane 

interface and decreased lipid motion, proved by the change of spectral width, lineshape, T1 and T2 time 

scale in 31P-NMR spectra. In summary, kalata B1 performed higher perturbance against membranes 

compared to maculatin, caerin, and aurein, which primarily correlate with its different peptide structure.  

 

1.6 AMP behavior in different membranes 

Antimicrobial peptides may adopt distinct conformations in different membrane systems and which may 

correlate with their antimicrobial properties and hemolytic activity 6-7, 18. Bacteria are able to alter their 

membrane constituents to some extent according to their environmental conditions and this change may 

affect AMP conformation and behaviors 80. This phenomenon occurs across the bacterial lifecycle and 

also in response to environmental challenges. Many membrane factors are influenced by lipid 

composition, such as membrane charge, hydrophobic thickness, lipid order and fluidity, and membrane 

31P CSA (ppm) No peptide Aurein 1.2 added 

DMPC 45.6 

38.6, 31 

37.9 

37.8, 23.3 DMPC/DMPG (4:1) 

   

2H NMR splittings 

(kHz) 

CD2 CD3 CD2 CD3 

DMPC 26.6 3.6 23.6 3.6 

DMPC/DMPG (4:1) 24.7 3.3 24.6 3.3 
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organisation. Through an understanding of the peptide behavior under different conditions, more selective 

AMPs may be developed, which would be beneficial to generate more specific and targeted antibiotics or 

more effective lipid-based drug delivery systems. 

The activity and conformation of Mac1 are dependent to some extent on the chain length of PC 

bilayer membranes 31. The peptide forms a helical conformation in PC membranes, as indicated by CD 

spectra with minima at 222 nm and 208 nm and a maximum at ~ 200 nm. However, the helical extent is 

highest only over a certain range of hydrophobic thickness, centred on DMPC which offers the least 

hydrophobic mismatch (Figure 1.5). Moreover, membrane curvature can affect conformation with some 

peptides reported to bend on the surface of a small unilamellar vesicle (SUV) 81-82 compared to a large 

unilamellar vesicle (LUV). However, the influence on Mac1 is small, with only 10% less helical structure. 

Furthermore, interaction of Mac1 with Gram-negative and Gram-positive bacteria and human red blood 

cell membranes has been reported in vivo and in vitro.18 These three classes of membranes have different 

lipid systems, membrane packing and complexity. Model bilayer membrane were used to represent the 

three types of membranes, namely POPE/POPG, POPG/TOCL and POPC/SM/CL, respectively. Peptides 

showed stronger potency toward the Gram-positive bacteria, S. aureus, as revealed by MIC. Dye leakage 

assays also showed a preference for the more anionic lipids as seen in S. aureus membranes, which attract 

the negatively charged peptides. Red blood cell membranes contain cholesterol, which order fluid 

membrane bilayers by intercalating between lipid molecules 83. Less helical extent was observed as the 

AMPs are less able to penetrate into the liquid-ordered zwitterionic membrane 84.  

The peptide-membrane interaction of the short peptide, aurein 1.2, was also studied 32. QCM-D 

revealed that aurein 1.2 causes larger defects in anionic membrane, mainly driven by electrostatic 

interaction, as indicated by mass loss for DMPC/DMPG being larger than DMPC, and supported by 

neutron reflectometry and dye leakage techniques. The membrane charge plays a vital role in peptide 

action, especially for shorter peptides. The thickness of the acyl chain region was unchanged in DMPC 

bilayer in the presence of aurein 1.2 but reduced in the anionic membrane system DMPC/DMPG from 26 

to 23 Å. The effect of aurein 1.2 on membrane order was also studied by 2H and 31P solid-state NMR.7 In 

the fluid phase, lipids are able to diffuse freely and are less rigid whereas in the gel phase, lipids are less 

mobile 85. The peptide displayed distinctive behavior above and below the lipid phase transition (~ 23°C). 

Through NMR measurements carried out at 30°C, 20°C and 15°C, reducing the temperature below the 

gel-fluid phase transition restricted motion of the acyl chains and formation of a ripple phase facilitated 

insertion of the AMP 86-87. Further reduction in temperature caused severe peptide disruption of the 

membrane into small lipid aggregates. In this case, membrane lipid order may facilitate peptide lytic 

activity by inducing membrane defects. Similar behaviors were seen with Mac1 and caerin 1.1 in model 

membranes above and below the gel-fluid phase transition temperature. 

The behavior of AMPs when simultaneously faced with two types of LUVs, i.e., a competitive dye 
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leakage lipid system was developed by Sani and co-workers 88. The interactions of Mac1 and aurein 1.2 

were investigated using POPC and POPG/TOCL LUVs either separately or both at once. Dye release 

from zwitterionic or anionic LUVs was detected according to fluorescence change. When combined, the 

negatively charged vesicles are much more attractive to the cationic peptides with dye release amount in 

single and mixed membrane system, with EC50 (EC50 values are the lipid-to-peptide molar ratios required 

to increase fluorescence by 50%) of 490 reduced to 13 (L/P) for POPC vesicles when alone or in the 

presence of POPG/TOCL, respectively (Figure 1.6).  

Thus, membrane charge plays a more significant role in peptide selectivity compared to activity. However, 

the short AMP, aurein 1.2, which has a surface-active mechanism, showed less preference for negatively 

charged membranes and more peptide was required for activity. 

 

 

Figure 1.6 Effect of Mac1 in single and competitive lipid environment on dye-release assay. 100 μM 

peptides were added to dye free and dye filled LUV 87 (Dashed line indicates 50% fluorescence). 

 

1.7 AMP mode of action  

As discussed above, Mac1 is able to span a bilayer membrane and its mode action is proposed to be via a 

transmembrane pore 6 (Figure 1.3) as demonstrated by dye release assays through the release of 

fluorescent dextrans of different size, FD-4 with RD-40, and flow cytometry techniques. Also, after 

peptide addition rough and rippled patterns were observed in bacterial morphology as revealed by EM. 

Interestingly, dye assays showed that the peptides permeate E. coli and S. aureus at similar concentrations, 

which indicate a similar mode of action in Gram-negative and Gram-positive bacteria. 
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An AFM study of a similar AMP, caerin 1.1, with live bacteria, Klebsiella pneumoniae was reported 

by Mularski and co-workers 20. AFM can be used to study living cells and describe properties such as cell 

pressure, electrostatic interaction and turgor pressure, and image the morphology of bacteria with minimal 

cell damage 89-90. Peptides appeared to accumulate on the outer membrane to start lysis and not the 

polysaccharide (capsule) or LPS layer, as indicated by turgor pressure. Further comparison by AFM of K. 

pneumoniae with capsule-deficient mutants revealed that the capsule provided no protection against 

caerin 1.1; which indicated that peptide penetration into bacterial membranes was entropy driven rather 

than electrostatic as the capsule is negatively charged and likely to attract cationic peptides 91-93. Moreover, 

a pore-forming mechanism was supported by a clear formation of perforations in 6 μM peptide solution,  

below the MIC, as seen in AFM (Figure 1.7) and reinforced by EM images. 

 

 

Figure 1.7 Height and deflection images (3 × 3.4 μm2) of wild-type K. pneumoniae cells submerged in 6 

μM caerin 1.1 solution at (a, b) 67 min; (c, d) 85 min; (e, f) 120 min; and (g, h) 173 min exposure time 20. 

Reproduced with permission from ref. [20], copyright 2016 Elsevier. 

 

The shorter peptide, aurein 1.2, interaction with membranes 32 was attributed as a carpet mechanism, 

which is described as peptide binding to membrane firstly and lysing in a detergent-like manner when a 

threshold concentration is reached 57. The peptide mechanism was clearly demonstrated using dye-

leakage measurements, with similar amounts of small and large mass fluorescent markers released. This 

was furthered supported by AFM images of DMPC and DMPC/DMPG (4:1) LUVs on a mica surface 

(Figure 1.8) which transformed to a rough and dappled surface that was indicative of tubular micelles 

after aurein 1.2 addition (Figure 1.8). The shorter peptide is unable to span the bilayer to form pores and 

acts at higher concentrations to lyse the membrane. The peptide length and concentration greatly influence 

the mode of action, usually with > 20 amino acids required for an-helix to form a transmembrane pore 94.  
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Figure 1.8 AFM images on mica surface of: (a) DMPC vesicles, (b) DMPC/DMPG vesicles, (c) DMPC 

with aurein 1.2, and (d) DMPC/DMPG with aurein 1.2. White areas are individual liposomes or tubular 

micelles in upper and lower images, respectively 32. Reproduced with permission from ref. [32], copyright 

2012 Royal Society of Chemistry. 

 

Another mode if action is exhibited by proline-rich AMPs (PrAMPs), such as Chex-Arg20, which can 

pass through cellular membranes in a similar way to cell penetrating peptides without lytic effect and 

show less toxicity to eukaryotes 95-96. Dimer and tetramer forms of Chex-Arg20 caused aggregation of 

POPE/POPG LUVs and giant unilamellar vesicles (GUVs), as indicated by dynamic light scattering, CD, 

zeta potential, and fluorescence microscopy. These highly positively charged peptides have a strong 

electrostatic attraction to the negatively charged lipids. However, no calcein dye leakage was observed 

with peptide addition to negatively charged LUVs, but was seen with Gram-negative E. coli. Also, the 

Chex-Arg20 peptides showed little secondary structure in phosphate and trifluoroethanol solution or in 

lipid systems as revealed by CD spectroscopy. The antibacterial mechanism of Chex-Arg20 is not simply 

by membrane disruption but by other intracellular mechanisms, such as ribosome and metabolic inhibition. 

The mechanism is different from that of the arginine-rich peptide thanatin, which inhibits bacterial growth 

mainly by causing agglutination of bacteria 97. Consequently, these PrAMP oligomers are more effective 

as antibiotics due to an efficient and more complex killing mechanism.  

 

1.8 Maculatin 1.1 

Maculatin 1.1 (Mac1, GLFGVLAKVAAHVVPAIAEHF-NH2) is a typical cationic antimicrobial peptide 

and shares similarity to the AMPs, caerin 1.1 and aurein 1.2. Mac1 has a broad spectrum of antibacterial 

activities at micromolar concentration 6, 7, 98. Mac1 is random coil in aqueous solution but adopts an 

amphipathic helical conformation upon association with lipid membranes. Mac1 acts through a pore-
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forming mechanism (temporarily functional low-oligomeric pores) to lyse membranes and has preferable 

interaction towards anionic lipid membranes. Upon penetration into lipid bilayers, Mac1 likely changes 

the thickness and order of the bilayer, and largely disturbs the order of acyl chains in phospholipid bilayers 

with an increase in lipid fluidity (Figure 1.9), Additionally, Mac1 preferentially disrupts Gram-positive 

bacteria over Gram-negative bacteria and mammalian cells. Furthermore, the central kink in the vicinity 

of proline 15 plays an important role in the central flexibility and the biological activities of the peptide, 

which correlates with maintaining amphipathicity of the peptide so as to facilitate interaction with the 

membrane 21, 31, 70. However, how peptides interact with each other to form a pore in lipid membrane is 

unknown, especially in live cells, and is likely related to concentration-dependent self-association or 

aggregation. Although Mac1 is accepted to adopt an α-helix conformation to disrupt lipid membranes in 

vitro,  structural studies to determine the exact conformation state of the peptide in vivo are necessary. 

 

 

Figure 1.9 The process of Mac1 binding and disrupting lipid membranes. 

 

1.9 Summary 

Our understanding of the mechanism of action of AMPs has been inferred from model membrane studies. 

These models have provided intricate details on the structure-function relationship with lipids but are not 

sufficient to understand how these potential alternatives to antibiotics operate against live bacteria nor 

explain why AMPs have different potencies against specific bacterial strains. Especially the process of 

how Mac1 disrupts bacterial membranes is still not clearly stated as either self-assembly or aggregation 

even many investigations had been conducted. Hitherto, high-resolution in-cell structural studies of AMPs 

– and overall for membrane-active peptides and membrane proteins – have not been achievable due to 

experimental limitations, such as maintaining sufficient cell integrity or low signal intensity and 

inadequate resolution. Recent breakthroughs in dynamic nuclear polarisation (DNP) 98 have enabled high-

resolution in-cell solid-state NMR studies and will open new horizons in understanding AMP mode of 

action. The DNP technology is based on electron-to-nuclear spin magnetization transfer, which produces 

an increase in signal of up to three orders of magnitude and thus acquisition time is greatly reduced. 

Moreover, DNP-NMR experiments are performed at cryogenic temperature and thus, with optimized 
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cryoprotection, cell integrity can be maintained during data acquisition although the lipid will no longer 

be in a fluid phase. However, a number of challenges remain that currently we are addressing: a radical 

source has to be delivered across the cell membrane, cell preservation needs to be optimised for the 

cryogenic conditions, DNP biradicals that function at higher temperatures need to be developed, and high-

resolution NMR studies require isotopic labelling of the peptides. Once these limitations are overcome, 

the structural details of how AMPs work in cells will be unravelled. 

 

 

Thesis outline: 

Chapter 1 An overview of cationic antimicrobial peptides is given, which includes their clinical 

importance, structural properties, modes of action, effect on lipid membranes and previous investigations 

of the AMP maculatin 1.1. The in-cell DNP-NMR structural study of maculatin 1.1 is required to reveal 

the self-assembly process of antimicrobial peptide. 

Chapter 2 To facilitate in-cell DNP-NMR structural study of maculatin 1.1, spin probes were attached 

to maculatin peptides (TOAC-MacW, and TOAC-TOAC-MacW) and studied in lipid model membranes 

(DMPC bilayers).  

Chapter 3 To conduct in-cell DNP-NMR structural study of maculatin 1.1, the optimized spin probes 

(TOAC-MacW, and TOAC-TOAC-MacW) were directly tested in live E. coli and concentration-based 

experiments were also performed. 

Chapter 4 A workable method for cloning, expressing and purifying isotopically labelled C-terminus 

amidated maculatin 1.1 was developed for in-cell NMR studies. 

Chapter 5 To simplify the expression protocol for achieving higher yield, maculatin 1.1 with 

carboxylated C-termini was selected for expression and compared with native amidated form for 

biological activity and membrane interaction. 

Chapter 6 Conclusion and future direction. 
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Chapter 2 
 

TOAC spin-labelled peptides tailored for DNP-NMR studies in lipid 

membrane environments 
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2.1 Abstract 

The benefit of combining in-cell solid-state dynamic nuclear polarization (DNP) NMR and cryogenic 

temperatures provide sufficient signal-to-noise and preservation of bacterial integrity via cryoprotection 

to enable in situ biophysical studies of antimicrobial peptides. The radical source required for DNP was 

delivered into cells by adding a nitroxide-tagged peptide based on the antimicrobial peptide maculatin 1.1 

(Mac1). In this study, the structure, localization and signal enhancement properties of a single (T-MacW) 

and double (T-T-MacW) TOAC spin-labelled Mac1 analogues were determined within micelles or lipid 

vesicles. The solution NMR and circular dichroism results showed that the spin-labelled peptides adopted 

helical structures in contact with micelles. The peptides behaved as an isolated radical source in the 

presence of multilamellar vesicles, and the EPR electron-electron distance for the doubly spin-labelled 

peptide was ca. 1 nm. The strongest paramagnetic relaxation enhancement (PRE) was observed for the 

lipid NMR signals near the glycerol/carbonyl backbone and was stronger for the doubly spin-labelled 

peptide. Molecular dynamics simulation of the T-T-MacW radical source in phospholipid bilayers 

supported the EPR and PRE observations, while providing further structural insights. Overall, the T-T-

MacW peptide achieved better 13C and 15N signal NMR enhancements and 1H spin-lattice T1 relaxation 

than T-MacW.  

 

2.2 Introduction 

Structural study of biomolecules in their native environments is a difficult but a fundamental requirement 

for understanding their molecular interactions in physiological conditions. In particular, studies of 

membrane proteins and membrane-active peptides benefit from appropriate, yet extremely complex, cell 

membrane environments, which in turn impose practical complications, such as sample lifetime. Solid-

state NMR has been at the forefront of structural studies of membrane proteins and membrane-active 

peptides in lipid environments 1, 2 despite severe limitation in sensitivity. The emergence of dynamic 

nuclear polarization (DNP) has provided a tremendous boost in signal that now allows investigations of 

intact cellular systems, including mammalian cells 3. DNP NMR also benefits from use of cryogenic 

temperatures which, combined with the use of cryoprotectants, considerably extends the lifetime of cells 

4, 5 although at the cost of retaining the physiological fluidity of the lipid bilayer. A recent in-cell DNP 

solid-state NMR application demonstrates the feasibility of studying antimicrobial peptides (AMPs) in 

intact Escherichia coli bacteria 6. As bacteria develop increasing resistance to traditional antibiotics, 

AMPs are seen as attractive alternatives to conventional treatments 7-10 and thus, since peptide structure 

is dependent on environment, in situ studies will play a pivotal role in better understanding their mode of 
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action.   

DNP NMR relies upon excitation of unpaired electrons by microwave irradiation and subsequent dipolar 

transfer of the spin polarization to surrounding nuclear spins thereby providing a potential signal 

enhancement up to a factor 660 4, 11-13. The presence of a radical source is essential and pioneering work 

has shown that radical properties significantly modulate the experimental signal enhancement. The spin 

polarization transfer in DNP occurs through a variety of mechanisms and the most common are via the 

solid effect (SE) and the cross effect (CE) 14. Briefly, the SE occurs when a transition involves a single 

electron and an nuclear spin while the CE, the most efficient mechanism at moderate magnetic field, 

originates from two coupled electrons whose difference in Larmor frequency matches the nuclear spin 

frequency 15, 16. The molecular scaffold of free radicals has been extensively studied and their sensitivity 

to local environments demonstrated, in particular their unfavorable depolarization or paramagnetic 

quenching, which can result in severe decrease of signal enhancement 16, 17. Nitroxides are commonly 

employed due to their stability in biological system. The 5-membered piperidine ring tends to be more 

stable than six membered rings typically used in DNP applications 4. The best enhancements in aqueous 

environments are often reported for hydrophilic biradicals displaying a relatively rigid linker between two 

nitroxide moieties, e.g. AMUPol or TOTAPol 18. The distance and angle between the two electrons 

modulate their overall dipolar coupling to the nuclear spins as shown by EPR techniques, and this 

correlates to experimental DNP enhancements. Furthermore, a homogenous radical distribution in the 

frozen matrix is also critical for obtaining higher signal enhancement. The quenching and distribution of 

hydrophilic radicals are commonly optimized by composing a so-called DNP ‘juice’ made with glycerol, 

D2O and H2O to form an glassy matrix that protects the radical and lipid membranes 19 and prevents 

further distribution inside cells. An additional challenge for applying DNP strategies to cells and cell-

derived samples is the fast reduction of radicals by native antioxidants in cellular environments 17.  

An in situ radical source has been shown to generate decent signal enhancements while avoiding the 

pitfalls mentioned above. Nitroxides can be introduced into target proteins or peptides by site-directed 

spin-labelling (SDSL), usually taking advantage of cross-linking capabilities between the nitroxide S-(1-

oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL) and 

cysteine residues 20. Another possibility for peptides is the readily available 2,2,6,6-tetramethylpiperidine-

N-oxyl-4-amino-4-carboxylic acid (TOAC) that combines an amino acid backbone and a nitroxide side 

chain 17, 21 and which can be conveniently introduced in solid phase peptide synthesis. SDSL using TOAC 

residues in combination with DNP ssNMR spectroscopy thus offer a unique means to design spin-labelled 

peptides that will locate specifically in cell membranes. Previous studies have introduced spin labels into 
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proteins 22, peptides 23 or lipids 24, which demonstrate the possibility to localize enhancement by DNP, 

albeit none were performed in situ.   

Here, we have determined the structure, locality and NMR signal enhancement of a single (T-MacW) 

(Figure 2.1) and doubly (T-T-MacW) spin-labelled peptide in lipid membranes using a combination of 

circular dichroism (CD), NMR and EPR spectroscopy. Phosphatidylcholine bilayers were used to avoid 

complications due to the heterogeneity of E. coli membranes thereby providing higher resolution of 

localization of the spin label within the lipid bilayer while maintaining typical cell membrane properties. 

The spin-labelled peptides are based on the maculatin 1.1. (Mac1) peptide sequence, an AMP isolated 

from the skin glands of the Australian tree frog Litoria genimaculata 9, 10 that has demonstrated 

membrane-anchoring properties in lipid and bacterial membranes 25, 26.  

 

Figure 2.1 The spin-labelled peptide T-MacW and T-T-MacW with TOAC residue at the N-terminus. 

 

2.3 Materials and methods 

2.3.1 Materials 

Perdeuterated-acyl chain 1,2-dimyristoyl-sn-glycero-3-phosphocholine (d54-DMPC, MW 732.27) was 

purchased from Avanti Polar Lipids (Alabaster, USA). Sodium dodecyl-d25 sulfate (d25-SDS) was 

purchased from Sigma-Aldrich (Sydney, Australia). 15N labelled L-alanine-N-FMOC and 13C1 L-valine-

N-FMOC were purchased from Cambridge Isotope Laboratories (Andover, USA). 1,2,3-Propanetriol-d8, 

deuterated glycerol (glycerol-d8) and D2O were purchased from Sigma-Aldrich (Sydney, Australia). 

FMOC-2,2,6,6-tetramethylpiperidine-N-oxyl-4-amino-4-carboxylic acid (Fmoc-TOAC-OH) was 
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purchased from Chem-Impex (Wood Dale, USA). MacW (GLWGVLAKVAAHVVPAIAEHF-NH2; MW 

2184.40), T-MacW (TOAC-MacW; MW 2382.40), T-T-MacW (TOAC-TOAC-MacW; MW 2580.52) and 

the [13C1-V14, 15NH-A18] labeled Mac1 (GLFGVLAKVAAHVVPAIAEHF-NH2; MW 2147.25) were 

synthesized manually by solid phase peptide synthesis and purified by HPLC to a purity >95% using HCl 

instead of trifluoroacetic acid salt 27. 

2.3.2 Solution NMR experiments 

Solution NMR samples were prepared by dissolving 3 mM MacW in phosphate buffer (50 mM NaCl, 20 

mM phosphate buffer pH=4.74, 0.5 mM NaN3, 0.03 mM DSS, 10% v/v D2O) containing 300 mM d25-

SDS micelles or 1 mM radical inactivated T-MacW in phosphate buffer containing 150 mM d25-SDS 

micelles. 

The MacW in d25-SDS micelles sample was investigated at 310 K on an 800 MHz Bruker Advance II 

spectrometer (Bruker Biospin, Rheinstetten, Germany). 1H homonuclear TOCSY (mixing time τmix = 80 

ms) and NOESY (τmix = 200 ms) were acquired with 1024 points and 2048 points in the F1 dimension, 

respectively, and 8192 points in the F2 dimension. 16 transients were accumulated with a 1.5 s recycle 

delay, respectively. The data were multiplied with a squared sine bell function shifted by 90°. The 1H 

spectral window was set to 9615 Hz. 13C-1H HSQC experiments were performed with 256 points in the 

F1 dimension and 2048 points in the F2 dimensions. 64 transients were accumulated with a 2 s recycle 

delay. The 13C spectral window was set to 33200 Hz. Non-uniform sampling 15N-1H HSQC experiments 

were performed with 25 % of 128 points in the F1 dimension and 4096 points in the F2 dimension. 2048 

Transients were accumulated with a 1.5s recycle delay. The 15N spectral window was set to 3240 Hz. 

The radical inactivated T-MacW in d25-SDS micelles sample was investigated at 310 K on an 800 MHz 

Bruker Advance II spectrometer (Bruker Biospin, Rheinstetten, Germany). 1H homonuclear TOCSY 

(mixing time τmix = 80 ms) and NOESY (τmix = 200 ms) were acquired with 512 points and 1024 points 

in the F1 dimension, respectively, and 4096 points in the F2 dimension. 32 and 24 transients were 

accumulated with a 1.5 s recycle delay. The data were multiplied with a squared sine bell function shifted 

by 90°. The 1H spectral window was set to 9615 Hz. 

1H chemical shifts were referenced to DSS at 0 ppm. Data were processed in TopSpin 4.0.5 (Bruker) and 

analysed using CCPNmr Analysis 2.4.2 28. Full backbone and side chains assignments were made using 

1H homonuclear TOCSY, NOESY, 15N-HSQC and 13C-HSQC spectra. 
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2.3.3 Structure calculation  

The NOESY cross-peak assignments were subsequently used to generate distance restraints for structure 

determination. The NOE distance restraints were supplemented with dihedral angle restraints derived 

from DANGLE prediction 29. Structures were calculated using standard CNS 1.1-based protocol 

implemented in the ARIA 2.2 interface 30. Final 10 lowest energy structures were refined in a water shell 

and assessed with MolProbity 31. 

2.3.4 Circular dichroism 

CD measurements were acquired on a Jasco J-815 spectropolarimeter (Jasco, Tokyo, Japan). The sample 

was scanned from 190 to 260 nm in a triplicate with 1 nm step size, 1 nm bandwidth, 1 s time-per-point 

and 1 mm quartz cell (Starna, Hainault, United Kingdom). Signal was recorded as millidegree and zeroed 

at 260 nm and normalized to give units of mean-residue ellipticity (MRE) according to the following 

equation [1]: 

𝑀𝑅𝐸 =  
𝜃

𝐶 ∙ 𝑙 ∙ 𝑁
 

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

path-length in cm, and N is the number of residues per peptide. The secondary structure fraction was 

processed using CDPro Software Package with SELCON3 Algorithm and SMP56 basis set 32, 33.  

2.3.5 Solid-state NMR sample preparation 

The spin labelled peptides were co-solubilized with labelled Mac1 in water firstly and then added to 

DMPC lipid to reach a lipid to peptide ratio of about 65:1. The suspension was frozen and freeze-dried 

overnight and resuspended into D2O/H20 (3:1, v/v) or glycerol-d8/D2O/H20 (6:3:1, v/v/v) for NMR  

measurements performed at 303 K or 108 K, respectively. Four freeze-thaw cycles were performed before 

packing the multilamellar liposomes (MLVs) into a 4 mm zirconia or 3.2 mm sapphire rotor for 

measurements performed at 303 K or 108 K, respectively.  

2.3.6 Solid-state NMR experiments  

NMR experiments were conducted on a 9.4 T wide-bore Bruker Avance-III HD NMR spectrometer 

(Wissembourg, France) equipped with a 4 mm triple-resonance MAS probe. The temperature of all 

experiments was maintained at 303 K and the spinning frequency was set to 8 kHz.  
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1H MAS experiments were performed with a single 68 kHz excitation pulse and 20480 complex points 

and 40 scans were collected with 4 s recycle delay. The FIDs were zero filled to 65 k points without line 

broadening. T1 experiments were performed using an inversion-recovery pulse sequence 34. The 

intensities were plotted against each time delay and were fitted using TopSpin 4.0.6 (Bruker) to a single 

exponential component.  

13C cross-polarization MAS (CPMAS) experiments were performed with 68 kHz proton excitation pulse 

followed by 4 ms Hartmann-Hahn contact with a 30% linear RAMP with 4 s recycle delay; 4096 scans 

and 4096 complex points were acquired under 70 kHz SPINAL64 decoupling. The FIDs were zero filled 

to 16k points and 10 Hz line broadening was applied. The spectra were indirectly referenced using 

adamantane (29.46 ppm). The direct polarisation (DP) experiments were performed using a single 50 kHz 

excitation pulse with 5 s recycle delay; 4096 scans and 4096 complex points were acquired under 70 kHz 

SPINAL64 decoupling. T1 experiments were performed using an inversion-recovery pulse sequence. The 

intensities were plotted against each time delay and fitted using TopSpin 4.0.6 (Bruker) to a single 

exponential component.  

31P MAS and static experiments were performed with a single 60 kHz excitation pulse, 55 kHz SPINAL 

decoupling and 5 s recycle delay; 4096 scans 5120 complex points were acquired. The FIDs were zero 

filled to 16 k points. 

2.3.7 DNP-enhanced solid-state NMR experiments 

DNP MAS NMR experiments were conducted on a 9.4 T wide-bore Bruker Avance-III HD DNP NMR 

Spectrometer (Wissembourg, France) equipped with a 3.2 mm low-temperature triple-resonance MAS 

probe and a 263.33 GHz gyrotron source. The temperature of all experiments was maintained at 108 K, 

the spinning frequency was set to 8 kHz and the spectrometer frequency was optimized so that microwave 

irradiation of the gyrotron occurred at the maximum DNP enhancement of nitroxide.  

13C CPMAS experiments were performed with 102 kHz proton excitation pulse followed by 1 ms 

Hartmann-Hahn contact with a 10% ramped amplitude (RAMP) CP sequence; 3.5 s recycle delay and 

2048 complex points were acquired under 106 kHz SPINAL64 decoupling. 64 scans were collected and 

the FIDs zero filled to 4 k points and 10 Hz line broadening was applied. The spectra were referenced 

using the internal silicon plug 13C signal set at 0 ppm. 

15N CPMAS experiments were performed with 100 kHz proton excitation pulse followed by 2 ms 

Hartmann-Hahn contact with a 30% RAMP and 3.5 s recycle delay; 128 scans and 1024 complex points 
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were acquired under 104 kHz SPINAL decoupling. FIDs were zero filled to 4 k points and 70 Hz line 

broadening was applied. 

31P CPMAS experiments were performed with 105 kHz proton excitation pulse followed by 1 ms 

Hartmann-Hahn contact with a 10% RAMP and 3.5 s recycle delay; 32 scans and 4096 complex points 

were acquired under 110 kHz SPINAL decoupling. FIDs were zero filled to 4 k points and 30 Hz line 

broadening was applied. 

2.3.8 EPR spectroscopy 

For continuous wave (CW) electron paramagnetic resonance (EPR) experiments, the single and double 

TOAC labelled peptides were resuspended in milli-Q water to a spin concentration of ~400 µM. Peptides 

were also added to DMPC by incubating at 35ºC followed by 3 to 4 freeze-thaw cycles until clearly 

homogenised. Glycerol was added to each peptide or peptide/DMPC sample in a ratio of 4:6 

(water:glycerol). 100 µL samples (~100 µM TOAC) were transferred into 4 mm outer diameter quartz 

tubes and flash frozen in liquid nitrogen before inserting into an ELEXSYS E500 (Bruker) spectrometer. 

CW spectra were collected at 165 K with a 9.4 GHz (X-band) resonator using a microwave power of 0.05 

mW, modulation amplitude of 2 G and scan range of 160 G. Spin–spin distances were obtained from EPR 

dipolar interactions of the doubly labelled TOAC samples. The analysis of spectral broadening was 

performed using a Monte-Carlo/Simplex Gaussian convolution CWdipFit software 35. 

2.3.9 Molecular dynamics simulation 

The starting conformation of MacW was generated from NMR data of the peptide in SDS micelles. The 

CHARMM-GUI membrane builder 36 was then used to prepare the DMPC bilayer system with 100 DMPC 

molecules per leaflet within a rectangular box containing KCl to enforce neutrality and a 12.5 Å layer of 

water. The forcefield for the TOAC residue was adapted from 37 and the ff14SB protein forcefield was 

used 38. All histidine residues were singly protonated to model the ionization state expected at pH 7.4 and 

the peptide C-terminus was amidated to match the experimental conditions. The simulations were 

performed using the AMBER force fields and the minimization, equilibration and production runs were 

performed with the AMBER CUDA package 39 on a desktop machine fitting a GPU GeForce GTX 1080 

titanium and a CPU with 12 cores.  

Each system was first minimized for 1000 steps using the steepest descent method followed by 1000 steps 

of the conjugate gradient method with a 12 Å non-bonded interaction cut-off. The peptides and lipids 

were restrained with a 10 kcal.mol-1 and 2.5 kcal.mol-1 potential, respectively. Then, 1.6 ns equilibration 

MD simulations were run at 310 K, using decreasing positional restraints to maintain the peptide 



  

29 

 

backbone and the lipid atom positions. All covalent bonds involving hydrogen atoms were constrained 

using the SHAKE algorithm 40 and the rigid internal geometry for TIP3P water molecules was constrained 

with the SETTLE algorithm 41. The system temperature was maintained at 310 K using a Langevin 

thermostat 42 with a 3 ps-1 collision frequency. The system pressure was controlled at 1 bar using a semi-

isotropic Monte-Carlo barostat with a xy surface tension. Each restart was performed with a random seed. 

100 production runs of 5 ns each were performed with a 5 kcal.mol-1 distance restraint on the two nitroxide 

oxygens set according to the EPR analysis.  

The MD trajectories were visualized and analyzed using VMD 43 with custom scripts and the CPPTRAJ 

44 software and fitting procedures and plots were created in Gnuplot.  

 

2.4 Results and discussion  

2.4.1 F3W mutation and N-terminal TOAC addition did not perturb the peptide helical structure 

The CD spectra of Mac1, MacW, T-MacW and T-T-MacW peptides in buffer (20 mM phosphate) were 

typical of random coil structures with a single minimum at 198 nm. The presence of 10 mM SDS micelles  

induced a transition from random coil to helical structures as indicated by two minima in the vicinity of 

222 nm and 209 nm and a maximum at 195 nm (Figure 2.2A) with similar amplitudes of MRE for all 

peptides. Spectral deconvolution based on a protein structure database (see Experimental) confirmed that 

there is no significant structural difference between the peptides, with helical content of 55% (Mac1), 57% 

(MacW), 55% (T-MacW) and 56% (T-T-MacW). Since CD is not able to provide atomic details on the 

peptide structures, solution NMR was used to determine the high-resolution structures of the peptides in 

SDS micelles 33, 45. 
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Figure 2.2 A) CD spectra of Mac1 (black circles), MacW (red squares), T-MacW (orange stars) and T-

T-MacW (blue triangles) in phosphate buffer (empty symbols) and SDS micelles (filled symbols). B) The 

10 lowest energy NMR structures of MacW in SDS micelles. Chemical shift perturbation of: T-MacW C) 

from random coil, and D) from MacW in SDS micelles. All experiments were performed with 50 µM 

peptide at pH=5.0 and 37℃. The N-terminus of MacW was grafted with TOAC radicals. 

The MacW structure in SDS micelles was determined by using homonuclear 1H-1H (NOESY, TOCSY) 

and heteronuclear 13C-1H HSQC and 15N-1H HSQC NMR spectroscopy. The residue classes were first 

determined using the TOCSY peak patterns and the sequential assignment walk was performed using the 

NOESY spectra 46 (Figure S2.1-3). Notably, amino protons of Gly1 residues were not observed due to 

rapid hydrogen-deuterium (H/D) exchange 47, 48. The presence of strong dNN(i, i+1), dαN(i, i+1) and dβN(i, i+1) 

NOEs were complemented by weaker dNN(i, i+2) and dαN(i, i+2) NOEs; and a series of long range NOEs, dαN(i, 

i+3), dαβ(i, i+3) and dαN(i, i+4), support that the peptides were predominantly in a helical conformation (Fig. 

S4). Structural calculations of MacW were based on a total of 211 NOE distance restraints comprising 

129 intra-residue, 82 inter-residue and 61 sequential restraints. The 15N and 13C chemical shifts of MacW 

were obtained from the 15N-1H HSQC and 13C-1H HSQC, respectively, and used to estimate further the 
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dihedral angles restraints for structure calculation. The quality and statistical analysis of the structures 

showed no dihedral violation and no distance violation within 0.4 Å. The C root mean square deviations 

(RMSDs) of the mean structures was 0.47 Å. The Molprobity statistics indicated only minor clashes with 

no Ramachandran outliers, Cβ deviations and no bad bonds nor angles (Table S2.1). Ensembles of 10 

MacW lowest energy structures refined in a water shell displayed a single helical stretch (Figure 2.2B). 

The peptide exhibited a bend in the helical pitch, likely induced by the Pro15 residue, as previously 

observed 49-51. The chemical shift perturbations can be used to probe the propensity for secondary 

structures, e.g. α-helices, β-strand or extended conformations. A positive difference of 13Cα and negative 

difference of 13Cβ, Hα and 15N chemical shifts from the corresponding random coil shifts is an indication 

of α-helical propensity for a given segment of residues 52. The chemical shifts perturbation from Leu2 to 

Phe21 for MacW confirmed a long helical stretch propensity (Figure S2.5). The addition of TOAC 

(inactivated) onto MacW produced a similar chemical shift perturbation, which suggested that the spin-

labelled peptide adopted a similar helical stretch (Figure 2.2C&2.2D&S2.6), which is in agreement with 

the CD results. The main difference was an upfield shift of Trp3 Hα due to the hydrogen bond formation 

through TOAC at the peptide N-terminus, but overall the addition of TOAC to the MacW N-terminus did 

not perturb the peptide structure and its interaction with the micelles.  

2.4.2 T-MacW and T-T-MacW did not aggregate in DMPC vesicles 

The coupling of free electrons is a critical feature modulating the efficiency of the DNP enhancements. 

Mono- and bi-radical spins interact via two different dipolar mechanisms with the nuclear spins: the solid 

effect (SE) and the cross effect (CE), respectively 15. The CE is usually an order of magnitude greater 

than the SE 53, 54 at the moderate magnetic field and spinning frequency used in this study. At low 

temperature and embedded within lipid bilayers, the proximity of the radical source grafted onto the spin-

labelled peptides could generate dipolar couplings with nearby nuclear spins. Thus, continuous wave (CW) 

EPR experiments were performed at 165 K to determine the inter-spin distance between the TOAC 

paramagnetic centers of the spin-labelled peptides in glycerol solution and in the presence of cryo-

protected DMPC bilayers.
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Figure 2.3 CW-EPR spectra at 165 K between two TOAC labels in the doubly labelled peptide samples: 

A) in solution, and B) reconstituted in DMPC vesicles (1:60 P/L ratio); and C) distance analysis. CW 

spectra for the single labelled TOAC peptide samples are also shown (black spectra). The doubly spin-

labelled peptides were normalized to a unit area. CWdipFit analysis shows the corresponding inter-

spin distance distribution (Gaussian fit) for both double labelled TOAC-peptides in water (blue) and 

DMPC (red).  

 

The distances between pairs of paramagnetic centers can be obtained by deconvolution using a Gaussian 

distance distribution function. As shown in Figure 2.3, there was significant line broadening for the double 

labelled TOAC peptide sample compared to the single labelled peptide. Under aqueous conditions, the 

average distance between the two TOAC groups on the N-terminal end of the peptide was 1.00 nm (Δr = 

0.24 nm). The spin-spin distance is similar to that in the bi-nitroxide AMUPol (1.25 nm), which interacts 

predominately via the CE DNP interaction in aqueous solution 55 The line broadening from the interacting 

TOAC groups did not change significantly upon reconstitution in DMPC. The average distance in DMPC 

was also 1.00 nm with a similar distance distribution (Δr = 0.26 nm). There was no detectable strong 

interpeptide inter-spin coupling between TOAC groups upon reconstitution with lipid vesicles as assessed 

by comparison of the CW-EPR spectrum of the single labelled peptide sample in aqueous conditions with 

the spectrum obtained in the presence of DMPC (Figure S2.7)  

Overall, the EPR data confirmed that T-MacW and T-T-MacW can be treated as independent radical 

sources (negligible inter-spin coupling). The consequence is that T-MacW can generate DNP via the SE, 

while the scaffold of T-T-MacW has the propensity to induce DNP via the CE. The narrow distance 

ensemble of the two electrons and the CD and NMR results support a single secondary structure with the 

two TOAC residues likely engaged in a helical turn due to the high propensity of this residue to adopt 

helical backbone torsion angles 56. 
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2.4.3 TOAC-labelled peptides location in lipid membranes  

The parent peptide Mac1 is known to form pores within lipid membranes 10 and thus the small 

modification of the peptide N-terminus (F to W mutation; which also allows better estimate of peptide 

quantity) was not expected to significantly alter MacW peptide-lipid interactions. Furthermore, the 

addition of the TOAC residue at the N-terminus did not change significantly the secondary structure of 

MacW (Figure 2.2) so the spin-labelled peptides are likely tightly bound to the lipid bilayers. This is 

supported by a recent study showing that T-MacW and T-T-MacW peptides were tightly bound to E. coli 

cells and the AMPs were not present in the supernatant following centrifugation 6.  

In order to localize the spin-labelled peptides within a lipid bilayer, the paramagnetic relaxation 

enhancement (PRE) effects on 1H, 31P and 13C signals from DMPC MLVs incubated with the peptides 

were assessed (Figure 2.4 and S2.8) at 303 K. The intensity and linewidth changes allowed qualitatively 

mapping of the distance-dependent PRE effects along the DMPC lipid molecules. The strongest PRE 

effects were observed near the glycerol/carbonyl lipid backbone for both T-MacW and T-T-MacW, the 

latter inducing greater signal loss in the lipids. The phospholipid headgroup and the terminal methylene 

were not strongly affected by the presence of the radicals, indicating that the TOAC residues were deeper 

below the phosphorous in the membrane. At the typical lipid to peptide molar ratio used for in-cell DNP 

NMR studies, it is likely that many lipids are not in proximity of the spin-labelled peptides, even if the 

peptides are homogeneously distributed. Thus, a large proportion of the signals should not sense any PRE 

effects. However, lipid and peptide diffusion could modulate the PRE effective area as observed by the 

almost complete loss of some signals, in particular for C2 and C3 atoms, and to a lesser extent for G1-3 

atoms (Figure 2.4).     

There are several benefits for having a radical source inserted deep within lipid bilayers. As recently 

shown, aqueous radical sources can be degraded by cellular activity 57. Membrane insertion protected T-

MacW and T-T-MacW peptides from significant degradation during incubation with E. coli cells 6. 

Membrane insertion of the spin-labelled peptides is also beneficial for enhancing signals within complex 

cell membrane architecture, where aqueous radicals and/or hyperpolarized protons may struggle to diffuse. 
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Figure 2.4 A) DMPC molecule; B) 1H MAS, and C) 13C CPMAS spectra of DMPC MLVs (top black) 

and in the presence of T-MacW (middle red) and T-T-MacW (bottom blue). D) PRE effect on DMPC 

NMR signals in the presence of T-MacW or T-T-MacW with a rough scale indicating loss of intensity 

from center of bilayer to headgroup region. 

2.4.4 TOAC-TOAC configuration from molecular dynamics simulations 

The 500 ns molecular dynamics (MD) simulation of T-T-MacW in a bilayer made of DMPC lipids 

supported the location of the TOAC residues below the lipid phosphate groups and near the glycerol 

backbone (Figure 2.5 and 2.6). Interestingly, a long-lived hydrogen bond (80% of the simulation) between 

a phosphate group and the amino proton of TOAC1, hopping to TOAC2 amino proton, was observed (see 

snapshot Figure 2.5). TOAC1 and TOAC2 were slightly exposed to water, especially in the first 100 ns 

of the simulation due to initial configuration but, as the simulation progressed, TOAC2 was mainly 

shielded within the hydrophobic core of the bilayer while TOAC1 maintained some water in proximity. 

The strength of the DNP cross-effect is modulated by the distance and angle between the two nitroxide 

NO• dipoles. During the simulation, the distance fluctuated around 1.1 nm showing some dynamics that 

are not favorable for reaching the highest NMR signal enhancement. Furthermore, the angle between the 

two dipoles also fluctuated around 109. However, the MD simulation was not able to be performed at 

100 K, where motions would be severely restricted. Therefore, the fluctuating angle and distance of the 

two nitroxides is likely suppressed during the DNP-NMR experiments.  
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A recent MD study of the bi-nitroxide radical TinyPol gave similar electron-electron distance and angle 

distribution (ca. 1.04 nm and 110, respectively) 58. The dipolar and exchange coupling values calculated 

from these parameters were favorable to DNP via cross-effect (CE), albeit that the radical was designed 

for higher magnetic field and faster magic angle spinning speed. The local geometry of the biradical 

source is critical to the performance of CE 59 and, at 9.4 T and moderate magic angle spinning speed, the 

TOAC-TOAC scaffold is within the optimum configuration for providing significant NMR signal 

enhancement.   

 

 

Figure 2.5 Depth-cued snapshot of T-T-MacW (orange ribbon) in DMPC bilayers (phosphorus atoms 

represented by gold spheres) at 500 ns showing a hydrogen bond (purple line) between the phosphate 

group of a DMPC lipid and the amide protons of TOAC1 but hopping to TOAC2 across the simulation. 

Water (blue surface) contact within 5 Å of NO (depicted as blue/red sticks, respectively) slightly 

penetrating into the bilayer.  
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Figure 2.6 (A) Analysis of the trajectories obtained from 500 ns simulation of T-T-MacW in DMPC 

bilayers. The density versus depth of the phosphorous atoms (orange line), TOAC1 (black line), TOAC2 

(blue line) and water molecules (purple line) from the center of the bilayer was fitted with a Gaussian 

function. (B) Water exposure within 5 Å of TOAC1 (orange circle) and TOAC2 (blue square). The line 

represents a linear fit of the number of contacts. (C) Nitroxide to nitroxide distance across the 500 ns 

simulation. The line represents a linear fit of the distance values.  (D) Nitroxide dipole to nitroxide dipole 

angle across the 500 ns simulation. The line represents a linear fit of the angle values.  

2.4.5 TOAC-labelled peptide as radical source significantly enhanced DNP NMR signals 

The use of spin-labelled peptides was intended to deliver a localized radical source able to produce 

significant NMR signal enhancement of other membrane located biomolecules via DNP. While spin-

labelled MacW peptides are located within lipid bilayers of model membranes and E. coli bacteria, the 

signal enhancements observed for the lipids and for a [13C-V14, 15N-A18] labeled AMP Mac1 were 

relatively high for the unoptimized radical moiety in such complex systems. Our EPR results support the 

interpretation that T-MacW enhances the NMR signals via the SE as an isolated mono-radical. The DNP 

CPMAS NMR enhancements ranged between ca. 12 and 14. Complementary to the PRE results, the 

enhancements were greater for the carbonyl region (ɛDNP of 14.4) and lower for the phosphorous (ɛDNP of 

12), as shown in Figure 2.7 and Table 2.1. The doubly labelled T-T-MacW peptide has two unpaired 

electrons carried by two nitroxides separated through a peptide bond. This could potentially generate an 
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ensemble of electron-electron distances and angles that could reduce the optimal configuration necessary 

for CE. Yet, the EPR results showed a relatively narrow electron-electron distance distribution centered 

at 1 nm, likely due to a persistent secondary structure of the peptide involving the helical-prone TOAC 

residues 6, 50, as indicated by the CD and solution NMR results. Overall, the NMR signals were enhanced 

almost two-fold when using the T-T-MacW radical as source compared to T-MacW (Figure 2.7 and Table 

2.1). The signal enhancements were also localized as observed for T-MacW and T-T-MacW. Furthermore, 

the signal enhancements observed within DMPC bilayers were similar, albeit slightly less, to our recent 

in-cell studies of live E. coli using similar radical concentrations6; the minor discrepancies may be due to 

the difference in spin-labelled peptide distribution and heterogeneity of the E. coli membranes. To 

determine the efficiency of the DNP NMR signal enhancement for membrane located peptides, a 15N 

labelled antimicrobial peptide, Mac1, was added to the DMPC bilayers in the presence of the spin labelled 

peptides (T-MacW or T-T-MacW). Interestingly, DNP-enhanced 15N CPMAS spectra showed two signals: 

the Ala18 15N labelled Mac1 peptide amide produced a broad peak at 120 ppm while a weak peak at 48 

ppm is likely due to the lipid choline headgroup. The 15N CPMAS signal enhancements were comparable 

to the 13C signal enhancements (Figure 2.7), indicating that the hyperpolarized proton bath was coupled 

to Mac1 as well as the lipids. 

The radical source not only triggers signal enhancement, it also provides a beneficial PRE effect allowing 

faster CP signal acquisition due to reduced 1H spin-lattice T1 relaxation times. Indeed, the required DNP 

setup (cryogenic temperatures and limited proton bath due to deuteration of the ‘juice’) is not favorable 

for fast recycle delay, lowering the gain in signal-to-noise per unit of time. Significantly, the presence of 

T-MacW and T-T-MacW decreased the 1H T1 values by ca. 2-fold and 8-fold, respectively (Table 2.1). 

Note that only T1 and signal enhancements are reported here to compare the two spin-labelled peptides 

and that the DNP build-up time has not been quantified, which also could modulate the maximum DNP 

signal enhancements 60.  
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Figure 2.7 DNP-enhanced 13C CPMAS spectra of [13C-V14, 15N-A18] Mac1 in DMPC bilayers: A) T-

MacW, and B) T-T-MacW. DNP-enhanced 31P CPMAS spectra of DMPC bilayers with [13C-V14, 15N-

A18] Mac1: C) T-MacW, and D) T-T-MacW. Experiments recorded without (red) and with (black) 

microwave irradiation were performed under identical conditions at 8 kHz spinning speed and 108 K. E) 

15N CPMAS DNP-enhanced spectra of [13C-V14, 15N-A18] Mac1 in DMPC bilayers: T-MacW (red), T-

T-MacW (black) as radical sources. (All microwave off spectra are scaled x4). 

 

Table 2.1 Enhancements and relaxation values obtained from CPMAS experiments at 108 K 

 13C ɛDNP 31P ɛDNP 13C T1H (s) 31P T1H (s) 

 Carbonyl Glycerol Aliphatic lipids Carbonyl Glycerol Aliphatic lipids 

TOAC-

MacW+Mac1 
14.4 13.8 13.7 12 6.9 8.0 7.6 7.7 

TOAC-TOAC-

MacW+Mac1 
27.0 23.9 22.1 19.4 2.2 2.4 2.5 2.6 

Mac1 1.0 1.0 1.0 1.0 16.2 17.8 16.4 17.8 

ɛDNP= Ion/Ioff with microwaves on/off; T1 values were obtained by fitting the intensities of the signals obtained using 

inversion recovery CP experiments to an exponential decay. Carbonyl 13C signal range: 178-163 ppm, glycerol 13C signal: 

77-66 ppm, aliphatic 13C signal range: ~ 38-18 ppm. 
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2.5 Conclusion 

Following recent work 6 demonstrating the benefit of using spin-labelled peptides for in-cell 

DNP-enhanced solid-state NMR, we report the interaction and localization of these spin-

labelled peptides within a lipid bilayer. First, the substitution of Phe for Trp at position 3 of the 

well-characterized AMP Mac1 and the addition of TOAC to the peptide N-terminus induced 

no significant conformational change as revealed by CD and high-resolution NMR. Both T-

MacW and T-T-MacW function as isolated radical sources and perform well at 9.4 T by 

inducing localized 13C signal enhancement up to a factor of 14.4 and 27, respectively. Future 

work will focus on optimizing the design of the biradical scaffold grafted onto an amino-acid 

backbone to improve the signal enhancement and manipulate localization of the radical source 

within cellular systems through use of specific peptide sequences. This would facilitate 

multidimensional experiments that could enable ssNMR studies of self-assembly processes of 

membrane-active peptides and lead to targeted in-cell studies of membrane proteins. 

In Chapter 2, two radical-tagged peptides were designed to meet one of the requirements for in 

cell DNP-NMR study of AMPs, i.e., the spin probe providing unpaired electrons. The spin 

labelled peptides were initially tested in simplified lipid model system, DMPC bilayers. The 

spin labelled peptides proved to be effective in maintaining similar structural arrangement as 

native Mac1 and penetrated into lipid membranes as isolated radical sources that induced 

localized NMR signal enhancement for the target Mac1. The designed biradical-tagged 

peptides outperformed the single-labelled peptides, probably due to the propensity to induce 

DNP via the cross effect. Although the in vitro studies can provide a wealth of information, the 

performance of spin probes in vivo may differ as the native network of interactions within the 

cell is missing. Therefore, the performance of spin probes in live bacteria is illustrated in 

Chapter 3.  
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2.6 Supporting information 

 

 

 

 

 
Figure S2.1 NOESY spectra (τmix = 200 ms) of 3 mM MacW in 300 mM d25-SDS micelles (50 

mM NaCl, 20 mM phosphate buffer, 0.5 mM NaN3, 0.03 mM DSS, 10%v D2O, pH=4.74) at 

37ºC and expanded NH region. 

 

 

 

 

 

 

 
Figure S2.2 NOESY spectra (τmix = 200 ms) of 1 mM radical inactivated TOAC-MacW in 200 

mM d25-SDS micelles (50 mM NaCl, 20 mM phosphate buffer, 0.5 mM NaN3, 0.03 mM DSS, 

10%v D2O, pH=4.74) at 37ºC and expanded NH region. 
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Figure S2.3 NOESY spectra (τmix = 200 ms) of 387 µM radical activated TOAC-TOAC-MacW 

in 75 mM d25-SDS micelles (50 mM NaCl, 20 mM phosphate buffer, 0.5 mM NaN3, 0.03 mM 

DSS, 10%v D2O, pH=4.74) at 37ºC and expanded NH region. 

 

 

 

 

 

 

Figure S2.4 Sequential and medium-range NOEs in SDS micelles of MacW. 
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Figure S2.5 NMR chemical shift perturbation of MacW (red filled histograms) residues in the 

presence of SDS micelles at 37℃: (A) Cα chemical shift differences from random coil; (B) Cβ 

chemical shift differences from random coil; (C) Hα chemical shift differences from random 

coil; and (D) 15N chemical shift difference from random coil. 

 

 

 

Figure S2.6 Chemical shift (Hα) perturbation of: T-T-MacW from random coil in SDS 

micelles. All experiments were performed at pH=5.0 and 37℃. 
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Table S2.1: Statistical information for the MacW NMR structures in SDS 

micelles 

  MacW 

Distance 

restraints 

Total 211 

 Intra residue 129 

 Inter 82 

 Sequential 61 

 Short range (seq) 82 

 Short range (non seq) 21 

Atomic RMSD (Å) from average structure 

Cα (1-21) 0.47 

Violations from experimental restraints 

NOE violations (> 0.3 Å) 0 

Average violation (Å) 0 

Molprobity statistics 

Clashes (> 0.4 Å / 1000 atoms) 6.3±3.15 

Ramachandran outliers (%) 0 

Ramachandran favoured (%) 100 

MolProbity score 2.11 

Cβ deviations > 0.25 0 

Bad bonds 0 

Bad angles 0 

 

 

 
 

Figure S2.7 CW-EPR spectra at 165 K between TOAC labels in the single labelled peptide 

samples in solution (black line) and reconstituted in DMPC vesicles (red line). 
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Figure S2.8 A) Static 31P, and B) 31P CPMAS spectra of DMPC MLVs (top black) and in the 

presence of T-MacW (middle red) and T-T-MacW (bottom blue). 
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3.1 Abstract 

Antimicrobial peptides (AMPs) which target lipid membranes show promise as alternatives to 

conventional antibiotics. However, the molecular mechanisms of membrane perturbation as 

most studies are performed in model systems and in-cell structural studies have yet to be 

achieved. Solid-state nuclear magnetic resonance (ssNMR) spectroscopy is a valuable 

technique to investigate peptide-membrane interactions and to determine the structure of 

peptides but the short lifespan of bacteria, especially under magic angle spinning conditions, 

have not permitted in-cell structural studies. Here, we present the first DNP-NMR in-cell 

studies of E. coli bacteria incubated with the AMP, maculatin 1.1 (Mac1), in combination with 

novel nitroxide spin labelled peptides, TOAC-MacW and TOAC-TOAC-MacW. The in-cell 

13C and 15N signal NMR enhancements and 1H spin-lattice T1 relaxation times showed that 

TOAC-MacW and TOAC-TOAC-MacW performed better than the more hydrophilic biradical 

AMUPol used for DNP studies. Furthermore, the pores formed by the AMP increased the 

signal enhancements and decreased T1 values of specifically 13C and 15N labelled Mac1. This 

approach has a great potential for determining the first in situ structures of AMPs in bacteria.  

 

3.2 Introduction 

The antimicrobial properties of host-defence peptides have been extensively studied using 

model membranes of different lipid compositions that mimic those encountered in prokaryotes 

and eukaryotes 1. These biophysical studies have provided preliminary insights into the 

molecular mechanism of antimicrobial peptides (AMPs) and lipid-AMP interactions 2, 3. In 

particular, solid-state nuclear magnetic resonance (ssNMR) studies have provided critical 

structural information to better understand the complex interplay between AMPs and bilayer 

membranes 4, 5. A combination of ssNMR and model membranes of relatively simple lipid 

compositions has revealed the multiple steps associated with changes in peptide and membrane 

structure and the insertion/re-orientation of the peptide within the lipid bilayer 6. To date, 

similar studies in bacteria have been practically impossible to perform due to the short lifespan 

of the bacteria when depleted of media and especially when magic angle spinning (MAS) is 

used with ssNMR. Furthermore, in-cell ssNMR studies suffer from the inherent low sensitivity 

of the technique and complex background of the bacterial matrix 7.  

Recent advances in Dynamic Nuclear Polarization (DNP) have allowed ssNMR signals to be 

enhanced by up to two orders of magnitude 8. The DNP enhancement is provided by a 

magnetization transfer between polarized electrons and the proton bath of the sample, which is 
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hence transferred by cross-polarization to the nucleus under investigation. Optimization of the 

electron source using hydrophilic nitroxide-based radicals stabilized in a water/glycerol matrix 

at low temperature (ca. 100 K), has led to NMR signal enhancement in the 200-fold regime, 

with the greatest gains obtained so far with AMUPol 9. Furthermore, previous studies in our 

group revealed that bacteria, undergoing magic angle spinning experiments, tend to live longer 

at lower NMR temperatures (Figure 3.1)7. The cryogenic temperature necessary to perform 

DNP-enhanced NMR experiments not only provides a greater Boltzmann distribution of the 

spin polarization but also extends the sample lifetime, a particular advantage for bacterial 

suspensions preserved in cryoprotectants.  

However, DNP-enhanced NMR studies of membrane proteins using AMUPol revealed that the 

largest enhancement values are observed at the hydrophilic periphery of the lipid membrane 

and the least enhancement is at the hydrophobic interior of the membrane, which limits the 

amount of structural data obtained for transmembrane domains 10. The distribution of 

hydrophilic radicals may also be problematic in live cell studies, although enhancements were 

reported for an overexpressed membrane protein in E. coli 11. Recent studies have shown the 

benefit of including the radical source within the sequence of membrane-proteins and peptides 

10, 12-14. This approach has several advantages over the use of exogenous radicals: (i) by locating 

the nitroxide label within the peptide sequence, a greater and more homogeneous distribution 

of DNP enhancement of peptide signals are expected, especially for in-cell studies; (ii) 

incorporation of the radical within the peptide sequence allows different cryoprotection 

strategies and feasibly reduce the NMR signal from the bulk glycerol cryoprotectant and lessen 

dilution of the sample and thus improve the sample filling factor of the NMR rotor; and (iii) 

the use of spin-labelled peptide is compatible with common membrane protein sample 

preparation strategies and suitable for assessing peptide-peptide interactions 15, 16.  

The spin-labelled amino acid TOAC (2,2,6,6-tetramethyl-N-oxyl-4-amino-4-carboxylic acid), 

derived from TEMPO, has been used for Electron Paramagnetic Resonance (EPR) and 

Paramagnetic Relaxation Enhanced (PRE) NMR studies of peptides 17, 18. TOAC is compatible 

with solid phase peptide synthesis (Figure S3.1) and was inserted at the N-terminus (TOAC-

MacW) of MacW, a modified sequence of the antimicrobial peptide maculatin 1.1 (Mac1) 19, 

20. A double TOAC analogue was also synthesized (TOAC-TOAC-MacW) to boost DNP 

enhancement. E. coli bacteria were incubated together with the radical-tagged peptides and 

specifically 13C, 15N labelled Mac1 as an in-cell method for DNP-enhanced NMR studies of 

AMPs.  
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Figure 3.1 The survival rate of E. coli at different NMR temperature.7 

 

 

3.3 Materials and Methods 

3.3.1 Materials 

Fmoc-2,2,6,6-tetramethylpiperidine-N-oxyl-4-amino-4-carboxylic acid (Fmoc-TOAC-OH) 

was purchased from Chem-Impex (Wood Dale, Illinois, USA), and activated TOAC (MW 

215.3, ≥ 96%) was purchased from Sapphire Bioscience (Sydney, Australia). AMUPol was 

purchased from Cortecnet (Voisins-le-Bretonneux, France). 15N labelled L-Alanine-N-FMOC 

and 13C1 L-Valine-N-FMOC were purchased from Cambridge Isotope Laboratories (Andover, 

MA, USA). Trehalose and D2O were purchased from Sigma-Aldrich (Sydney, Australia). The 

single (TOAC-GLWGVLAKVAAHVVPAIAEHF-NH2; MW 2382.40) and double (TOAC-

TOAC-GLWGVLAKVAAHVVPAIAEHF-NH2; MW 2580.52) spin labelled maculatin W 

peptides, and the [13C1-V13, 15NH-A16] labeled Mac1 (GLFGVLAKVAAHVVPAIAEHF-

NH2; MW 2147.25) were synthesized in-house by solid phase peptide synthesis and purified by 

HPLC to a purity >95% (Fig. S1-2) using HCl instead of trifluoroacetic acid salt 21. 

3.3.2 NMR sample preparation 

10 mL of an E. coli (BL21, New England Biolabs, Ipswich, MA, USA) overnight culture grown 

in Luria broth (LB) at 37 °C with orbital shaking at 250 rpm was transferred into ca. 200 mL 

of fresh LB medium. At an OD600 reading of 0.6, 10 aliquots of 20 mL were centrifuged for 5 

minutes at 4000 g. The supernatants were discarded, and the cell pellets were washed in PIPES 

buffer (50 mM PIPES pH 7.4, 150 mM NaCl). The bacteria were resuspended with the radical 

source, and with or without Mac1, dissolved in PIPES buffer containing 500 mM of trehalose 

solution for 5 minutes at 37°C, then spun for 5 minutes at 14000 rpm. The cell pellets were 
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snap-frozen using liquid N2 and packed into a 3.2 mm sapphire rotor with silica plug between 

the zirconia spinning cap. 

3.3.3 Bacteria viability test   

The NMR samples were diluted in 1 mL of LB and plated on three LB agar plates. The control 

sample was prepared as the NMR sample but without snap-freezing the bacterial suspension 

prior dilution in 1 mL of LB. Colonies were counted after incubation for 15 hours at 37°C. 

3.3.4 NMR experiments  

All DNP MAS NMR experiments were recorded on a 9.4 T wide-bore Bruker AVANCE-III 

NMR spectrometer equipped with a 3.2 mm low-temperature triple-resonance MAS probe. The 

temperature of all experiments was maintained at 110 K and the spinning frequency was set to 

8 kHz. The spectrometer frequency was optimized so that microwave (MW) irradiation of the 

gyrotron occurred at the maximum DNP enhancement of nitroxide (263.334 GHz). All spectra 

were processed using NMRPipe and plotted using the open source program Gnuplot (open 

source). Recycle delays were set at 1.3 x 1H T1 that were determined using 13C-detected cross-

polarization saturation recovery experiments. The 13C signal intensities were fitted with a 

single exponential decay in Topspin 3.5 (Bruker, Wissembourg, Germany). 

3.3.5 13C solid-state NMR  

13C CPMAS experiments were performed with 108 kHz proton excitation pulse followed by 

1.5 ms of 54 kHz Hartmann-Hahn contact with a 30% RAMP and 2048 complex points were 

acquired under 100 kHz SPINAL decoupling. The FIDs were zero filled to 4 k points and 10 

Hz line broadening was applied. The spectra were referenced using the internal silicon plug 

13C signal set at 0 ppm. 

3.3.6 15N solid-state NMR 

15N CPMAS were performed with 108 kHz proton excitation pulse followed by 3 ms of 45 kHz 

Hartmann-Hahn contact with a 50% RAMP and 1024 complex points were acquired under 100 

kHz SPINAL decoupling. The FIDs were zero filled to 4 k points and 75 Hz line broadening 

was applied. 
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3.4 Results 

The usual DNP buffer, 60:30:10 glycerol-d8/D2O/H2O, was replaced by 500 mM trehalose in 

80:20 D2O/H2O in order to reduce the 13C background level, increase the rotor loading and 

provide cryoprotection to E. coli bacteria, as previously reported for lipid 13 and cell studies 22. 

The cell integrity was monitored during the sample preparation and under cryogenic stress and 

showed high survival rates above 70% (Table S3.1).  

Comparison of the DNP-enhanced 13C CPMAS (Figure 3.2) spectra of E. coli suspensions 

incubated with the free mono-radical TOAC amino acid or the biradical AMUPol prior to 

centrifugation showed no significant signal enhancement. Two signals were observed at ca. 72 

ppm and 89 ppm, arising from the trehalose 13. In the presence of TOAC-MacW and TOAC-

TOAC-MacW, the 13C signals were enhanced by a factor of ca. 10 and 13, respectively. Strong 

carbonyl (ca. 170 ppm), weak aromatic (ca.  130 ppm) and sp2 carbons (ca.  110 ppm) and 

strong aliphatic (65-10 ppm) signals from E. coli lipids, proteins and DNA, are observable. The 

1H spin-lattice T1 relaxation values, measured via 13C detection using saturation recovery with 

CP excitation experiments under microwave irradiation, also reflected the presence of the 

radicals that induce fast signal decay and thus shorter T1 values. T1 values were longer than 60 

s using free-TOAC and AMUPol radical sources but significantly shorter with TOAC-MacW 

and TOAC-TOAC-MacW, with values of 4.9 s and 3.1 s, respectively. The results indicate that 

only TOAC-MacW and TOAC-TOAC-MacW radicals were retained within E. coli bacteria, 

which is supported by the absence of the spin labelled peptides in the mass spectrometry 

screening of the supernatants (Figure S3.2). It is noteworthy that circular dichroism (CD) did 

not show a significant difference in the secondary structure between TOAC-MacW, TOAC-

TOAC-MacW and the native Mac1 peptide in the presence of DPC and SDS micelles (Figure 

S3.4). The CD results indicated that all peptides were random coil in buffer and adopted a 

helical conformation in a micelle environment, as previously reported for Mac1 23.   
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Figure 3.2 DNP-enhanced 13C CPMAS spectra of E. coli bacteria incubated with: (A) free 

TOAC (on/off magnified 5-fold), (B) TOAC-MacW, (C) AMUPol (on/off magnified 5-fold), 

and (D) TOAC-TOAC-MacW. Experiments recorded without (red line) and with (black line) 

microwave irradiation were performed under identical conditions at 8 kHz spinning speed and 

110 K. The silicon plug 13C signal was set as 0 ppm and used as internal reference. 

 

DNP-enhanced 13C CPMAS experiments performed in the presence of the [13C-V13, 15N-A16] 

labeled antimicrobial Mac1 peptide at sub minimum inhibitory concentration 19 are shown in 

Figure 3.3. While the free-TOAC radical source showed similar lack of signal enhancement, 

E. coli bacteria incubated with AMUPol and Mac1 produced significant and localized 13C 

NMR signal enhancements. It is noted that the 13C labelled peptide upon incubated with 

AMUPol did not produce a dominant 13C signal at ca. 170 ppm, due to the amount of peptide 

used (ca. 0.7 mg) and the significant amount of E. coli in the rotor (ca. 50 mg of wet and dense 

cells). The carbonyl signals (centered at 175 ppm) were enhanced by a factor 7, the aliphatic 

carbon region (65-10 ppm) by a factor 13 while the trehalose carbon signal (72 ppm) was 

enhanced by a factor 16 (Figure 3.3). This indicates that the antimicrobial peptide Mac1 

allowed AMUPol to diffuse through E. coli membranes, as observed previously for 

fluorescence probes of similar size 19, 24. The different enhancements also demonstrate that 

hydrophilic radicals preferentially enhance the NMR signal of molecules in the aqueous phase, 

such as trehalose. Incubating E. coli with Mac1 together with either TOAC-MacW or TOAC-

TOAC-MacW induced greater and more localized 13C NMR signal enhancements (i.e., 

possibly in more hydrophobic environments). The mono-radical spin labelled peptide 
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somewhat preferentially enhanced the carbonyls (ɛDNP of ca. 19) and the aliphatics (ɛDNP of ca. 

15) than the trehalose (ɛDNP of ca. 12). The bi-radical spin labelled peptide showed greater ɛDNP 

values, with the carbonyls and aliphatics enhanced by 22-fold and 23-fold, respectively, while 

the trehalose signal was enhanced by 19-fold. The 1H spin-lattice T1 relaxation values, obtained 

through 13C detection via CP, were in agreement with localization of the radical sources in a 

more restricted environment. The paramagnetic effect of AMUPol was less intense on the 

carbonyls (T1
H of ca. 8 s) while the trehalose and aliphatic regions (T1

H of ca. 5.6 s) relaxed 

faster and in a similar fashion, which would suggest that the AMUPol was preferentially in the 

aqueous phase. TOAC-MacW induced a more even decrease of the T1
H to ca. 1.7 s and the 

TOAC-TOAC-MacW decreased T1
H further to ca. 1.0 s. 

 

Figure 3.3 DNP-enhanced 13C CPMAS spectra of E. coli bacteria incubated with [13C1-V13, 

15N-A16] Mac1 and: (A) 1 mg of free TOAC (on/off magnified 5-fold), (B) TOAC-MacW, (C) 

AMUPol, and D) TOAC-TOAC-MacW. Experiments recorded without (red line) and with 

(black line) microwave irradiation were performed under identical conditions at 8 kHz spinning 

speed and 110 K. The silicon plug 13C signal was set as 0 ppm and used as internal reference. 
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Table 3.1 Enhancements and relaxation values obtained from 13C CPMAS experiments 

performed on E. coli bacteria incubated with different radical sources and in the presence of 

the antimicrobial peptide Mac1 

 Enhancement (ɛDNP)a T1
H (s)b 

 Carbonylc Trehalosed Aliphatics e Carbonylc Trehalosed Aliphatics e 

Free TOAC 1.0 1.0 1.0 > 60 > 60 > 60 

Free TOAC 

+ Mac1 
1.0 1.0 1.0 > 60 > 60 > 60 

AMUPol 1.0 1.3 1.0 > 60 > 60 > 60 

AMUPol 

+ Mac1  
7.1 16.0 13.0 7.9 5.6 5.7 

TOAC-

MacW 
9.8 10.2 9.5 4.5 4.9 5.3 

TOAC-

MacW 

+ Mac1 

18.5 12.2 15.2 1.4 1.8 1.7 

TOAC-

TOAC-

MacW 

13.9 13.0 12.9 3.7 2.8 3.0 

TOAC-

TOAC-

MacW 

+ Mac1 

21.9 19.4 22.9 0.9 1.0 1.1 

a ɛDNP= Ion/Ioff, b T1 values were obtained by fitting the intensities of the 13C signals obtained 

using saturation recovery cross-polarization experiments to an exponential decay.  

c Carbonyl 13C signal range: 180-160 ppm, d trehalose 13C signal: 89 ppm, e aliphatics 13C 

signal range: ~ 65-10 ppm 
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Figure 3.4 shows the concentration dependence of the 13C signal enhancements and the 

corresponding T1 value for various amounts of TOAC-MacW. There is clearly a radical 

concentration dependence, with the greater amount of spin-labelled peptide providing the 

highest enhancement and shortest T1 value. Interestingly, increasing the amount of TOAC-

MacW increased the cell-localized effect with greater enhancement of the carbonyl and 

aliphatic regions compared to trehalose. However, the T1 values were not drastically different 

for the cell/peptide components and trehalose. Furthermore, the linewidth of the 13C signals 

was not dramatically broadened by increasing the amount of spin labelled peptides in E. coli 

bacteria incubated with Mac1 (Figure S3.3). 

 

 

Figure 3.4 TOAC-MacW concentration dependence of the 13C signal enhancements (open 

symbols) and corresponding T1
H relaxation values (filled symbols) for E. coli bacteria 

incubated with [13C1-V13, 15N-A16] Mac1. Carbonyls (squares), trehalose (circle) and 

aliphatics (triangle) were selected from the 13C CPMAS experiments performed at 8 kHz 

spinning speed and 110 K under microwave irradiation.  

 

DNP-enhanced 15N CPMAS experiments (Figure 3.5) showed a similar trend as observed for 

the 13C CPMAS experiments and confirmed the presence of the spin labelled peptide within 

bacteria pellet. TOAC-MacW and TOAC-TOAC-MacW performed better than AMUPol in the 

presence or absence of Mac1 although incubation with Mac1 induced greater enhancements. 
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Interestingly, a significant amide 15N background was observed without the 15N labelled Mac1 

peptide, which was about a tenth of the 15N signal observed with the 15N labelled peptide. This 

is likely due to the natural abundance 15N signal from proteins enhanced by the spin-labelled 

peptides.  

 

 

Figure 3.5 15N CPMAS DNP-enhanced spectra of E. coli bacteria incubated: (A) with Mac1, 

or (B) without and using the free TOAC (solid black line), TOAC-MacW (dashed red line), 

TOAC-TOAC-MacW (dotted blue line) and incubated AMUPol (dash-dotted orange line) as 

radical sources. Experiments recorded with microwaves at 110 K and 8 kHz spinning speed. 

 

3.5 Discussion 

AMPs have been shown to disrupt the integrity of lipid membranes but mainly using model 

systems 25. A critical step in the lytic mechanism is the self-assembly of AMPs within bacterial 

membranes, which is not well characterized at a molecular level 3, 26. Solid-state NMR can 

provide valuable structural information but suffers from low signal-to-noise ratio coupled with 

limited viability of the bacterial suspension under harsh MAS conditions 5, 27.  

In this study we demonstrate that DNP-enhanced experiments are able to overcome these 

limitations. By using spin-labelled membrane-active peptides, in-cell DNP-enhanced ssNMR 

experiments were successfully performed and opens the possibility to study the self-assembly 

of AMPs within intact bacterial species. Interestingly, the TOAC-TOAC-MacW did not 

significantly outperform the TOAC-MacW construct in terms of signal enhancement but 
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provided slightly more favorable relaxation. There are several mechanisms which lead to the 

hyperpolarization of the 1H spins, principally the solid effect (SE) and the cross-effect (CE), 

the latter being the most efficient at 9.4 T, 100 K and 8 kHz spinning speed. While the SE 

involves a single electron-nucleus pair, the CE is induced by two dipolar coupled unpaired 

electrons, where the difference in Larmor frequencies of the two electrons matches the Larmor 

frequency of the 1H nucleus 28. The mono-radical TOAC-MacW is likely to hyperpolarize 1H 

spins via the SE, unless two or more peptides self-assemble in a structure placing the nitroxide 

groups in a favorable spatial arrangement. The TOAC-TOAC-MacW peptide possesses two 

nitroxide groups covalently linked and in close proximity but without strong conformational 

restraints due to the amino acid backbone and side chain flexibility. Therefore, either the SE or 

CE could be achieved with TOAC-TOAC-MacW peptide as the radical source. However, 

normalizing the ɛDNP values obtained from the 13C CPMAS spectra by the number of electrons 

carried by the radical source, the efficiency of TOAC-MacW and TOAC-TOAC-MacW are 

not significantly different (Table 3.1), which suggests that hyperpolarization is achieved via 

the SE. The higher concentration of localized radical in TOAC-TOAC-MacW appears to be 

slightly preferential due to PRE effects providing a shorter T1
H rather than greater signal 

enhancement DNP.  

A recent study showed that the soluble radical TOTAPol underwent significant quenching in 

cell pellets and cell lysates 29. While the authors proposed efficient methods to stop the 

quenching of the radical, the enhancements observed with the spin-labelled peptides suggest 

that these radical sources are protected from a severe action of soluble antioxidants, likely due 

to the radical location within the bacterial membrane, supporting further the usefulness of our 

radical source.  

The greater enhancements observed in the presence of Mac1 indicate that the AMP facilitated 

a greater electron to proton cross-polarization. Since both 13C and 15N signals gained from the 

presence of Mac1, and that the lipopolysaccharide outer membrane possesses limited, if any, 

nitrogen species resonating around 120 ppm, it is likely that the spin labelled peptides diffused 

at least through the first membrane layer. Thus, the greater enhancements are not due to a Mac1 

labelled peptide facilitated spin diffusion. Since Mac1 induced the uptake of AMUPol, the 

formation of pores was likely, as previously observed in bacteria and liposomes mimics of 

various lipid compositions 19, 20, 24. It is possible, however, that the formation of pores allowed 

greater proton diffusion within the cells, which induced greater signal gain.  
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This study used 1 mg of 13C and 15N labelled peptide for about 1x1012 E. coli bacteria. The 

significant 13C and 15N background at natural abundance did not allow precise identification of 

the Mac1 signal. This is not an issue for the determination of AMP structures in live cells since 

multidimensional 15N and 13C NMR filtering techniques 30, 28 allow suppression of such 

background. Thus, combining NMR labelling schemes together with spin labelled peptides 

could lead to the first in-cell structure of antimicrobial peptides using DNP-NMR. 

 

3.6 Conclusion 

In this study, we proved that TOAC-tagged peptides induced more localized NMR-

enhancement towards target peptides compared to AMUPol, the best hydrophilic radical so far. 

The TOAC radicals were inserted into E. coli instead of floating at the surface as hydrophilic 

radicals, revealed by NMR and mass spectroscopy, which is in agreement with in vitro 

experiment suggested that TOAC-tags penetrate membranes and stay below the lipid 

phosphorus headgroups. In DNP-NMR experiment, TOAC-TOAC-MacW enhanced the 

carbonyl region with a great value of 21, which is similar as mono-radical. This less 

performance of bi-TOAC compared to in vitro study is probably due to the different 

environment between the bacterial interior and lipid model membranes. Overall, the TOAC-

tags were efficient probes to determine the self-assembly process of Mac1 in live cells. The 

uniformly 15N or 13C labelled Mac1 was the last jigsaw to the structural study map. 

In Chapter 3, the bacterial viability of the NMR preparation protocol was determined and the 

mono- and bi-TOAC labelled peptides were mixed with specifically 13C, 15N labelled Mac1 as 

an in-cell method for DNP-enhanced NMR studies of AMPs. Both spin-labelled peptides 

penetrated into the bacterial membrane and efficiently carried the radical sources to the target 

AMP to induce localized NMR signal enhancement. The DNP signal enhancement was similar 

to that obtained for in vitro studies in Chapter 2, which revealed that the performance of spin 

probe was not reduced by cellular antioxidants. In the next step (Chapter 4), a protocol was 

developed to express isotopically labelled Mac1 to meet another requirement for DNP-NMR 

in-cell study. 
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3.7 Support Information 

Mass spectrometry: All spectra were recorded between 200 to 2000 m/z and between 400 to 

4000 m/z, in positive-ion mode using Thermo Exactive Plus Orbitrap mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA, USA) equipped with high voltage electrospray 

ionization source (H-ESI) for high resolution and accurate mass analysis. The spray voltage, 

temperature of ion transfer tube and S-lens radio frequency value of the mass spectrometer 

(MS) were set at 3.8 kV, 250°C and 50%, respectively. The full MS scans were acquired at a 

resolving power of 140,000 at m/z 200, an auto gain control target value of 3.0 × 106 and a 

maximum injection time of 200 ms. 

 

TOAC-MacW and TOAC-TOAC-MacW solid phase peptide synthesis: TOAC-MacW 

(TOAC-GLWGVLAKVAAHVVPAIAEHF-NH2) was achieved by synthesizing MacW 

(GLWGVLAKVAAHVVPAIAEHF-NH2 ) firstly in DIC/Oxyma system starting with 0.1 

mmol rink amide resin on a CEM Liberty microwave peptide synthesizer and with three 

equivalents of Fmoc-TOAC-OH, three equivalents of HATU/HOBt and nine equivalent of 

DIEA added for three hours at room temperature afterwards. TOAC-TOAC-MacW was 

achieved by on resin coupling another TOAC to TOAC-MacW by adding three equivalents of 

Fmoc-TOAC-OH, and three equivalents of DIC/Oxyma at 75ºC overnight. After synthesis both 

peptides were disconnected from the resin support using cleavage cocktail TFA/H2O/TIPS 

(38:1:1) for two hours at room temperature. After cleavage the filtrate was concentrated to ~2 

mL under a stream of nitrogen, and crude peptide was afforded by precipitation and washed 

three times in diethyl ether and freeze-dried overnight. 

Peptide was purified using Phenomenex C18 column (22 x 250 mm, pore size 300, particle 

size 10 μm) in a gradient mode of 0.1% TFA in water and 0.1% TFA in acetonitrile solvent 

system. Purified TOAC-MacW (2382.40 Da observed, 2382.24 Da calculated, purity > 98%, 

10 mg), and TOAC-TOAC-MacW (2580.52 Da observed, 2580.24 Da calculated, purity > 98%, 

5 mg), were analysed by using infusion orbitrap MS and were lyophilized overnight. Activated 

TOAC-MacW (2381.39 Da observed) and activated TOAC-TOAC-MacW (2578.50 Da 

observed) were achieved by dissolving in 5 mL Milli-Q water with a few drops of NH4OH and 

incubating at 40ºC overnight. 
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Figure S3.1a The ESI-MS spectra of: (A) TOAC-MacW, and (B) activated TOAC-MacW, 

and (C) HPLC trace (detected at 214 nm) of TOAC-MacW. 

 

 

 

 

Figure S3.1b The ESI-MS spectra of: (A) TOAC-TOAC-MacW, and (B) activated TOAC-

TOAC-MacW, and (C) HPLC trace (detected at 214 nm) of purified TOAC-TOAC-MacW. 
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Table S3.1 E. coli viability test 

 

 

 

 

 

Three experiments were conducted for the control before precipitation into rotor and following 

DNP NMR acquisition. The counted bacterial colonies were processed using Excel to calculate 

the level of probability () using t-test. As  > 0.05, there is no statistically significant 

difference between the averages of the two groups (equal variance), indicating NMR 

experimental method had little effect on viability of E. coli cells.  

 

 

 

 

 

 

 

 

 

Figure S3.2 (A) ESI-MS spectrum of supernatant of TOAC-MacW and Mac1 and (B) 

TOAC-TOAC-MacW and Mac1 incubated with E. coli cells. 

  

 E. coli colony count from 3 biological replicates 

Control 3511 

Sample after DNP-NMR 256 
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Figure S3.3 13C CPMAS DNP-enhanced spectra of Mac1 peptide in E. coli bacteria with 0.89 

mg (black line) and 1.44 mg (red line) of TOAC-MacW showing the carbonyl region (A), or 

the aliphatic region (B); and with 0.38 mg (black line) and 0.75 mg (red line) of TOAC-TOAC-

MacW showing the carbonyl region (C), or the aliphatic region (D). Experiments recorded 

without (dashed lines) and with (solid lines) microwave were performed under identical 

conditions at 8 kHz spinning speed and 110 K. 

 

 

Figure S3.4 CD spectra of Mac1(black squares), TOAC-MacW (red circles) and TOAC-

TOAC-MacW (blue stars) in A) 20 mM phosphate buffer, B) 10 mM SDS micelle, and C) 10 

mM DPC micelle. All experiments were conducted in triplicate and at room temperature on a 

Chirascan-Plus (Applied Photophysics) spectrophotometer using a 1 nm step size, a 1 nm 

bandwidth, a 1 s time-per-point and 1 mm pathlength cuvette. 
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Chapter 4 

 

Method for cloning, expressing and purifying C-terminus 

amidated maculatin 1.1 for in-cell NMR studies 
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terminus amidated maculatin 1.1 for in-cell NMR studies. (submitted to Journal of Peptide 
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4.1 Abstract 

Maculatin 1.1 (Mac1) is an antimicrobial peptide (AMP) from Australian tree frogs with low 

micromolar activity against Gram-positive bacteria. The molecular mechanism of Mac1 is 

linked to the targeting of bacterial lipid membranes and has been extensively studied in vitro. 

Recently, however, in vivo nuclear magnetic resonance (NMR) has been shown to be a suitable 

technique to probe interplay of peptide and membrane structure in live cells, enabling the 

prospect of determining key features of the structure-activity relationship in vivo. To alleviate 

the low sensitivity and separate from NMR background signals, NMR spectroscopy relies on 

isotopically enriched peptides wherein normally cost-effective biosynthetic methods are 

employed. The requirements of native sequence in combination with C-terminus amidation 

complicate the expression of small peptides but a recent protocol has shown that a great yield 

is feasible. Here we report the expression and purification of uniformly 15N enriched Mac1 

with a yield of 0.1 mg/L of culture. The structural and biological properties of recombinant 

native and 15N labelled Mac1 were compared with those of synthesized peptides using solution-

state NMR, circular dichroism, electrospray ionization mass spectrometry and biological 

assays. No significant difference was observed between expressed and synthesized peptides.  

 

4.2 Introduction 

Antimicrobial peptides (AMPs) are seen as promising alternatives to antibiotics in order to 

restrain the alarming rise in antibiotic resistance 1, 2. Since bacteria are less likely to evolve 

resistance mechanism to AMPs due to their targeting of and damage to the cell membrane, 

AMPs have potential for clinical therapy and pharmaceutical development 3-5. Maculatin 1.1 

(Mac1, GLFGVLAKVAAHVVPAIAEHF-NH2) is a cationic AMP isolated from the skin glands 

of the Australian tree frog Litoria genimaculata. This peptide is in the class of AMPs that disrupt 

bacterial cell membranes via a pore-formation mechanism and is effective in killing a broad 

spectrum of Gram-positive bacteria. 

The mode of action of Mac1 has been studied in model systems for many years but with limited 

information on the in vivo structure of the peptide and of the self-assembly mechanism even in 

vitro 6-8. Nuclear magnetic resonance (NMR) is a cutting-edge technology that provides key 

structural information to better understand the complex interaction between AMPs and bilayer 

membranes with the ability to do so in a native membrane environment 9. A key limitation of 

NMR is the inherent low sensitivity and strong background signals in complex mixtures, which 

is commonly overcome by specific isotopic labelling 10, 11. Isotope labelling is usually achieved 
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through biological or chemical synthesis but biosynthesis is more widely used, without post-

translational and structural modification, and at lower cost 12, 13. Escherichia coli (E. 

coli)  BL21(DE3) in combination with T7-promoter based expression vectors is widely used 

to allow high-efficiency protein expression of any gene. However, the direct expression of 

AMPs with native C-terminus amidation inhibited further development of biosynthesis 

methods owing to cytotoxicity, proteolytic degradation and poor yield 14. In particular, the C-

amidation is a structural feature found in most cationic AMPs that is important for maintaining 

complete biological activity, stability and proper structural functionality. Mac1, as many 

cationic AMPs, is both N- and C-terminus amidated and the amidation is important for 

maintaining full bioactivity and proper structural functionality 15-17. Recently developed fusion 

partners, such as small ubiquitin-like modifier (SUMO), thioredoxin (Trx), Glutathione-S-

transferase (GST) and Mxe GyrA intein 14, 18, 19, have revealed a possibility to overcome these 

limitations. The SUMO fusion strategy is widely used for soluble expression of target proteins. 

Previous studies reported that fusion tags can simplify the lengthy purification process, 

increase the protein solubility, determine the quantity and generate native sequences that are 

easily cleaved by specific proteases, including ubiquitin-like-specific protease 1 (Ulp1), TEV, 

thrombin, enterokinase 20, 21, 22, 23 24, 25. SUMO acts as a nucleation site for the proper folding 

of the fusion protein with increased solubility and expression level due to its highly hydrophilic 

surface and hydrophobic core 21. As an example, Mxe GyrA intein tag has been shown to 

effectively produce AMPs with C-terminus amidation upon adding dithiothreitol (DTT) in 

saturated ammonia solution, and allows the protein yield to be quantified by UV-vis absorption 

at 280 nm 14, 26.  

In this study, a cost-effective biological expression method was designed to generate Mac1 

with native sequence and C-terminus amidation. The SUMO tag was placed at the N-terminus 

and Mxe GyrA intein was placed at the C-terminus by fusion using the commercial pTXB1 

vector (Figure 4.1). The purified recombinant Mac1 was then compared with its synthesized 

form using circular dichroism (CD), solution NMR, electrospray ionization mass spectrometry 

(ESI-MS) and a combination of antimicrobial assays. 
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Figure 4.1 Design of the fusion protein and advantages of the method to generate a native 

Mac1 sequence. 

 

4.3 Materials and Methods 

4.3.1 Design and cloning of the SUMO-Mac1-Mxe GyrA fusion construct 

Codon-optimised Mac1 DNA was initially ligated into a pE-SUMOpro (ampicillin-resistant; 

LifeSensors Inc., Malvern, USA) expression plasmid using BsaI and XbaI restriction sites. 

Initial attempts to express SUMO-Mac1 fusion protein were unsuccessful due to high toxicity 

of the construct against Escherichia coli. Subsequently, the SUMO-Mac1 DNA sequence was 

amplified from the plasmid by polymerase chain reaction (PCR) and ligated into a pTXB1 

vector (ampicillin-resistant; New England Biolabs, Ipswich, USA) using NdeI (5’) and SapI 

(3’) restriction sites to encode the E. coli-friendly double fusion construct SUMO-Mac1-Mxe 

GyrA. The SUMO partner contained an N-terminal His6-tag, allowing purification by nickel-

nitrilotriacetic acid (Ni-NTA) affinity chromatography and was removed upon cleavage of the 

construct by Ulp1 (i.e., SUMO protease). The C-terminal Mxe GyrA intein partner contained 

a chitin binding domain, which was not utilised in this work. Mxe GyrA was cleaved from 

Mac1 by adding dithiothreitol (DTT) in 3.5 M (NH4)2CO3 solution with the reactive thioester 

intermediate exploited for C-terminal amidation 14. Both the cleavages of SUMO and Mxe 

GyrA are completely traceless of extraneous amino acids and leave only the native sequence 

of Mac1 (Figure 4.2). 
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MGHHHHHHGS LQDSEVNQEA KPEVKPEVKP ETHINLKVSD GSSEIFFKIK KTTPLRRLME  60 

AFAKRQGKEM DSLRFLYDGI RIQADQAPED LDMEDNDIIE AHREQIGGGL FGVLAKVAAH  120 

VVPAIAEHFC ITGDALVALP EGESVRIADI VPGARPNSDN AIDLKVLDRH GNPVLADRLF  180 

HSGEHPVYTV RTVEGLRVTG TANHPLLCLV DVAGVPTLLW KLIDEIKPGD YAVIQRSAFS  240 

VDCAGFARGK PEFAPTTYTV GVPGLVRFLE AHHRDPDAQA IADELTDGRF YYAKVASVTD  300 

AGVQPVYSLR VDTADHAFIT NGFVSHATGL TGLNSGLTTN PGVSAWQVNT AYTAGQLVTY  360 

 NGKTYKCLQP HTSLAGWEPS NVPALWQLQ 389 

Figure 4.2 Amino-acid sequence of the SUMO-Mac1-Mxe GyrA double fusion construct. The 

Mac1 sequence is underlined and bolded; His6 and chitin-binding domains are shaded; and 

SUMO and Mxe GyrA sequences are displayed in italics. 

4.3.2 Expression, extraction, and purification of Mac1 

One colony of transformed E. coli one shot BL21(DE3) expression cells was selected from 

Luria broth (LB) agar plate and inoculated overnight in 20 mL fresh LB medium containing 

100 g/mL of ampicillin. 500 mL LB-Miller (containing 100 g/mL ampicillin) was sub-

inoculated from start culture and grown until OD600 reached a value of 0.6 (250 rpm, 3 hours, 

37℃). Cells were induced with 0.2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), after 

varying the inducer concentration between 0.2 mM to 1 mM concentration to determine the 

optimum level, and the growth was continued for 4 hours (Figure S4.1&Table S4.1). SDS-

PAGE revealed that fusion protein (SUMO-Mac1-Mxe GyrA) was found to accumulate in 

inclusion bodies when expressed in E. coli. Cells were harvested by centrifugation (8000 g, 20 

mins, 4℃), and resuspended in elution buffer (6 M urea, 100 mM NaH2PO4, 10 mM Tris, 300 

mM NaCl, pH=8.0) and broken up to achieve cell lysate through mechanical homogenization 

(4 times using a high pressure homogenizer). Cell lysate was clarified by centrifugation (15000 

g, 20 min, 4℃), and loaded onto Ni-NTA firstly equilibrated with 8 column volumes (Cvs) of 

denaturing buffer. The Ni-NTA was washed with 6 Cvs of elution buffer (pH=7.0) to remove 

impurities. The fusion protein was afforded by 2 CVs of elution buffer (pH=4.0) and quantified 

by UV-vis absorbance at 280 nm with extinction coefficient 35560 M-1cm-1. Fusion protein 

was refolded from denaturing buffer into concentrated ammonium buffer (20 mM PBS, 100 

mM NaCl, 3.5 mM (NH4)2CO3) through a PD-10 column and then dripped into cleaving buffer 

(100 mM DTT, Ulp1 (protease: proteins, 1:500 molar ratio) and incubated for 3 days at room 

temperature. The time course cleavage was performed from 1 to 5 days and 3 days was optimal. 

The expressed cells and protein supernatants were boiled in SDS-PAGE buffer and run on 15% 

SDS-PAGE gel. Protein bands were visualized with Coomassie Blue stain. Peptide was slowly 
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precipitated out of solution after cleavage and then dissolved into CH3CN/H2O (1:9, v/v) and 

purified by RP-HPLC using Phenomenex C18 analytical column (4.6 x 250 mm, pore size 300 

Å, particle size 5μm). Sample elution was carried out with a linear gradient from 0% to 100% 

solvent B for 45 mins at flow rate 1 mL/min in 0.1% TFA/H20 solvent A and 0.1% 

TFA/CH3CN solvent B system. Purified peptide was lyophilized and stored at -20℃. 

4.3.3 NMR spectroscopy 

Solution NMR samples were prepared by dissolving 184 M Mac1 in phosphate buffer (50 

mM NaCl, 20 mM phosphate buffer pH=4.74, 0.1 mM NaN3, 0.03 mM DSS, 10% D2O) 

containing 46 mM deuterated sodium dodecyl sulfate (d25-SDS) micelles. 

NMR spectra were recorded on a Bruker Avance II 800 MHz (Bruker Biospin, Rheinstetten, 

Germanyt) and a Bruker AVIII 600 MHz at 298 K. All spectra were referenced to the internal 

standard 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS). 2D 1H-15N heteronuclear single 

quantum correlation (HSQC) spectra was acquired with time domains of 2048 and 256 

complex points for 1H (F2) and 15N (F1), respectively, a total of 8 scans, and the recycle delay 

was 1.6 s. 3D 15N edited-TOCSY-HSQC was acquired with 60 ms mixing time, 50% non-

uniform sampling (NUS) and 2048 complex points in the direct (HN) dimension, 128 and 64 

in the first (HNOE) and second (15N) indirect dimensions, respectively. The recycle delay was 

1.2 s. 3D 15N edited-NOESY-HSQC experiment was performed with 120 ms mixing time, and 

4096 complex points in the direct (HN) dimension, 512 and 64 in the first (HNOE) and second 

(15N) indirect dimensions, respectively. The recycle delay was 1.6 s. All spectra were processed 

with NMRPipe, reconstructed with MddNMR and analysed through TopSpin 4.0.5 and 

CCPNMR2.4 27. Full backbone and side chains assignments were made using 1H-15N HSQC 

and 15N edited-NOESY-HSQC and TOCSY-HSQC spectra. 

4.3.4 Circular dichroism 

Circular dichroism (CD) measurements were recorded at room temperature using Chirascan-

Plus (Applied Photophysics, Leatherhead, UK) spectrometer. The sample was scanned from 

190 to 260 nm in triplicate with 1 nm step size, 1 nm bandwidth, 1 s time-per-point and 1 mm 

pathlength cuvettes. Spectra was zeroed at 260 nm and normalized to give units of mean-

residue ellipticity (MRE) according to the following equation: 

MRE =
𝜃

𝐶 × 𝐿 × 𝑁
 

where θ is the recorded ellipticity in milli-degrees, C is the peptide concentration in dmol/L, L 
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is the cell path-length in cm, and N is the number of residues per peptide. 

4.3.5 Antimicrobial assay  

Staphylococcus aureus was cultured in 10 mL LB medium until OD600 0.3. 1 mL cell culture 

was diluted 106 times and then incubated with peptides at 37℃ for 90 minutes. After incubation, 

the diluted cell culture was sprayed on four LB agar plates for statistical analysis. Plates without 

peptide incubation were used as positive controls. Colonies were counted after 15 hours 

incubation at 37℃. All counted bacterial colonies were processed in Excel, expressed as mean 

± standard deviation (SD), and paired t-test with two tailed  value was used to calculate the 

level of probability () for Mac1 (syn) and Mac1 (rec) experimental groups 

 

 

4.4 Results and Discussion 

4.4.1 Expression and purification of fusion protein 

SUMO-Mac1-Mxe GyrA was expressed from E. coli BL21(DE3) cells under control of the 

T7/lac promoter system using either LB media for natural isotopic abundance, or Neidhardt’s 

minimal media for uniform 15N labelling. After culture reached mid-log phase as judged by 

OD600, E. coli cells containing recombinant proteins were successfully induced by the addition 

of 0.2 mM IPTG in BL21(DE3) for 4 hours, revealed as an increased prominent band with an 

apparent molecular mass of ~40 kDa after separation by SDS-PAGE (Figure 4.3 & S4.2,Table 

S4.2). The fusion protein was expressed in higher yield in the LB media (60 mg/L) compared 

to minimal media (30 mg/L).  

Prior studies have shown that SUMO fusion proteins accumulate primarily into inclusion 

bodies 12, which was also observed in this expression method. Thus, lysis and initial 

purification steps were done using denaturing urea buffer (6 M). The fusion protein was 

isolated by Ni-NTA affinity chromatography taking advantage of the N-terminal 6xHis tag, 

whereby the use of chilled buffers was sufficient for averting risks of carbamylation 

modifications from urea degradation 28 and self-splicing. The fusion protein from column 

elution displayed a 42.2 kDa (42.3 kDa calculated) mass as revealed by ESI-TOF-MS, also 

corresponding to the molecular weight and band intensity observed on SDS-PAGE (Figure 4.3). 
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Figure 4.3 SDS-PAGE of protein expression and purification: Lane 1-2 represent protein 

before and after 4 hours induction; Lane 3-4 represent protein lysate acquired by using PBS 

buffer and urea buffer; Lane 5-6 represent protein elution and protein cleavage; and (below) 

ESI-TOF mass spectra of: (left) protein elution, and (right) protein cleavage. 

 

4.4.2 Cleavage and purification of recombinant Mac1  

The fusion protein was refolded into high concentration of ammonium bicarbonate by buffer 

exchange on a PD10 column and eluted into the cleaving buffer containing the SUMO 

stereospecific Ulp1 protease and exogenous DTT, the C-terminus fusion tag Mxe GyrA was 

removed to release Mac1 in its amidated form 14. SDS-PAGE revealed that 90% of fusion tags 

were successfully cleaved to release Mxe GyrA with mass 27.8 kDa (27.8 kDa calculated) and 

SUMO with mass 12.2 kDa (12.4 kDa calculated) along with 10% of noncleaved Mac1-Mxe 

GyrA (Figure S5.7), as determined by ESI-MS-TOF (Figure 4.3). The HPLC trace at 214 nm 

revealed that 75% C-terminus amidation of Mac1 was obtained and 25% remaining in acidic 

form, with impurities trace from SUMO and Mxe GyrA (Figure 4) also visible (Figure 4.4).  

The final yield was 0.1-0.3 mg/L for unlabelled and 0.1 mg/L for uniformly 15N labelled Mac1, 

which is lower compared to the production of other AMPs, such as Aβ, Hainantoxin-IV, AL32-

P113 12, 29, 30. ESI-MS confirmed the mass for unlabelled Mac1 to be 2145.24 Da (2145.21 Da 
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calculated) and uniformly 15N labelled Mac1 to be 2171.16 Da (2171.36 Da calculated). The 

purity of expressed peptides was above 95% as indicated by HPLC spectra (Figure S4.3 & 

S4.4). 

 

Figure 4.4 HPLC trace of peptide precipitation at 214 nm: 1 indicates SUMO, 2-3 indicate 

SUMO+Mxe GyrA, 4 indicates Mac1-OH, and 5 indicates Mac1. 

  

Table 4.1 Summary of yields of fusion proteins and labelled peptide 

Protein and peptides Yield (mg/L of culture) Recovery (%) of peptide 

from fusion protein 

SUMO-Mac1-Mxe GyrA 60 -- 

15N SUMO-Mac1-Mxe GyrA 30 -- 

Mac1 0.1-0.3 3.2%-9.8% 

15N Mac1 0.1 6.7% 
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4.4.3 Characterization by CD and NMR 

The secondary structures of both synthesized and expressed Mac1 were analyzed by CD 

spectroscopy in phosphate buffer or in the presence of SDS micelles. Both peptides gave 

negative peak around 200 nm, which is indicative of random coil structures. In the presence of 

SDS micelles, the expressed Mac1 adopted the same α-helical structure as synthetic Mac1, as 

revealed as similar amplitudes of ellipticity at 208 nm and 222 nm (Figure 4.5A). However, 

based on CD-based methodology it is hard to determine if any significant structural 

modification had occurred. High resolution structures were thus investigated by (2D) 1H15N 

HSQC NMR of the peptides in SDS micelles. 

Well resolved 1H15N HSQC spectra of recombinant 15N labelled Mac1 displayed good 

dispersion of 15NH signals, corresponding to the number of residues in peptide backbone except 

for glycine-1 and proline-15 (Figure 4.5B). The N-terminal amino proton cannot be observed 

due to very rapid exchange with the solvent and proline-15 does not have an amino proton 31. 

The peaks were assigned based on 3D HSQC-NOESY and the 15NH assignments were well 

correlated to the 1H15N HSQC spectra of synthetic Mac1 (Figure 4.5C & S4.5). The slightly 

greater HN
 chemical shift dispersion (1.6 ppm) and negative 15N secondary chemical shift of 

expressed Mac1 indicate a helical stretch, with strong 15N upfield shift for Ala11 (7.06 ppm) 

and His12 (6.47 ppm) (Figure 4.5D). These results suggest that the expressed Mac1 has a 

similar α-helical structure as synthetic Mac1 in the presence of SDS micelles6, which concurs 

with the similar amplitude of ellipticity in CD experiment. The peptide was stable for one week 

in phosphate-buffered saline (PBS) buffer at 4℃. 
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Figure 4.5 A) CD spectra of 155 M synthesized Mac1 (black squares) and 140 M expressed 

Mac1 (red circle) in PBS buffer and 25 mM SDS at 37℃; B) 1H-15N HSQC, and C) 3D HSQC-

NOESY of uniformly 15N-labeled Mac1 in SDS micelles at 25℃. Cross peaks are labelled 

based on amino acid types and sequence; D) 15N chemical shift difference of uniformly 15N-

labelled Mac1 from random coil. 

4.4.4 Bioactivity test 

Both synthetic Mac1 and expressed Mac1 were effective against S. aureus, as revealed by the 

lower bacterial colony count compared to the controls after overnight incubation. There was 

no statistically significant difference between the means of the two groups (equal variance), 

indicating a similar bioactivity for both peptides (Figure 4.6&Table S4.3).  

A B 

C D 
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Figure 4.6 Box-and whisker plot of S. aureus growth in the presence of 1.7 M Mac1.  

 

4.5 Discussion 

Mac1 is an potential antibiotic alternative for the treatment of bacterial infections, but the lack 

of research on the molecular mechanism of killing bacteria hinders its development as a drug 

1, 8. In order to understand the self-assembly mechanism of Mac1 in vivo, NMR technique has 

been applied to determine the peptide-membrane interactions. Isotopic labelled peptides are 

usually needed to increase the sensitivity and alleviate interference from background signals 

for in-cell NMR experiment 32. An E. coli-based cell expression system was selected because 

of its fast growth kinetics to achieve high cell density cultures, low cost and technical simplicity 

33, 34. However, the direct expression of cationic AMPs in E. coli is difficult due to their toxicity 

to host cells and sensitivity to the host intracellular proteolytic degradation 35. An example is 

the initial failed expression of SUMO-Mac1 fusion protein due to high toxicity of the construct 

against E. coli. Here, an E. coli-based expression system was successfully established to 

produce SUMO-Mac1-Mxe GyrA fusion protein with reduced toxicity of the construct against 

the host cell. The intein fusion systems with inducible self-cleavage activity mostly were 

accumulated into inclusion bodies 36. Several optimizations were applied to the protocol, such 

as elongating the induction period, varying the IPTG concentration, or decreasing the induction 

temperature to help newly transcribed recombinant proteins produced 37. In particular, the 

quantity of fusion protein was largely reduced upon decrease of the induction temperature 

(FigureS4.6), which is probably because the chaperone did not work efficiently and the slower 

growth reduced the synthesis rate 37, 38. The fusion protein cleavage efficiency (~90%) was 

consistent with previous report (Figure S4.7), (> 50%) for phenylalanine as last amino acid 

with DTT cleavage in concentrated ammonium solution 14.  
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The fusion strategy allowed the production of 0.1 mg/L of 15N labelled Mac1, with a C-terminal 

amidated and the level of C-amidation (~75%) was consistent with previous studies14. 

Theoretically, ~1.56 mg (100% recovery) 15N labelled Mac1 should be acquired from 30 mg 

fusion protein, but the necessary buffer exchange and HPLC steps drastically reduced the final 

recovery percentage of labelled peptide (6.7%). (Table 4.1) Other reasons for the loss are 

probably due to spontaneous hydrolysis upon fusion cleavage resulting in ~25% non-amidated 

Mac1 (Mac1-OH) and minor non-precipitated Mac1 in cleavage buffer. Interestingly, the 

process to extract crude peptides was simplified by the occurrence of precipitation after fusion 

cleavage. The phenomenon is related to an increase in electrostatic interactions to induce self-

association of Mac1 in concentrated ammonium solution, especially when pH is close to 8.0 

where there is a strong dependence on ionic strength due to Debye screening 37, 39. pH 8.0 is 

close to the isoelectric point (7.93) of Mac1 where the negative and positive charges are 

balanced and hence the peptides tend to aggregate40. 

Previous research has reported that fusion proteins were not necessary to produce functional 

and properly folded AMPs 41, 42. Misfolding phenomenon is generally related to somatic 

mutations of gene sequence, failure of chaperone machinery, error in transcription or 

translation, and structural modification caused by environmental changes 43. However, the 

expressed Mac1 maintained the same α-helix structure as its synthesized form as indicated by 

CD and 1H-15N HSQC spectra. The results correlated well with activity tests, with the same 

antibacterial ability against S. aureus. Therefore, the expression system produced functional 

labelled peptides, suitable for future in-cell NMR studies. 

 

4.6 Conclusion 

In the present study, a protocol to express, extract and purify uniformly 15N labelled Mac1 from 

E. coli was established. His-tagged SUMO led to significant increase in solubility and 

expression level of SUMO-Mac1-GyrA and intein tag Mxe GyrA facilitated Mac1 C-termini 

amidation to a high extent. Ni-NTA affinity chromatography effectively removed the non-His 

tagged proteins. The recombinant peptides had the same structure and functionality as the 

synthesized form. This study provides the last piece of the jigsaw to conduct ssNMR studies 

necessary to decipher the self-assembly processes of Mac1 in live bacteria. Further 

optimization of the protocol to achieve a higher quantity of labelled Mac1 for in-cell NMR is 

ongoing. 



  

80 

 

In Chapter 4, an E. coli-based expression protocol was developed to produce uniformly 15N 

labelled native Mac1 with proper functionality. The uniform isotopically labelled Mac1, 

together with the previously designed spin probes (Chapter 2 & 3) pave the way to conduct 

further in-cell DNP-NMR structural study of native Mac1. However, the cleavage step using 

concentrated ammonium solution to achieve C-terminus amidation of the peptide largely 

decreased the final yield, resulting in 0.1 mg/L for uniformly 15N labelled Mac1, which is not 

sufficient for ssNMR studies of the AMP. Further optimisation of expression protocol is 

required to produce higher amounts of peptide for DNP-NMR studies. In Chapter 5, the acidic 

form of Mac1 was selected to simplify the expression scheme and the peptide’s performance 

relative to the amidated form was illustrated. 
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4.7 Supporting information 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.1 A) SDS-PAGE of protein induction with different concentrations: Lane 1-6 

indicates protein before and after induction with 0.2, 0.4, 0.6, 0.8 and 1 mM of IPTG. Marked 

bands highlight the band used to calculate the raw volume. 

 

 

 

 

Table S4.1 Data analysis of IPTG concentration on induction using GelAnalyzer2010 

 

The raw volume was calculated by the software using band height and intensity, while 

relative ratio corresponds to the quantity of protein in each sample. 

  

IPTG concentration 0.2 mM 0.4 mM 0.6 mM 0.8 mM 1 mM 

raw volume (~42 kDa) 5665 4294 5447 5168 5062 

raw volume (~30 kDa) 1791 1271 1636 1531 1578 

intensity ratio 3.2 3.4 3.3 3.4 3.2 
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Figure S4.2 SDS-PAGE of protein induction change with time: Lane 1-7 indicates protein 

before and induction for 1, 2, 3, 4, 5 and 6 hours. 

 

 

Table S4.2 Data analysis of effect of time of induction by GelAnalyzer2010. 

 

The raw volume was calculated by the software using band height and intensity. 

 

 

 

 

 

 
Figure S4.3 HPLC and ESI-MS spectra of expressed Mac1. 

 

 

 

 

Time (hours) 0 1 2 3 4 5 6 

raw volume (~42 kDa) 4022 8168 9798 11016 11477 11815 11907 
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Figure S4.4 HPLC and ESI-MS spectra of expressed Mac1-OH. 

 

 

 

 

 
Figure S4.5 15N1H HSQC spectra of 3.5 mM Mac1 in 400 mM SDS micelles (50 mM NaCl, 

20 mM phosphate buffer, 0.5 mM NaN3, 0.03 mM TSP, 10%v D2O, pH=4.5) at 37ºC.  
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Table S4.3 Data processing and statistical analysis of manually counted colonies 

 

 

 

 

 

 

 
 

Figure S4.6 SDS-PAGE of protein induction at 30℃: Lane L-3 indicates protein before and 

induction for 1, 2 and 3 hours. 

  

  Colony counts  Mean  SD 

Control 94 96 83 95 926.1 

1.7 M Mac1(rec) 28 37 47 44 398.4 

1.7 M Mac1(syn) 29 44 33 41  366.9 
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Figure S4.7 ESI-TOF mass spectra of peptide precipitation. 
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Chapter 5 

C-terminal amidation of maculatin 1.1 influences biological 

activity and membrane interactions 
 

 

 

 

 

 

 

 

 

 

 

 

S. Zhu, W. Li, N. M. O’Brien-Simpson, F. Separovic, M. A. Sani. C-terminus amidation 

influences biological activity and membrane interaction of maculatin 1.1. (submitted to Amino 

Acid, 2020) 
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5.1 Abstract 

Cationic antimicrobial peptides (AMPs) have been investigated for their potential use in 

combating infections by targeting the cell membrane of microbes. Their unique chemical 

structure has been investigated to understand their mode of action and optimize their dose-

response by rationale design. One common feature among cationic AMPs is an amidated C-

terminus that provides greater stability against in vivo degradation. This chemical modification 

also likely modulates the interaction with the cell membrane of bacteria yet few studies have 

been performed comparing the effect of the capping groups. We used maculatin 1.1 (Mac1) to 

assess the role of the capping groups in modulating the peptide bacterial efficiency, stability 

and interactions with lipid membranes. Circular dichroism results showed that C-terminus 

amidation maintains the structural stability of the peptide (-helix) in contact with micelles. 

Dye leakage experiments revealed that amidation of the C-terminus resulted in higher 

membrane disruptive ability while bacteria and cell viability assays revealed that the amidated 

form displayed higher antibacterial ability and cytotoxicity compared to the acidic form of 

Mac1. Furthermore, 31P and 2H solid-state NMR showed that C-terminus amidation played a 

greater role in disturbance of the phospholipid headgroup but had little effect on the lipid tails. 

This study paves the way to better understand how membrane-active AMPs act in live bacteria. 

 

5.2 Introduction 

The increased rate of antibiotic resistance is becoming one of most significant threats to global 

public health and antimicrobial peptides (AMPs) represent an effective alternative to traditional 

antibiotics 1-3. The activity of most AMPs depends on their ability to target and disrupt cell 

membranes. Bacteria are less likely to recover from irreversible membrane damage, which 

largely slows bacterial resistance 4-6. Therefore, in order to understand the innate immune 

defensive mechanism against microbial infections and put AMPs into clinical practice, further 

investigation is required of the fundamental process on how AMPs disrupt lipid membranes, 

and the multiple steps related to the structural organisation of the peptide and membrane 

perturbation. 

Maculatin 1.1 (Mac1, GLFGVLAKVAAHVVPAIAEHF-NH2), is an AMP isolated from the skin 

glands of the Australian tree frog Litoria genimaculata in the amidated form, which involves two 

enzymes, PAM and PHL, to facilitate the C-terminus amidation 7. Mac1 is a membrane-active and 

cationic peptide (charge +1 at physical pH) with potent antibacterial activity 8, 9. Mac1 is able to 

adopt an amphipathic nature when folded into an -helical structure upon interaction with 
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membranes. Mac1 acts through a pore-forming mechanism (as temporally functional low-

oligomeric pores) able to lyse membranes and shows preference towards anionic phospholipid 

membranes 10. Upon penetration of lipid bilayers, Mac1 likely changes the thickness of the 

bilayer and perturbs the order of the lipid acyl chains usually resulting in an increase of lipid 

fluidity 11-13. Recent studies show that the C-terminus of Mac1 has a higher propensity to insert 

into lipid bilayers upon membrane binding whereas the N-terminus is more exposed to the 

aqueous phase 14. In addition, the modification of C-terminal moieties often plays an important 

role in changing antimicrobial activity and cytotoxicity against mammalian cells. Previous 

results show that C-terminus modification of AMPs, such as maximin H5, mastoparan and 

aurein 1.2, largely reduces their antibacterial efficacy and haemolytic activity compared to their 

original amidated form 15-18.  Therefore, the role of the capping groups in modulating Mac1 

antibacterial efficiency, stability and membrane interactions has been investigated.  

To assess the role of the Mac1 C-terminus on molecular structure and biological activity, both 

forms, Mac1-NH2 and Mac1-OH, were synthesized and the secondary structures of these 

peptides were investigated using CD spectroscopy. The amidated Mac1 was compared to its 

acidic form with regards to their interactions with anionic and zwitterionic phospholipid 

bilayers using dye leakage assays and solid-state nuclear magnetic resonance (NMR). The 

correlation of Mac1 structural properties with cell viability and antibacterial activity was also 

investigated. 

 

5.3 Materials and Methods 

5.3.1 Materials 

1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphocholine (d31-POPC), 1-palmitoyl-2-oleoyl-

glycero-3-phosphocholine (POPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) (POPG) were purchased from Avanti Polar Lipids (Alabaster, USA) and used without 

further purification. Dodecylphosphocholine (DPC), and sodium dodecyl sulphate (SDS) were 

purchased from Sigma-Aldrich (Sydney, Australia). 5(6)-carboxyfluorescein (CF), Triton X-

100 and PD-10 columns were purchased from Sigma Aldrich (St Louis, USA). 

Fluorenylmethoxylcarbonyl (Fmoc)-L-amino acids and Rink Amide resin were purchased 

from GL Biochem (Shanghai, China). CellTiter 96® AQueous One Solution Cell Proliferation 

Assay (MTS) was purchased from Promega Corporation (Sydney, Australia). 
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5.3.2 Peptide synthesis 

The peptides were synthesised by Fmoc/tBu solid-phase peptide synthesis on a CEM Liberty 

microwave-assisted synthesiser. Mac1-NH2 (GLFGVLAKVAAHVVPAIAEHF-NH2) was 

achieved by synthesizing in DIC/Oxyma system starting with 0.1 mmol Rink Amide resin on 

a CEM Liberty microwave peptide synthesizer.  

Mac1-OH (GLFGVLAKVAAHVVPAIAEHF-OH) was achieved by manually coupling the 

first amino acid (Phe21) starting from C terminus with Wang resin in DIC/DMAP system and 

synthesizing the remaining sequence in DIC/Oxyma system. Then the peptides were cleaved 

from the resin support using a cleavage cocktail made of TFA/H2O/TIPS (38:1:1) for two hours 

at room temperature. The filtrates were then concentrated under a stream of nitrogen, and the 

crude peptides were obtained by precipitation, washed three times with cold diethyl ether and 

followed by lyophilisation overnight. 

The crude synthetic peptides were purified on a Phenomenex C18 column (22 x 250 mm, pore 

size 300, particle size 10 μm) with a gradient of 25% to 70% acetonitrile (0.1% trifluoracetic 

acid, TFA). Purified Mac1-NH2 (2145.24 Da observed, 2145.56 Da calculated, purity > 98%), 

and Mac1-OH (2146.23 Da observed, 2146.56 Da calculated, purity > 98%), (Supp. Info.) were 

characterised by infusion orbitrap MS, RP-HPLC and TFA salt was removed by 3 rounds 

of lyophilization in 5 mM HCl 19.  

5.3.3 Circular Dichroism (CD) 

Circular dichroism (CD) measurements were acquired on a Jasco J-815 spectropolarimeter 

(Jasco, ATA Scientific, Japan). The sample was scanned from 195 to 260 nm in triplicate with 

1 nm step size, 1 nm bandwidth, 1 s time-per-point and 1 mm quartz cell (Starna, Hainault, 

United Kingdom). Signal was recorded as millidegree and zeroed at 260 nm and normalized to 

give units of mean-residue ellipticity (MRE) according to the following equation: 

MRE =
𝜃

𝐶 × 𝐿 × 𝑁
 

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

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

structure fraction was processed using CDPro Software Package with CONTINLL Algorithm 

and SMP56 basis set. 

 

5.3.4 Dye leakage  
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Phospholipids (POPC, POPG) were dissolved in chloroform/methanol (9:1; v/v) and a rotary 

evaporator was used to form a thin film. Then the dried lipid thin films were resuspended with 

1 mL of Milli-Q water before being lyophilized overnight. Dry phospholipid mixtures were 

dissolved in 40 mM carboxyfluoroscein (CF) solutions in HEPES buffer (10 mM HEPES, 150 

mM NaCl, pH 7.4 adjusted by 1M NaOH) at 5 mg/ml, followed by freeze/thaw four times and 

then extruded 15 times through an Avanti Mini-Extruder (Alabama, USA) using 0.2 µm 

polycarbonate filters to produce large unilamellar vesicles (LUVs) of 200 nm diameter. Non-

encapsulated dye was removed by gel filtration using PD-10 desalting columns. Samples were 

prepared by mixing serial diluted peptide solution with CF-loaded vesicles (0.1 mg/ml) to 

produce desired lipid to peptide molar ratios and incubated for 30 mins before transfer to SEMI-

MICRO cuvettes. The positive controls were prepared by adding 0.5% Triton X-100 (Imax) and 

negative controls were made by adding equivalent amount of HEPES buffer (I0). 

The fluorescence emission of CF was measured on a Varian Cary Eclipse spectrophotometer 

(Melbourne, Australia). The excitation wavelength was set to 490 nm, and the emission spectra 

were scanned from 500 nm to 600 nm using a medium scan control speed and medium PMT 

voltage. 

Dye release % = (I-I0)/(Imax-I0) x 100 

where I is the fluorescence intensity of peptide-incubated vesicles, I0 is the intensity of lipid 

only supernatant, and Imax is the fluorescence intensity of the Triton X-100 incubated vesicles. 

5.3.5 Solid-state NMR 

NMR samples were prepared by dissolving peptides in water firstly and mixing with 

phospholipids to reach a lipid to peptide molar ratio of 15:1. The suspension was dried under 

nitrogen stream overnight and resuspended into HEPES buffer (10 mM HEPES, 150 mM NaCl, 

pH 7.4) to reach 70% hydration level (w/w%). Four freeze-thaw cycles were performed to 

achieve sample homogeneity before packing into 3.2 mm zirconia rotor. 

31P NMR experiments were performed on a 400 MHz Bruker Avance III NMR spectrometer 

at a frequency of 161.5 MHz at 310 K. Static 31P solid-state NMR spectra were collected under 

35.2 kHz SPINAL-64 proton decoupling using a single π/2-pulse with a duration of 7.3 µs. A 

minimum of 1024 transients were averaged at a spectral width of 125 kHz. Chemical shift 

anisotropies for static 31P NMR spectra were extracted using Sola Solid Line Fit (based on 

isotropic peak position, peak intensity, line broadening, and asymmetry parameter of CSA 

tensor) in TopSpin 4.0.5. Typically, 8192 scans were collected and zero-filled to 4k points with 

200 Hz line-broadening Fourier transformation. 31P relaxation experiments were carried out 
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under magic angle spinning (MAS) at 10 kHz and T1 relaxation times were measured using the 

inversion recovery pulse sequence 20. T2 relaxation times was measured using a rotor-

synchronized Hahn echo pulse sequence. 

The static 2H solid-state NMR experiments were performed on a 400 MHz Bruker Avance III 

NMR spectrometer at a frequency of 61.5 MHz. Static 2H spectra were obtained using a solid-

echo sequence 20. Operating conditions included 8.25 µs π/2-pulses, a 36 µs echo delay, and 

0.5 s recycle delay. A minimum of 66560 scans were collected and Fourier transformed using 

zero-filling to 4k points with 150 Hz line-broadening. Spectra were dePaked in the time domain 

using developed nmrPipe macro 21. The dePaked spectrum was fit with Gaussian lines and 

converted to order parameter by dividing the static splitting of each CnD position with a static 

coupling constant of 167 kHz 22. 

5.3.6 Antimicrobial assay 

Antibacterial assays were undertaken to determine the minimal inhibitory concentrations (MIC) 

as described previously 23. MIC of Mac1 peptides against Gram-negative Escherichia coli 

ATCC25922 and Gram-positive Staphylococcus aureus ATCC29213 were obtained by Lambert 

and Pearson analysis. Bacterial cultures were grown in Mueller Hinton broth (MHB, pH 7.3) to 

exponential phase and diluted into final concentration 5×105 cells/ml in MHB and incubated with 

2-fold serial dilutions of peptides in 96-well microtiter plates (Interpath Service, Melbourne, 

Australia) at 37°C. The bacterial growth to determine MICs was monitored at 20 min. intervals 

over a 16 hour period with shaking at an optical density at 620 nm (OD620) using an iEMS 

microplate reader (Pathtech Pty Ltd, Melbourne, Australia). The MIC was determined as the 

lowest peptide concentration required to completely inhibit the growth of the bacteria. Errors 

were calculated by standard deviations of data for 2 replicates. 

5.3.7 Cytotoxicity assay 

The cell proliferation of Human embryonic kidney cells (HEK 293 ATCC® CRL-1573™) 

were tested with Mac1-NH2 and Mac1-OH by using CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (MTS) as described before 23. HEK 293 ATCC® CRL-1573™ cells were 

grown in T175 flasks with Dulbecco's Modified Eagle Medium (DMEM, pH 7.4), 

supplemented with 10% (v/v) of fetal bovine serum and 1% (w/v) penicillin/streptomycin, and 

incubated in humidified incubator at 37°C with 5% CO2. Cells were diluted and seeded (5000 

cells/plate) in 96-well flat-bottom plates and then treated with a range of concentrated peptides, 
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60 μM, 30 μM, 15 μM, 7.5 μM and 3.75 μM (Mac1-NH2 and Mac1-OH) and incubated for 24 

hours. The cell toxicity was measured with adding 20 μl MTS for 1 hour at 37°C as described 

previously 24. Absorbance was measured at 490 nm in a Tecan infinite Pro200 

spectrophotometer 25. 

 

5.4 Results 

5.41 Biological activity of Mac1-OH and Mac1-NH2 

Mac1-NH2 presented more potent antimicrobial activity against both S. aureus ATCC29213 

(MIC, 5.4 µM) and E. coli ATCC25922 (MIC, 7.7 µM ) consistent with previous reports 26, 

whereas Mac1-OH had a much reduced antimicrobial activity, especially towards S. aureus 

ATCC29213 (MIC, 94.3 µM ). However, Mac1-OH was less active against S. aureus compared 

to E. coli, which is opposite to previous investigation where Mac1-NH2 showed greater 

selectivity against Gram-positive bacteria 26. On the other hand, the MIC values against E. coli 

were not as divergent between Mac1-NH2 and Mac1-OH (Table 5.1), i.e., 7.7 and 26.6 mM, 

respectively, 

In addition, the cytotoxicity of peptides was evaluated using human embryo kidney cell line. The 

results showed that the required concentration of Mac1-NH2 to kill 50% of HEK-214 cells (HC50) 

was ~15 µM, whereas Mac1-OH did not induce toxicity as there was no cell decreased, even when 

the concentration of peptide was 60 µM (Figure 5.1).  

 

Table 5.1 MIC of Mac1-OH and Mac1-NH2 against S. aureus ATCC29213 and E. coli 

ATCC25922 

 

 

 

 

 

MIC values were tested in duplicate with 5×105 cells/ml in MHB medium. 

 

Peptides 
MIC (µM) 

S. aureus (Gram +ve) E. coli (Gram -ve) 

Mac1-OH     94.2 ± 3.0     26.6 ± 0.3 

Mac1-NH2       5.4 ± 1.4       7.7 ± 0.5 
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Figure 5.1 HEK-293 cell viability of Mac1-NH2 (red) and Mac1-OH (blue) against HEK-293 

(Human embryo kidney). HC50 was determined with 5000 cells/well in duplicate. 

5.4.2 Secondary structures analysis of Mac1-OH and Mac1-NH2 by CD 

To study the structure-activity relationships, the secondary structures of Mac1-OH and Mac1-

NH2 were analysed with CD in phosphate buffer. The CD spectra of both peptides exhibited a 

single band with a negative minimum at 195 nm that indicates a dominant random coil structure. 

However, in the presence of SDS or DPC micelles, the CD lineshapes showed two minima at 

222 nm and 208 nm with a positive maximum at 190 nm, which indicated the formation of α-

helical structures (Figure 5.2B&C). Mac1-OH displayed 54% of helical content in the presence 

of SDS micelles and 47% in DPC micelles. Mac1-NH2 had 67% helical content in the presence 

of SDS micelles and 65% in DPC micelles. The somewhat higher helical content of the 

amidated peptide than its acidic counterpart was associated with the higher antimicrobial 

activity and cytotoxicity (Table 5.1 and Figure 5.1). In addition, the correlation of net charge 

properties and structural stability was also investigated. The amines from C-terminus and 

imidazole side chains (histidine) are protonated at pH 5 27. Therefore, the net charge of Mac1-

NH2 is +3 and +2 for Mac1-OH. 
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Figure 5.2 CD spectra of 77 µM Mac1-OH (red) and Mac1-NH2 (black) as a function of 

wavelength in: (A) 20 mM PBS buffer, (B) 10 mM SDS micelles, and (C) 10 mM DPC micelles. 

(pH 5.0, 37℃) 

 

5.4.3 Permeation of LUV membranes by Mac1-OH and Mac1-NH2 

Vesicle-CF leakage assays were performed to assess the ability of the peptides to disrupt the 

bilayer integrity of lipid vesicles. POPC/POPG (7:3, mole ratio) and POPC LUVs were used 

to mimic the surface charge of bacterial and mammalian cell membranes, respectively. The 

membrane disruption upon AMP titration induces dequenching of the encapsulated dyes, and 

the increase in fluorescence was used to assess the effect of C-terminus capping on peptide 

lytic activity towards specific lipid compositions. Both peptides induced higher perturbation 

for POPC/POPG compared to POPC LUVs, which was in agreement with Mac1-NH2 affinity 

for anionic lipid systems 13 (Figure 5.3). However, the lytic ability of Mac1-OH for 50% dye 

leakage was much lower than Mac1-NH2, especially against POPC LUVs with 10-fold lower 

activity (Figure 5.3). These results show that Mac1-NH2 displayed greater lytic activity against 

both anionic and zwitterionic lipid systems than its acidic counterpart. These results are also 

consisted with the lower MIC values and higher helicity of Mac1-NH2 (Table 5.1).  

 

C) DPCB) SDSA) PBS buffer
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Figure 5.3 CF leakages assays of POPC (Mac1-NH2 green, Mac1-OH blue) and POPC/POPG 

(Mac1-NH2 red, Mac1-OH black) LUVs incubated with Mac1 peptides (pH 7.4, 37℃). 

 

5.4.4 Lipid membrane perturbation by Mac1-OH and Mac1-NH2 

2H NMR spectra of deuterium-enriched phospholipid bilayers provide a sensitive probe to 

study the motions undergone by the lipid acyl chains on a ms timescale 20. The static deuterium 

NMR spectrum of a perdeuterated acyl chain yields a complex line shape (Pake powder pattern) 

in which alteration in the splittings (width) of the powder pattern is an indication of changes in 

acyl chain order parameter, with increased splitting (increased in order parameter) suggesting 

a decrease in chain dynamics 28, 29. 2H NMR experiments were performed to determine the 

effects of Mac1-NH2 and Mac1-OH on the phospholipid acyl chains. 

d31-POPC and d31-POPC/POPG bilayers provide typical deuterium order profiles, with 

inclusion of POPG slightly increasing the POPC acyl chain order parameter. For d31-POPC 

bilayers, the NMR spectra showed a decrease of 25% to 32% in the lower acyl chain order 

parameter for both Mac1-NH2 and Mac1-OH, and ~12 % for the upper acyl chain (Figure 5.4). 

The peptides largely penetrated into the bilayer interior and increased the dynamics (or 

disordered) the entire lipid acyl chain. In mixed d31-POPC/POPG bilayers, both Mac1-NH2 and 

Mac1-OH induced 29% to 32% reduction in order of the lower acyl chain and ~11 % for the 

upper acyl chain (Figure 5.5). There was little difference on the effect on the PC acyl chains 

for both peptides at lipid to peptide ratio (15:1). 



  

99 

 

     

Figure 5.4 Order parameter profile (left) obtained from dePaked 2H spectra (right) of d31-POPC 

(black) with Mac1-OH (red) and Mac1-NH2 (blue), (lipid/peptide = 15:1) at 37℃.  

 

Figure 5.5 Order parameter profile (left) obtained from dePaked 2H spectra (right) of d31-

POPC/POPG (black) with Mac1-OH (red) and Mac1-NH2 (blue), (lipid/peptide = 15:1) at 37℃. 

 

Solid-state 31P NMR is a sensitive probe to study the effect of peptides on the phospholipid 

headgroups conformation and dynamics. Magic angle spinning 31P NMR was used to measure 

relaxation times of the lipids. The longitudinal spin relaxation (T1) can be correlated to motions 

on a ns timescale, corresponding to long axis lipid rotation and the transverse spin-spin 

relaxation (T2) is correlated to ms timescale motions, such as membrane wobbling and lipid 

diffusion. In addition, static 31P NMR spectra provide details of the bilayer structure, e.g. the 

chemical shift anisotropy (CSA) lineshape indicates the extent of lipid headgroup re-

orientation on the 31P NMR time scale (µs-ms range) 29, 30. CSA is generally defined as the 

chemical shift difference between the isotropic and the parallel component of the anisotropic 

phase and represents the width of powder pattern here 31. 
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The static 31P spectra was deconvoluted to determine CSA values. Addition of POPG at 30% 

molar ratio caused significant effect on POPC lipid mobility with ~7 ppm (23%) reduction in 

the CSA (Figure 5.6). The reduced CSAs and a minor population of small tumbling lipid 

aggregates was observed near the isotropic chemical shift position (~0 ppm) in the mixed 

system indicate that the presence of POPG permits enhanced freedom of motion (reduced order) 

in the head group region.  

The 31P spectra show that the addition of Mac1-OH to the POPC system led to a slight 

perturbation in the phospholipid head group region. An additional CSA was observed with 

value 28.0 ppm, which contributed 40% to the total signal. Around 2 ppm (~7%) CSA 

reduction was observed for the major POPC component (Table 5.2), On the other hand, Mac1-

NH2 had a greater interaction with the head group region with narrower CSAs of 27.8 ppm and 

24.4 ppm with 6 ppm (18%) reduction in the major CSA. The smaller CSA indicates increased 

disorder the phosphate headgroup regions. These 31P relaxation times show a slight decrease 

in T1 values and a decrease in T2, which suggest an increase in intensity of the low frequency 

motions (Figure 6, Table 3). 

 

Figure 5.6 31P spectra of Mac1-OH (red line), Mac1-NH2 (blue line), lipid bilayer (black line) 

in A) POPC and B) POPC /POPG (7:3). (Lipid/peptide=15:1) 

 

Table 5.2 Effect of Mac1 peptides on 31P CSA. 

31P CSA (ppm) Lipid bilayer + Mac1-NH2 + Mac1-OH 

d31-POPC 33.8 27.8 (53%) 

24.4 (47%) 

31.6 (60%) 

28.0 (40%) 

d31-POPC/POPG (7:3) 25.3 (73%) 

19.9 (27%) 

25.3 (72%) 

18.9 (28%) 

28.3 (73%) 

21.9 (27%) 
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In the mixed anionic system, the Mac1-OH produced two distinguishable CSAs of 28.3 and 

21.9 ppm (Table 5.2). The increase in each CSA value suggest that Mac1-OH restricts the lipid 

head groups. This was further supported by the lesser decrease in T2 values, particularly for the 

PC in the anionic bilayers, in the presence of Mac1-OH compared to Mac1-NH2. For the 

anionic bilayers with addition of Mac1-NH2, no change in CSA was observed for the POPC 

portion but a slight decrease in the POPG CSA from 19.9 to 18.9 ppm suggests that the peptides 

exhibit a specificity towards the anionic lipids 12. Mac1-NH2 induced a de-mixing effect or 

formation of specific lipid enriched domains. A slight increase in the lipid tumbling was 

indicated with an increase in low frequency motions as reflected by the T1/T2 ratio 32. 

 

Table 5.3 Effect of Mac1 peptides on 31P NMR T1 and T2 relaxation times of POPC and POPG. 

 

5.5 Discussion 

The ability of an AMP to interact with a target membrane not only depends upon the membrane 

target but also the peptide properties. Membrane binding is thought to involve electrostatic 

interactions between the cationic regions of the peptide and negatively charged moieties in 

membranes. Once associated with the membrane, the stability of the secondary structure is 

likely the main driving force behind peptide activity 33, 34. A key factor of  peptide activity 

towards lipid membrane is C-terminal amidation, which not only changes the net charge, but 

importantly affects structural stabilization 15, 35. However,  most C-terminus studies were 

performed using different peptide sequences, thus making it difficult to generalize conclusions, 

and there is no report on the role of C-termini amidation for the AMP, maculatin 1.1 9, 11, 36.  

The biological assays revealed that Mac1-NH2 was far more cytotoxic against mammalian cells 

than the acidic form. The antimicrobial assay showed that Mac1-NH2 was active against both 

Gram-positive and Gram-negative bacteria, while Mac1-OH was poorly active against S. 

aureus but mildly effective toward E. coli. Similar largely reduced antibacterial activity 

towards S. aureus by peptides with acidic C-termini forms was also reported for mastoparan 

and G3 AMPs 37, 38. Sufficient cationicity of AMPs may be required to reduce the adherent 

Lipid bilayers T1 (s) T2 (ms) 

lipids Mac1-NH2 Mac1-OH lipids Mac1-NH2 Mac1-OH 

d31-POPC 1.0 0.80 0.81 27.13 14.57 15.08 

d31-POPC (d31-POPC /POPG) 0.91 0.67 0.73 18.55 9.24 12.73 

POPG (d31-POPC /POPG) 0.78 0.60 0.61 17.38 8.56 9.39 
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biofilms and to permeabilize cytoplasmic membrane of S. aureus, while structural stability 

could be more important for disruption of E. coli cell envelope 38. 

Secondary structure analysis in the presence of membrane-mimetic environments showed 

Mac1-NH2 adopted similar helicity in both anionic and zwitterionic lipids system, but with 

slightly higher helical content than the acidic C-terminal Mac1-OH. Previous studies of 

pardaxin suggest that the α-helix is stabilized by the positively charged C-terminal amine and 

the helical dipole moment 39. Interestingly, a recent report on the shorter Mac1 analogue, aurein 

1.2, showed that C-terminal modified amidated aurein 1.2 (aurein1.2-NH-CH3) had largely 

reduced membrane binding ability compared to the lesser net charge aurein1.2-COOH, which 

suggested that peptides binding ability towards membranes is mainly based on the structural 

stabilization rather than charge driven 35, 40.  

Furthermore, the dye leakage data revealed the more efficient membrane-disruption ability of 

amidated Mac1, which lysed LUVs at a much lower lipid to peptide ratio compared to Mac1-

OH. Such activity was probably correlated with more efficient binding of the positively 

charged Mac1-NH2 (+1 at pH 7.4) with the membrane and higher α-helix content upon 

membrane penetration. Additionally, the lytic activity of Mac1-OH appeared to be more greatly 

influenced by the ionic character of the bilayer, with greater activity on anionic lipid systems. 

However, the amidated peptide was much less selective and interacts with both zwitterionic 

and anionic membranes to a similar extent. Therefore, the leakage efficiency of these peptides 

is suggested to not only be dependent on the vesicle surface charge density but rather on the 

structural stability of peptides. Hydrogen bonds formed between the peptide C-terminus and 

lipid headgroups plays a role in structural stability, wherein the dipole moment and hydrogen 

bond donor are substantially reduced by eliminating the positive charge of the C-terminal 

amidated moiety35, 40. The reduced activity of Mac1-OH on lipid membrane is reflected in 

bioassays and is less active against S. aureus and HEK cells, which are much more complicated 

systems.  

The solid-state NMR studies showed changes in membrane order in the presence of each 

peptide and the influence of peptides with C-terminal amidation on lipid acyl chains. In either 

zwitterionic or anionic lipid bilayers, a greater reduction in the CSA for Mac1-NH2 was 

observed compared to Mac1-OH, which suggests that amidated Mac1 had stronger interaction 

with membrane phospholipid head groups, due to stronger electrostatic interaction (either 

attraction or repulsion) and possibly higher α-helix stability once associated with the membrane. 

However, there was similar reduction in acyl chain order for Mac1-NH2 and Mac1-OH, which 
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probably means that the C-terminus carboxylamidation plays a minor role once peptides 

penetrate or insert into membranes.  

5.6 Conclusion 

Overall, the acidic or amidated form of the C-terminus of Mac1 can influence the structure of 

these cationic peptides and consequently their interactions with target membranes. The 

secondary structures of both amidated or acidic Mac1 were studied in relation to their peptide–

membrane interactions with anionic and zwitterionic membrane systems using CD 

spectroscopy, measurements of dye leakage and a combination of 31P and 2H solid-state NMR 

in phospholipid bilayers. The C-terminal amidation of Mac1 had a stronger effect on the 

phospholipid headgroups and less on the lipid acyl chains. Cell viability and antibacterial 

assays were also performed using these peptides and the amidated form of Mac1-NH2 was 

much more active than the acidic form. The reduced activity of the acidic form of Mac1 may 

be related to the structural destabilization of the amphipathic α-helix, which also affects their 

direct interaction with cell membranes. Further NMR investigations are underway to compare 

structural details of the two peptides and investigate self-assembly of AMPs in model 

membranes so as to gain a better understanding of the structure-function relationship.  

The expression protocol from Chapter 4 was optimized to simplify the cleavage step to produce 

acidic form of Mac1 with carboxylated C-termini. In Chapter 5, the results showed the native 

amidated Mac1 displayed higher structural stability and stronger antibacterial ability and 

cytotoxicity compared to the acidic form. Hence, C-terminus amidation of Mac1 is necessary 

to be maintained in the expression scheme. 
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5.7 Supporting information 

 

 

Figure S5.71 RP-HPLC and ESI-MS traces of Mac1-NH2. 

 

 

 

 

 

Figure S5.72 RP-HPLC and ESI-MS traces of Mac1-OH. 
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Conclusion and future direction 
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6.1 Conclusion 

The World Health Organization (WHO) has declared that antibiotic resistance is an emergent 

threat to public health in the 21st century 1. Antibiotic resistance comes about through genetic 

mutation and the misuse and overuse of traditional antibiotics in humans and animals is 

accelerating this process. The Centers for Disease Control and Prevention (CDC) announced 

that more than 2.8 million infections are caused by antibiotic-resistant pathogens every year in 

the United States, resulting in at least 35,000 deaths 2-4. There is a need for alternatives and 

antimicrobial peptides (AMPs) may prove to be an effective treatment against microbial 

infections 3, 5. In this thesis we examined the structure and membrane interactions of the AMP 

maculatin 1.1 (Mac1) obtained originally from Australian tree frogs. 

In Chapter 1, the advantages of AMPs over antibiotics was firstly discussed. Compared to 

antibiotics which act mainly by inhibiting internal targets and cell wall synthesis, AMPs display 

slower emergence of resistance, induce the innate immune response and act against a broad 

range of microbes. Additionally, recent studies of AMPs in vitro were described, including 

structural properties, disruption of phospholipid membranes of different lipid compositions, 

and AMP modes of actions. A typical cationic AMP, Mac1 is effective in killing Gram-positive 

bacteria and disrupts lipid membrane by a pore-forming mechanism. However, our 

understanding of the mechanism of action of Mac1 has been mostly based on lipid model 

membrane. These models have provided intricate details on the structure-function relationship 

but greater understanding is needed of how these AMPS act against live bacteria. Specifically, 

the process of how Mac1 disrupts bacterial membranes either by self-assembly or aggregation 

6-8 is not clear. New dynamic nuclear polarization (DNP) techniques applied to solid-state 

nuclear magnetic resonance (ssNMR) spectroscopy has led to the feasibility to conduct in-cell 

experiments. With DNP enhancement, ssNMR experiments require far less sample amount and 

good signal to noise can be acquired in shorter time, which opens the door for in-cell study and 

possibly accelerate AMP development as a new drug treatment against antibiotic-resistant 

bacteria. 

However, spin probes with unpaired electrons together with isotope enriched peptides are 

required for DNP-ssNMR experiments 9, 10. To achieve the first requirement of spin probes, in 

Chapter 2, TOAC-MacW and TOAC-TOAC-MacW peptides were designed and tested in lipid 

model membrane systems. Circular dichroism (CD) and NMR experiments were carried out to 

determine if the rationally designed spin-labelled peptides displayed the same structure as 

native Mac1 upon interaction with the lipid membrane. NMR and electron paramagnetic 

resonance spectra showed that the spin-labelled peptides acted as isolated free radicals and 
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inserted into the membrane. In the DNP-ssNMR experiment, TOAC-MacW and TOAC-

TOAC-MacW induced localized 13C NMR signal enhancement, and helped verify the 

positioning of the peptides. TOAC-TOAC-MacW outperformed TOAC-MacW in 13C and 15N 

signal NMR enhancement and 1H spin-lattice T1 relaxation time. 

In Chapter 3, these spin labelled peptides were studied in live bacteria for the in-cell structural 

determination of Mac1. The spin labelled peptides induced more localized NMR-enhancement 

towards specifically 13C/15N enriched Mac1 peptides compared to the well-established DNP 

radical, AMUPol. The TOAC radicals were inserted into E. coli instead of in the media, as 

revealed by NMR and mass spectrometry (MS). This result is consistent with in vitro 

experiments that indicated that the TOAC moiety was near the glycerol/carbonyl region of the 

phospholipid membranes. Overall, the designed TOAC tags are effective as DNP probes to 

determine the Mac1 self-assembly process in live bacterial cells. 

In Chapter 4, a protocol to express and purify uniformly 15N labelled amidated Mac1 was 

developed so as to realize the second requirement for DNP-NMR. SDS-PAGE and LC-MS 

revealed that the target fusion proteins were well-expressed and Ni2+ affinity chromatography 

was efficient for removal of the non-target proteins. The recombinant amidated Mac1 displayed 

the same conformation as the synthetic form in anionic micelles, as indicated by NMR and CD 

spectroscopy, together with similar antibacterial ability against S. aureus. However, the E. coli-

based expression system did not produce sufficient uniformly 15N labelled peptides for in-cell 

NMR experiment in the limited experimental time available. 

In order to increase the yield of uniformly labelled peptides, the acidic form of Mac1 with 

carboxylated C-terminus was selected as a target expression scheme so as to simplify the 

previous expression steps. The biological properties and structural properties of the acidic form 

of Mac1 was studied in Chapter 5 and compared with amidated Mac1. Solid-state NMR 

showed that C-terminal amidation of Mac1 had a stronger effect on the phospholipid head 

group and less effect on the lipid acyl chains. Cell viability and antibacterial assays were also 

performed using these peptides, and the amidated form of Mac1-NH2 was more active than the 

acidic form. The decreased activity of the acidic form of Mac1 was possibly related to the 

structural instability of the amphiphilic α-helix, which also affects direct interaction with the 

cell membrane. This result also illustrates why appropriate recombinant plasmids need to be 

constructed in order to produce isotopically labelled Mac1 with an amidated C-terminus. 

 

Furthermore, ssNMR spectra are generally difficult to resolve when using uniformly labelled 

peptides due to peak overlap. The spectral overlap is due to the increase in rotational correlation 



  

111 

 

times, that leads to line broadening, some variations in the local conformation and molecular 

structure and the α-helical secondary structure which decrease the chemical shift range 11, 12. 

To overcome peak overlap, residue-type selective labelling is extensively used to resolve the 

unambiguity for NMR spectra assignment. The simplest and most widespread approach is 

labelling specific residue types using 15N or 13C labelled amino acids 12, 13. For example,  

combined specific 13C, 15N and 2H isotope labelling together with tailored NMR experiments 

have been used to determine the structure of the farnesylated C-terminal domain of the 

peroxisomal protein PEX19, to overcome problems with signal overlap and protein–ligand 

NOE ambiguities 11. In addition, 13C labelled membrane anchored cytochrome-b5 has been 

studied in native E. coli cells 14. By using selective 13C labelled amino acids, the background 

signals from other cellular contents can be reduced and lead to high-resolution structural 

studies on membrane proteins in cells. Thus, four site-specific labelled Mac1 peptide sequences 

(Figure 6.1) were designed and synthesized to avoid signal ambiguity. The 13C or 15N labelled 

amino acids are located so as to cover the peptide backbone. 

 

GLFGVLAKVAAHVVPAIAEHF-NH2  (L-13CO, G-15N) 

GLFGVLAKVAAHVVPAIAEHF-NH2  (L-13CO, A-15N) 

GLFGVLAKVAAHVVPAIAEHF-NH2  (V-13CO, V-15N) 

GLFGVLAKVAAHVVPAIAEHF-NH2  (V-13CO, A-15N) 

Figure 6.1 Four selectively labelled -Mac1 peptide sequences. 

 

6.2 Future directions 

Measurement of homo- and heteronuclear distances by ssNMR of peptide structural properties 

in cell is possible using magic angle spinning (MAS) techniques such as rotational-echo 

double-resonance (REDOR), which is based on the dephasing of the magnetization of the 

observed nucleus (typically 13C) due to dipolar coupling with a second nuclear spin (typically 

15N). The signal attenuation of the observed nucleus with and without the 15N inversion pulses 

depends on the 13C-15N dipolar coupling which is related to the heteronuclear distance between 

the nuclei. The distance can be extracted from a dephasing curve as a function of mixing time 

15 and used to determine a structural model of the peptide. For example, Cegelski et al reported 

the REDOR distance (2Å, 4Å, 6Å, and 10Å) as a function of mixing time for C-F, C-N, C-P, 

C-D, D-F, N-F, and N-P spin pairs 16. 



  

112 

 

In future, REDOR experiments will be performed to determine the distance between four 

labelled sites of Mac1 in phospholipid (POPE/POPG 3:1) membranes and in live bacteria. The 

conformation of the peptide will be predicated upon comparison of the determined REDOR 

distance with values determined from published secondary structures, including α-helix, β-

sheet and random coil, e.g. the theoretical pitch of the α-helix (the vertical distance between 

consecutive turns of the helix) is 5.4 Å 17. 

Nonetheless, there are some variables associated with the REDOR experiments as a result of 

using four peptide sequences and differences in experimental conditions and samples. The 

spectral signal assignments are more reliable when using both selectively labelled and fully 

labelled 13C or 15N peptides for in-cell NMR studies. However, further optimization of the 

protocol to express 13C or 15N uniformly labelled Mac1 is necessary. For example, the plasmid 

construct (SUMO-Mac1-Mxe GyrA) can be modified to reduce the size of intein. Other cell-

based expression systems could be applied, such as insect systems. Previous studies found that 

using insect cells can express recombinant proteins with higher yield and purity compared to 

bacterial cells 18 since degradation products and batch variation are usually more evident in 

bacterial expression system. By using labelled peptides and DNP ssNMR, how Mac1 self-

assembles in bacterial membranes remains to be resolved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

113 

 

6.3 Reference  

1. World Health Organization Addressing the crisis in antibiotic development. 

https://www.who.int/news-room/detail/09-07-2020-addressing-the-crisis-in antibiotic-

development (accessed July 9, 2020). 

2. M. S. Zharkova, D. S. Orlov, O. Y. Golubeva, O. B. Chakchir, I. E. Eliseev, T. M. 

Grinchuk, O. V. Shamova, Front Cell Infect Microbiol 2019, 9, 128. 

3. P. Roy, R. S, R. MittalMittal, S. Mehta, J Assoc Physicians India 2018, 66, 68-72. 

4. Centers for Disease Control and Prevention Antibiotic/Antimicrobial Resistance 

(AR/AMR). https://www.cdc.gov/drugresistance/index.html (accessed July 20, 2020). 

5. C. S. Chia, J. Torres, M. A. Cooper, I. T. Arkin, J. H. Bowie, FEBS Lett 2002, 512, 47-

51. 

6. M.-A. Sani, T. Whitwell, J. Gehman, R. Robins-Browne, N. Pantarat, T. Attard, E. 

Reynolds, N. O'Brien-Simpson, F. Separovic, Antimicrob Agents Chemother 2013, 57, 

3593-3600. 

7. D. I. Fernandez, T.-H. Lee, M.-A. Sani, M.-I. Aguilar, F. Separovic, Biophys J 2013, 

104, 1495-1507. 

8. M.-A. Sani, S. T. Henriques, D. Weber, F. Separovic, J Biol Chem 2015, 290, 19853-

19862. 

9. M.-A. Sani, S. Zhu, V. Hofferek, F. Separovic, FASEB J 2019, 33, 11021-11027. 

10. S. Narasimhan, S. Scherpe, A. Lucini Paioni, J. Van Der Zwan, G. E. Folkers, H. Ovaa, 

M. Baldus, Angew Chem 2019, 131, 13103-13107. 

11. K. Tripsianes, U. Schütz, L. Emmanouilidis, G. Gemmecker, M. Sattler, J Biomol NMR 

2019, 73, 183-189. 

12. R. Verardi, N. J. Traaseth, L. R. Masterson, V. V. Vostrikov, G. Veglia, Isotope 

labeling for solution and solid-state NMR spectroscopy of membrane proteins. In 

Isotope labeling in Biomolecular NMR, Springer: 2012; pp 35-62. 

13. T. Asakura, A. Nishimura, Y. Tasei, Macromolecules 2018, 51, 3608-3619. 

14. K. Yamamoto, M. A. Caporini, S.-C. Im, L. Waskell, A. Ramamoorthy, Biochim 

Biophys Acta Biomembr 2015, 1848, 342-349. 

15. T. Gullion, Rotational-echo, double-resonance NMR. In Modern Magnetic Resonance, 

Springer: 2008; pp 713-718. 

16. L. Cegelski, Bioorg Med Chem Lett 2013, 23, 5767-5775. 

17. N. R. Zaccai, C. W. Sandlin, J. T. Hoopes, J. E. Curtis, P. J. Fleming, K. G. Fleming, 

S. Krueger, Deuterium labeling together with contrast variation small-angle neutron 



  

114 

 

scattering suggests how Skp captures and releases unfolded outer membrane proteins. 

In Methods Enzymol, Elsevier: 2016; Vol. 566, pp 159-210. 

18.    M. E. Victor, A. Bengtsson, G. Andersen, G, D. Bengtsson, J. P. Lusingu, L. S. 

Vestergaard, D. E. Arnot, T. G. Theander, L. Joergensen. A. T. Jensen, Malar J, 

2010, 9(1), 1-13. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



R E V I EW

Interaction of cationic antimicrobial peptides from Australian
frogs with lipid membranes

Shiying Zhu | Marc-Antoine Sani | Frances Separovic

School of Chemistry, Bio21 Institute,

University of Melbourne, Melbourne, VIC

3010, Australia

Correspondence

Frances Separovic, School of Chemistry,

Bio21 Institute, University of Melbourne,

Melbourne, VIC 3010, Australia.

Email: fs@unimelb.edu.au

Funding information

University of Melbourne for a Melbourne

International Research Scholarship;

Australian Research Council, Grant

Number: DP160100959

Abstract
Cationic antimicrobial peptides (AMPs) from Australian frogs have been extensively studied as

alternatives to traditional antibiotics. Solid-state NMR is used to characterize their effect on lipid

bilayers, which are the primary target, but correlation with in vivo situations is tentative in view of

the complex effects of changes in sample conditions (such as pH, temperature, lipid composition

or peptide concentration). We have used 31P and 2H solid-state NMR and a range of biophysical

techniques to study the impact of the AMPs, maculatin 1.1, caerin 1.1, aurein 1.2, kalata B1, and

Chex-Arg20, on membranes that mimic those of E. coli and S. aureus bacteria and red blood cell

membranes. Overall, the length of AMPs affects peptide-membrane interaction but also their con-

formations are important. While lipid composition plays a critical role in modulating AMP structure

and function, electrostatic interactions are not sufficient to explain their specific activity and inter-

actions with other membrane components need to be considered. Although in an early stage of

development, in-cell NMR of labelled peptides in live bacteria, rather than model membrane stud-

ies, may provide new insights into bactericidal mechanisms of AMPs.

K E YWORD S

antimicrobial peptides, bacterial membranes, phospholipid bilayers, solid-state NMR

1 | INTRODUCTION

The increase in new antibiotic resistant strains, such as methicillin-

resistant Staphylococcus aureus (MRSA), carbapenem-resistant Acineto-

bacter baumannii (CRAB) and multi-drug resistant tuberculosis,[1–3] usu-

ally occur through mechanisms such as mutation and horizontal gene

transfer.[4] The World Health Organization has warned that resistance

to antibiotics can lead to even minor infection being lethal to public

health.[5] However, antimicrobial peptides (AMPs) that act against bac-

terial membranes may be less susceptible to resistance and may have

potential as effective drugs.[6,7] Many AMPs are isolated from animal

cells, such as polymorphonuclear leukocytes, macrophages and mucosal

epithelial cells, and play a vital role in host defense system.[8] In con-

trast to traditional antibiotics that target specific cellular activities,

AMPs have three advantages: (i) a broad-spectrum activity against bac-

teria, fungi, transformed cells, parasites and viruses; (ii) less likelihood

of bacterial resistance due to multiple attack mechanisms and function-

ality through manifold innate immune systems; and (iii) host protection

through modulation of multiple innate immune systems rather than

direct antimicrobial activity.[9] In addition, AMPs preferentially interact

with bacterial rather than mammalian cells, which makes them more

potent against microorganisms without inducing significant toxicity to

mammalian cells.[10]

Over 3 900 natural and 1 600 synthetic AMPs have been reported,

although several show promising therapeutic effects, there are still

challenges to their applications, including non-native structure in some

environments,[11] lack of selectivity towards specific pathogen,[12]

large-scale production and delivery to the target position,[13] and reduc-

tion in activity due to surface coating.[14] Several approaches have been

suggested to develop more effective AMPs, including modification with

covalent bonds, sequence changes, addition of amide group, insertion

of unnatural amino acid, and computer modeling to design more effec-

tive peptides.[15] Understanding the relationship between AMP struc-

ture and its mode of action and knowing the specific process for AMP

action are vital for the design of new antibiotic peptides. To understand

their mode of action, the interaction of AMPs have been studied with

Gram-negative Escherichia coli, Gram-positive S. aureus and Bacillus sub-

tilis,[16,17] and human red blood cells (RBCs) in vivo and in vitro.[18–20]

Here, we discuss studies of AMPs from Australian tree frogs, such

as maculatin 1.1, caerin 1.1 and aurein 1.2, and the cyclotide kalata B1,
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and their interaction with model membranes that mimic those of bacte-

ria and eukaryotic cells[7,21] and cell wall constituents. The peptide

structure, their effects on different lipid membranes and modes of

action have been revealed by a range of biophysical techniques, such

as solid-state NMR, circular dichroism (CD), quartz crystal microbalance

with dissipation (QCM-D), dual polarization interferometry (DPI), dye

leakage, atomic force microscopy (AFM), electron microscopy (EM), and

minimum inhibitory concentration (MIC) assays.

1.1 | Lipid membranes of bacteria versus

eukaryotic cells

Both bacterial and eukaryotic cells have a cytoplasmic membrane, with

protein embedded in lipid bilayers. Bacteria are prokaryotes, whose

membrane lipids (Figure 1) are mainly comprised of phosphatidyletha-

nolamine (PE), phosphatidylglycerol (PG), and cardiolipin (CL), with a

net negative charge.[22,23] The lipid acyl chains may be saturated or

unsaturated and display linear, branched or cyclic structures under dif-

ferent environment conditions.[22,23] The membrane of eukaryotic cells

primarily consists of phosphatidylcholine (PC), phosphatidylserine (PS)

and PE with CL only present in mitochondria, and a significant percent-

age of cholesterol with a tendency to be more neutral in charge.[24,25]

Asymmetric lipid distribution exists in many eukaryotic cellss, such as

the plasma membrane, which leads to different biophysical properties

and is important for several cellular processes, such as cell activation

and cell death.[26] The hydrophobic segment of membrane lipids con-

tains a mixture of saturated or cis-unsaturated acyl chains to a different

degree and a range of chain lengths.[27] In addition, bacteria are able to

adjust membrane fluidity via regulating saturation and length of acyl

chains. For example, bacteria will produce a higher extent of unsatu-

rated acyl chain at lower versus higher temperatures.[28] In eukaryotic

cells, membrane fluidity is regulated by cholesterol, which orders fluid

phase phospholipids[29] and can intercalate between them to prevent

forming a gel-like state at low temperature and stabilize the bilayer at

higher temperature. Also, bacteria have a cell wall composed primarily

of peptidoglycan (also known as murein), which can protect against

high turgor pressure. The cell wall is able to resist external mechanical

pressure but with permeability to certain solutes. Gram-negative bac-

teria have an inner and outer membrane and an extra outer lipid layer

of lipopolysaccharides (LPS) in comparison to Gram-positive bacteria

which have a very thick cell wall made up of peptidoglycan.[30] The

cell walls differ amongst eukaryotic cells, which may contain a poly-

saccharide (chitin) in the case of fungi or mainly cellulose in plants,

and none for animals.

In general, the AMP-lipid membrane interaction in vivo is difficult

to understand due to membrane complexity. To study AMP-membrane

interactions, simplified membrane bilayers are exploited to mimic bacterial

and human cell membranes. Typically, dimyristoylphosphatidylcholine

(DMPC), palmitoyloleoylphosphatidylcholine (POPC), sphingomyelin (SM)

and cholesterol (CHOL); dimyristoylphosphatidylglycerol (DMPG), palmi-

toyloleoylphophatidylglycerol (POPG) and tetraoeloylcardiolipin (TOCL)

are used as model bilayer membranes.[7,18,31,32] POPC/Chol bilayers are

often used to mimic eukaryotic cell membranes, while POPG/TOCL and

POPC/POPG are used as model bacterial membranes. However, the

results from in vitro experiments do not well correlate to in vivo observa-

tions, probably owing to differences in membrane structure[33,34] and

absence of cell wall constituents such as LPS, lipoteichoic acids and pepti-

doglycan (Figure 1).[35] As the microbial cell wall is the first barrier for cell

FIGURE 1 Structure classes of typical lipids in eukaryote and prokaryote membranes
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penetration, these constituents can interact with AMPs and either facili-

tate or impede insertion of the peptides.[36–38]

1.2 | AMP properties

AMPs usually consist of 10 to 50 amino acids and have two or more

basic polar or positively charged residues, such as lysine and arginine,

leading to cationic peptides although there are some rich in acidic polar

residues leading to negatively charged or anionic peptides. AMPs usu-

ally include over fifty percent hydrophobic residues, and can be rich in

proline, methionine and phenylalanine.[39] This complementarity of

hydrophobic and hydrophilic residues results in the peptides displaying

amphipathic properties in aqueous solution.

The secondary structure of AMPs is mainly classified into five cate-

gories (Figure 2): a-helix, b-sheet, b-hairpin or loop, ab mixed and

extended. The a-helical structures are most common in nature with the

helix resulting in �0.15 nm distance and 1008 angle for two adjacent

amino acids.[15] Most known linear cationic AMPs are unstructured in

aqueous solution and adopt an a-helical conformation in a membrane

environment.[45] Examples include magainin, maculatin and aurein,

whose activity is sequence dependent and related to size, cationicity,

and amphipathicity.[46] b-sheet AMPs are less common and more con-

strained, typically containing at least two disulfide bonds which can

protect peptides from degradation by proteases[47] and examples

include defensins,[48] thanatin,[49] and protegrins.[50] These peptides

usually exhibit selective antimicrobial effects under certain conditions

and are able to display b-sheet conformation in aqueous condition.

b-hairpin or loop structures constructed by a single disulfide bond con-

nection, such as lactoferricin B,[51] cyclic peptides, and extended AMPs

which are normally linear in shape may contain D- or unnatural amino

acids such as aminoisobutyric acid.[52] Some peptides do not fit neatly

into a category, for example, indolicidin, which is unstructured in aque-

ous solution and forms boat-like conformation in a lipid membrane sys-

tem[53]; and the defensin-like AMP, plectasin, that have a mix of

a-helix and antiparallel b-sheet.[54] However, we will concentrate on

cationic peptides from Australian tree frogs, which form amphipathic

a-helices in model membranes.

1.3 | AMP effect on phospholipid membranes

Antimicrobial peptides are usually membrane-active and able to lyse

bacterial membranes leading to loss of intracellular proteins and func-

tion despite being enclosed by a cell wall or capsule.[55–57] A number of

modes of membrane disruption have been proposed including the car-

pet, barrel-stave, or toroidal pore mechanisms.[58–61] However, which

mechanism dominates in pore formation is difficult to elucidate

although the lipid headgroups lining the pore in the toroidal pore model

tend to show an increase in disorder. Some AMPs target intracellular

macromolecules or organelles such as DNA, RNA, or ribosomes,[62]

without causing membrane permeabilization (Figure 3). Their modes of

action include cytoplasmic membrane septum alteration,[63] ribosome

inhibition,[64,65] enzymatic inhibition,[66] and promotion of release of

defense peptides.[67] By understanding such multi-modal mechanisms,

the design of more selective drugs to target specific infections may be

possible.

Phospholipids, which are a major component of membranes, are

comprised of a hydrophilic headgroup and hydrophobic acyl chains,

which allows them to form liposomes or a bilayer membrane in aque-

ous conditions. AMPs interact with these lipid membranes, mainly

through electrostatic or hydrophobic forces, and form a a-helix or

b-sheet secondary structure which have distinctive effects on the

membranes. Solid-state NMR techniques are often used to characterize

peptide–membrane interactions, mainly 31P and 2H NMR to study the

headgroup and acyl chains regions, respectively.[7,68] Peptide interac-

tions may cause changes in the 31P lineshape or chemical shift anisot-

ropy (CSA), deuterium quadrupolar splitting and order parameter, and

lead to an isotropic component in the phospholipid spectra. The effect

of the AMPs on the lipid membrane was observed through changes in

FIGURE 2 Structure of different AMPs. A, a-helical maculatin (PDB code 2MMJ);[40] B, b-sheet thanatin (PDB code 8TFA);[41] C, looped
lactoferricins (PDB code 1Z6V);[42] D, mixed structure of plectasin (PDB code 3E7R);[43] and E, unstructured indolicidin (PDB code
1G89).[44] The disulfide bonds are indicated in red
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lipid phase, headgroup dynamics, acyl-chain order and membrane thick-

ness.[69] Such investigations can determine how effective an AMP can

de at disrupting the membrane bilayer and aid in the design of better

antimicrobials.

Extensive solid-state NMR studies of AMPs, maculatin 1.1 (Mac1)

and caerin 1.1, from the skin of the Australia tree frogs, have been

reported.[6,7,70] (Table 1) Both peptides are long enough to span the

bilayer as an a-helix, with Mac1 having 21 residues and caerin 1.1 with

25 residues. The effect of Mac1 on S. aureus was characterized and

also its interaction with model membranes.[6] 31P NMR was used to

determine its effect on the CSA and lipid dynamics of DMPG/TMCL

bilayers as a model for E. coli membranes. The lineshape became

broader (i.e., CSA increased) and a small isotropic peak occurred after

peptide addition, with a sharper isotropic peak clearly revealed at 50:1

lipid/peptide (L/P) ratio (Figure 4A). The phenomenon is attributed to

lipid motion change and reorientation, which demonstrated that Mac1

induces strong interaction on lipid headgroups and clearly disrupts the

bilayer structure. Similarly, caerin 1.1 caused membrane changes

depending on peptide concentration.[7] To determine the effect on the

acyl chain, perdeuterated phospholipids and 2H NMR were used. After

dePaking (akin to deconvolution) the spectra, the order parameter of

caerin 1.1 was found to increase for the upper chain and decrease for

the lower region, which indicated that peptides interacted with the sur-

face and disturbed acyl tails deeply. This change is likely due to electro-

static interaction with the lipid headgroup and penetration of the

peptide into the hydrocarbon region (Figure 5).[31]

Aurein 1.2, a much shorter helical AMP compared to maculatin 1.1

and caerin 1.1, (Table 1) with only 13 amino acids, interacted in a

different manner[32] as characterized by 2H and 31P NMR in model

membranes. There was little change in order parameter as observed

from the 2H NMR splittings and a significant reduction of around 8

ppm in the 31P CSA (Table 2) compared to no peptide addition,

which suggests that the peptide primarily interacts with the mem-

brane surface via electrostatic interactions. A small isotropic peak

observed in the 31P NMR spectra correlates with the formation of

tumbling lipid aggregates. The shorter peptides are not effective to

deeply penetrate into the bilayer and act via a surface mechanism

but membrane pores can form once a threshold concentration is

reached.[71]

To compare a very different peptide structure, we studied the

cyclotide kalata B1, a potent insecticidal peptide, with three interlock-

ing disulfide bonds and backbone loops.[68,72] that confer chemical and

proteolytic stability. Kalata B1 has shown anticancer, anti-HIV, hemo-

lytic and antimicrobial activity, with potential for drug design.[73–76]

Cancer cells have an over representation of anionic lipids on the mem-

brane surface compared to normal cells[77] and thus are more likely to

interact with cationic peptides. Oligomer formation in the presence of

model membranes was observed by 19F NMR as seen by changes in

rotational diffusion of the labeled peptide.[78,79] This was attributed to

charged peptide residues interacting with lipid headgroups and nearby

molecules via electrostatic forces to assemble into oligomeric struc-

tures. 15N NMR of peptides in aligned phospholipid membranes

FIGURE 3 Mode of action of AMPs: A, barrel stave model, B, carpet mechanism, C, toroidal model, D, detergent model, and E, intracellular
target[61]

TABLE 1 Sequences of selected antimicrobial peptides

Peptide Sequencea

Maculatin 1.1 GLFGV LAKVA AHVVP AIAEH F-NH2

Aurein 1.2 GLFDI IKKIA ESF-NH2

Caerin 1.1 GLLSV LGSVA KHVLP HVVPV IAEHL-NH2

Kalata B1 GLPVC GETCV GGTCN TPGCT CSWPV CTRN

Chex-Arg20 Chex-RPDKP RPYLP RPRPP RPVR-NH2

aNote that the peptides are amidated, except for kalata B1, which is
cyclized; and Chex51-amino-cyclohexane-carboxylic acid.
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showed an increase in non-oriented peptide (Figure 4C) and 2H NMR

(Figure 4B) revealed that the peptides perturb the entire hydrophobic

region with a large reduction in quadrupolar splittings, that is, order

parameter change, for all CDn along the lipid chain. Furthermore,

the peptides localize in the polar/apolar membrane interface and

decreased lipid motion, proved by the change of spectral width, line-

shape, T1 and T2 time scale in 31P NMR spectra. In summary, kalata

B1 performed higher perturbance against membranes compared to

maculatin, caerin and aurein, which primarily correlates with its dif-

ferent peptide structure.

1.4 | AMP behavior in different membranes

Antimicrobial peptides may adopt distinct conformations in different

membrane systems and which may correlate with their antimicrobial

properties and hemolytic activity.[6,7,18] Bacteria are able to alter their

membrane constituents to some extent according to their environmen-

tal conditions and this change may affect AMP conformation and

behaviors.[80] This phenomenon occurs across the bacterial lifecycle

and also in response to environmental challenges. Many membrane fac-

tors are influenced by lipid composition, such as membrane charge,

hydrophobic thickness, lipid order and fluidity, and membrane organiza-

tion. Through an understanding of the peptide behavior under different

conditions, more selective AMPs may be developed, which would be

beneficial to generate more specific and targeted antibiotics or more

effective lipid-based drug delivery systems.

The activity and conformation of Mac1 are dependent to some

extent on the chain length of PC bilayer membranes.[31] The peptide

forms a helical conformation in PC membranes, as indicated by CD

spectra with minima at 222 and 208 nm and a maximum at �200 nm.

However, the helical extent is highest only over a certain range of

hydrophobic thickness, centered on DMPC which offers the least

hydrophobic mismatch (Figure 5). Moreover, membrane curvature can

affect conformation with some peptides reported to bend on the sur-

face of a small unilamellar vesicle (SUV).[81,82] compared to a large uni-

lamellar vesicle (LUV). However, the influence on Mac1 is small, with

only 10% less helical structure. Furthermore, interaction of Mac1 with

Gram-negative and Gram-positive bacteria and human red blood cell

membranes has been reported in vivo and in vitro.[18] These three

classes of membranes have different lipid systems, membrane packing

and complexity. Model bilayer membrane were used to represent the

three types of membranes, namely POPE/POPG, POPG/TOCL, and

POPC/SM/CL, respectively. Peptides showed stronger potency toward

the Gram-positive bacteria, S. aureus, as revealed by MIC. Dye leakage

assays also showed a preference for the more anionic lipids as seen in

S. aureus membranes, which attract the negatively charged peptides.

Red blood cell membranes contain cholesterol, which order fluid

FIGURE 5 A, Hydrophobic mismatch of Mac1 compared in different chain length PC lipid vesicles. B, Helical structure (%) of Mac1
plotted against fluid-phase bilayer hydrophobic thicknesses for PC LUVs.[31] Reproduced with permission from Ref. [31], copyright 2012
Elsevier

FIGURE 4 A, Solid-state 31P static NMR spectra of E. coli-like
DMPG/TMCL (3:2) bilayers at 308C with Mac1 (dashed line indi-
cates the isotropic peak formation); B, 2H NMR spectra of multila-
mellar vesicles composed of d31-POPC (dotted spectrum) and upon
addition of kalata B1 (solid red spectrum); and C, Solid-state 15N
NMR of kalata B1 in: (1) orientated, and (2) unorientated phospho-
lipid bilayers.[68] Reproduced with permission from Ref. [68], copy-
right 2017 Elsevier
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membrane bilayers by intercalating between lipid molecules.[83] Less

helical extent was observed as the AMPs are less able to penetrate

into the liquid-ordered zwitterionic membrane.[84]

The peptide–membrane interaction of the short peptide, aurein

1.2, was also studied.[32] QCM-D revealed that aurein 1.2 causes larger

defects in anionic membrane, mainly driven by electrostatic interaction,

as indicated by mass loss for DMPC/DMPG being larger than DMPC,

and supported by neutron reflectometry and dye leakage techniques.

The membrane charge plays a vital role in peptide action, especially

for shorter peptides. The thickness of the acyl chain region was

unchanged in DMPC bilayer in the presence of aurein 1.2 but

reduced in the anionic membrane system DMPC/DMPG from 26 to

23 Å. The effect of aurein 1.2 on membrane order was also studied

by 2H and 31P solid-state NMR.[7] In the fluid phase, lipids are able

to diffuse freely and are less rigid whereas in the gel phase, lipids

are less mobile.[85] The peptide displayed distinctive behavior above

and below the lipid phase transition (�238C). Through NMR meas-

urements carried out at 30, 20, and 158C, reducing the temperature

below the gel–fluid phase transition restricted motion of the acyl

chains and formation of a ripple phase facilitated insertion of the

AMP.[86,87] Further reduction in temperature caused severe peptide

disruption of the membrane into small lipid aggregates. In this case,

membrane lipid order may facilitate peptide lytic activity by inducing

membrane defects. Similar behaviors were seen with Mac1 and

caerin 1.1 in model membranes above and below the gel–fluid phase

transition temperature.

The behavior of AMPs when simultaneously faced with two types

of LUVs, that is, a competitive dye leakage lipid system, was developed

by Sani and co-workers.[88] The interactions of Mac1 and aurein 1.2

were investigated using POPC and POPG/TOCL LUVs either sepa-

rately or both at once. Dye release from zwitterionic or anionic LUVs

was detected according to fluorescence change. When combined, the

negatively charged vesicles are much more attractive to the cationic

peptides based on dye release amount in single and mixed membrane

system, with EC50 (EC50 values are the lipid-to-peptide molar ratios

required to increase fluorescence by 50%) of 490 reduced to 13 (L/P)

for POPC vesicles when alone or in the presence of POPG/TOCL,

respectively (Figure 6). Thus, membrane charge plays a more significant

role in peptide selectivity compared to activity. However, the short

AMP, aurein 1.2, which has a surface-active mechanism, showed less

preference for negatively charged membranes and more peptide was

required for activity.

1.5 | AMP mode of action

As discussed above, Mac1 is able to span a bilayer membrane and its

mode of action is proposed to be via a transmembrane pore[6] (Figure

3) as demonstrated by dye release assays through the release of fluo-

rescent dextrans of different size, FD-4 with RD-40, and flow

FIGURE 6 Effect of Mac1 in single and competitive lipid environment on dye-release assay. 100 lM peptides were added to dye free and
dye filled LUV (*).[88] (Dashed line indicates 50% fluorescence

TABLE 2 Effect of aurein 1.2 on 31P CSA and 2H quadrupolar split-
tings of d54-DMPC and d54-DMPC/DMPG bilayers.[32]

31P CSA (ppm) No peptide
Aurein 1.2
added

DMPC 45.6 37.9

DMPC/DMPG (4:1) 38.6, 31 37.8, 23.3
2H NMR splittings (kHz) CD2 CD3 CD2 CD3

DMPC 26.6 3.6 23.6 3.6

DMPC/DMPG (4:1) 24.7 3.3 24.6 3.3

CDn is order parameter at position n in acyl chain.
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cytometry techniques. Also, after peptide addition, rough and rippled

patterns were observed in bacterial morphology as revealed by EM.

Interestingly, dye assays showed that the peptides permeate E. coli and

S. aureus at similar concentrations, which indicate a similar mode of

action in Gram-negative and Gram-positive bacteria.

An AFM study of a similar AMP, caerin 1.1, with live bacteria, Kleb-

siella pneumoniae, was reported by Mularski et al.[20] AFM can be used

to study living cells and describe properties such as cell pressure, elec-

trostatic interaction and turgor pressure, and image the morphology of

bacteria with minimal cell damage.[89,90] Peptides appeared to accumu-

late on the outer membrane to start lysis, and not the polysaccharide

(capsule) or LPS layer, as indicated by turgor pressure. Further compari-

son by AFM of K. pneumoniae with capsule-deficient mutants revealed

that the capsule provided no protection against caerin 1.1; which indi-

cated that peptide penetration into bacterial membranes was entropy

driven rather than electrostatic as the capsule is negatively charged

and likely to attract cationic peptides.[91–93] Moreover, a pore-forming

mechanism was supported by a clear formation of perforations in 6 lM

peptide solution (below the MIC) as seen by AFM (Figure 7) and rein-

forced by EM images.

The shorter peptide, aurein 1.2, interaction with membranes[32]

was attributed as a carpet mechanism, which is described as peptide

binding to membrane firstly and lysing in a detergent-like manner when

a threshold concentration is reached.[57] The peptide mechanism was

clearly demonstrated using dye-leakage measurements, with similar

amounts of small and large mass fluorescent markers released. This

was furthered supported by AFM images of DMPC and DMPC/DMPG

(4:1) LUVs on a mica surface (Figure 8) which transformed to a rough

and dappled surface that was indicative of tubular micelles after aurein

1.2 addition (Figure 8). The shorter peptide is unable to span the bilayer

to form a transmembrane pore and acts at higher concentrations to

lyse the membrane. The peptide length and concentration greatly influ-

ence the mode of action, usually with >20 amino acids required for an

a-helix to form a transmembrane pore.[94]

Another mode if action is exhibited by proline-rich AMPs

(PrAMPs), such as Chex-Arg20, which can pass through cellular

membranes in a similar way to cell penetrating peptides without

lytic effect and show less toxicity to eukaryotes.[95,96] Dimer and

tetramer forms of Chex-Arg20 caused aggregation of POPE/POPG

LUVs and giant unilamellar vesicles (GUVs), as indicated by dynamic

light scattering, CD, zeta potential, and fluorescence microscopy.

These highly positively charged peptides have a strong electrostatic

attraction to the negatively charged lipids. However, no calcein dye

leakage was observed with peptide addition to negatively charged

LUVs, but was seen with Gram-negative E. coli. Also, the Chex-

Arg20 peptides showed little secondary structure in phosphate and

trifluoroethanol solution or in lipid systems as revealed by CD spec-

troscopy. The antibacterial mechanism of Chex-Arg20 is not simply

by membrane disruption but by other intracellular mechanisms, such

as ribosome and metabolic inhibition. The mechanism is different

from that of the arginine-rich peptide thanatin, which inhibits bacte-

rial growth mainly by causing agglutination of bacteria.[97] Conse-

quently, these PrAMP oligomers are more effective as antibiotics

due to an efficient and more complex killing mechanism.

1.6 | Perspective

Our understanding of the mechanism of action of AMPs has been

inferred from model membrane studies. These models have pro-

vided intricate details on the structure-function relationship with

lipids but are not sufficient to understand how these potential alter-

natives to antibiotics operate against live bacteria nor explain why

FIGURE 7 Height and deflection images (3 3 3.4 lm2) of wild-type K. pneumoniae cells submerged in 6 lM caerin 1.1 solution at A, B,
67 min; C, D, 85 min; E, F, 120 min; and G, H, 173 min exposure time.[20] Reproduced with permission from Ref. [20], copyright 2016
Elsevier
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AMPs have different potencies against specific bacterial strains.

Hitherto, high-resolution in-cell structural studies of AMPs—and

overall for membrane-active peptides and membrane proteins—have

not been achievable due to experimental limitations, such as main-

taining sufficient cell integrity or low signal intensity and inadequate

resolution. Recent breakthroughs in dynamic nuclear polarization

(DNP)[98] have enabled high-resolution in-cell solid-state NMR stud-

ies and will open new horizons in understanding AMP mode of

action. The DNP technology is based on electron-to-nuclear spin

magnetization transfer, which produces an increase in signal of up

to three orders of magnitude and thus acquisition time is greatly

reduced. Moreover, DNP-NMR experiments are performed at cryo-

genic temperature and thus, with optimized cryoprotection, cell

integrity can be maintained during data acquisition although the

lipid will no longer be in a fluid phase. However, a number of chal-

lenges remain that currently we are addressing: a radical source has

to be delivered across the cell membrane, cell preservation needs to

be optimized for the cryogenic conditions, DNP biradicals that func-

tion at higher temperatures need to be developed, and high-

resolution NMR studies require isotopic labelling of the peptides.

Once these limitations are overcome, new structural details of how

AMPs work in cells will be unravelled.
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ABSTRACT:Antimicrobialpeptides (AMPs) that target lipidmembranes showpromiseasalternatives to conventional
antibiotics.However, themolecularmechanismsofmembraneperturbation,asmoststudiesareperformed inmodel
systemsand in-cell structural studies, haveyet tobe achieved. Solid-stateNMRspectroscopy is a valuable technique
to investigate peptide-membrane interactions and to determine the structure of peptides, but the short lifespan of
bacteria, especially under magic angle spinning conditions, has not permitted in-cell structural studies. Here, we
present the first dynamicnuclearpolarization (DNP)-NMRin-cell studiesofEscherichia colibacteria incubatedwith
the AMP maculatin 1.1 (Mac1) in combination with novel nitroxide spin–labeled peptides 2,2,6,6-tetramethylpi-
peridine-N-oxyl-4-amino-4-carboxylic acid (TOAC)–[F3W]-Mac1 (MacW) andTOAC-TOAC-MacW.The in-cell 13C
and 15N signal NMR enhancements, and 1H spin-lattice T1 relaxation times showed that TOAC-MacW and
TOAC-TOAC-MacW performed better than the more hydrophilic biradical AMUPol used for DNP studies. Fur-
thermore, the pores formed by the AMP increased the signal enhancements and decreased T1 values of specifically
13C- and 15N-labeledMac1.This approachhas a great potential for determining the first in situ structures ofAMPs in
bacteria.—Sani, M.-A., Zhu, S., Hofferek, V., Separovic, F. Nitroxide spin–labeled peptides for DNP-NMR in-cell
studies. FASEB J. 33, 000–000 (2019). www.fasebj.org
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The antimicrobial properties of host-defense peptides
have been extensively studied usingmodelmembranes of
different lipid compositions thatmimic those encountered
in prokaryotes and eukaryotes (1). These biophysical
studies have provided preliminary insights into the mo-
lecular mechanism of antimicrobial peptides (AMPs) and
lipid-AMP interactions (2, 3). In particular, solid-state
NMR (ssNMR) studies have provided critical structural
information to better understand the complex interplay
between AMPs and bilayer membranes (4, 5). A combi-
nation of ssNMR and model membranes of relatively
simple lipid compositions has revealed the multiple steps
associated with changes in peptide and membrane struc-
tureand the insertionor reorientationof thepeptidewithin

the lipid bilayer (6). To date, similar studies in bacteria
havebeenpractically impossible to performbecause of the
short lifespan of the bacteria when depleted of media and
especially whenmagic angle spinning (MAS) is usedwith
ssNMR. Furthermore, in-cell ssNMR studies suffer from
the inherent low sensitivity of the technique and complex
background of the bacterial matrix (7).

Recent advances in dynamic nuclear polarization (DNP)
have allowed ssNMR signals to be enhanced by up to 2
orders ofmagnitude (8). TheDNP enhancement is provided
byamagnetization transfer betweenpolarized electrons and
the proton bath of the sample, which is hence transferred by
cross-polarization to the nucleus under investigation. Opti-
mization of the electron source using hydrophilic nitro-
xide–based radicals stabilized in awater andglycerolmatrix
at low temperature (;100 K) has led to NMR signal en-
hancement in the 200-fold regime, with the greatest gains
obtained so far with 15-{[(7-oxyl-3,11-dioxa-7-azadispiro
[5.1.5.3]hexadec-15-yl)carbamoyl][2-(2,5,8,11-tetraoxatridecan-
13-ylamino)}-[3,11-dioxa-7-azadispiro[5.1.5.3]hexadec-7-
yl])oxidanyl (AMUPol) (9). Furthermore, the cryogenic
temperature necessary to perform DNP-enhanced NMR ex-
perimentsnotonlyprovidesagreaterBoltzmanndistribution
of the spinpolarizationbut also extends the sample lifetime, a
particular advantage for bacterial suspensions preserved in
cryoprotectants.

However, DNP-enhanced NMR studies of mem-
brane proteins using AMUPol revealed that the largest
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enhancement values are observed at the hydrophilic
periphery of the lipid membrane and the least enhance-
ment is at the hydrophobic interior of the membrane,
which limits the amount of structural data obtained for
transmembrane domains (10). The distribution of hy-
drophilic radicals may also be problematic in live cell
studies, although enhancements were reported for an
overexpressed membrane protein in Escherichia coli (11).
Recent studies have shown the benefit of including the
radical sourcewithin the sequence ofmembraneproteins
and peptides (10, 12–14). This approach has several
advantages over the use of exogenous radicals, including
the following: 1) by locating thenitroxide labelwithin the
peptide sequence, a greater and more homogeneous
distribution of DNP enhancement of peptide signals is
expected, especially for in-cell studies; 2) incorporation
of the radical within the peptide sequence allows dif-
ferent cryoprotection strategies, feasibly reduces the
NMR signal from the bulk glycerol cryoprotectant,
lessens dilution of the sample, and thus improves the
sample filling factor of the NMR rotor; and 3) the use of
spin-labeled peptide is compatible with common mem-
brane protein sample preparation strategies and suitable
for assessing peptide-peptide interactions (15, 16).

The spin-labeled amino acid 2,2,6,6-tetramethylpi-
peridine- oxyl-4-amino-4-carboxylic acid (TOAC), de-
rived from 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(Tempo; MilliporeSigma, Burlington, MA, USA), has
been used for electron paramagnetic resonance and
paramagnetic relaxation–enhanced NMR studies of
peptides (17, 18). TOAC is compatible with solid-phase
peptide synthesis (see Supplemental Fig. S1) and was
inserted at the N terminus of [F3W]-maculatin 1.1
(MacW) (TOAC-MacW), a modified sequence of the
AMP maculatin 1.1 (Mac1) (19, 20). A double TOAC
analog was also synthesized (TOAC-TOAC-MacW) to
boost DNP enhancement. E. coli bacteria were incubated
together with the radical-tagged peptides and specifi-
cally 13C., 15N-labeled Mac1 as an in-cell method for
DNP-enhanced NMR studies of AMPs.

MATERIALS AND METHODS

Materials

Fluorenylmethyloxycarbonyl chloride (Fmoc)-TOAC was pur-
chased from Chem-Impex (Wood Dale, IL, USA), and activated
TOAC (MW 215.3, $96%) was purchased from Sapphire
Bioscience (Sydney, NSW, Australia). AMUPol was purchased
from Cortecnet (Voisins-le-Bretonneux, France). 15N-labeled L-
Alanine-N-FMOC and 13C1 L-Valine-N-FMOC were purchased
from Cambridge Isotope Laboratories (Andover, MA, USA).
Trehalose and D2O were purchased from MilliporeSigma.
Thesingle (TOAC-GLWGVLAKVAAHVVPAIAEHF-NH2;MW
2382.40) and double (TOAC-TOAC-GLWGVLAKVAAHVV-
PAIAEHF-NH2; MW 2580.52) spin-labeledMacWpeptides, and
the 13C1-V13,

15NH-A16]-labeled Mac1 (GLFGVLAKVAAHVV-
PAIAEHF-NH2;MW2147.25; underlined amino acidsmatch the
labeling schemes spelled out as V13 and A16) were synthesized
in house by solid-phase peptide synthesis and purified byHPLC
to a purity .95% (Supplemental Figs. S1 and S2) using HCl in-
stead of TFA salt (21).

NMR sample preparation

Ten milliliters of an E. coli (BL21; New England Biolabs, Ipswich,
MA,USA)overnight culturegrowninLuriabroth (LB)at37°Cwith
orbital shaking at 250 rpm was transferred into;200 ml fresh LB
medium.At anoptidal density (OD)600 readingof 0.6, 10 aliquots of
20 ml were centrifuged for 5 min at 4000 g. The supernatants were
discarded, and the cell pelletswerewashed inPIPESbuffer (50mM
PIPES pH 7.4, 150mMNaCl). The bacteriawere resuspendedwith
the radical source and, with or without Mac1, dissolved in PIPES
buffer containing 500 mM of trehalose solution for 5 min at 37°C,
and then they were spun for 5 min at 14,000 rpm. The cell pellets
were snap-frozen using liquid N2 and packed into a 3.2-mm sap-
phire rotor with silica plug between the zirconia spinning cap.

Bacteria viability test

TheNMRsampleswerediluted in1mlLBandplatedon3LBagar
plates. The control sample was prepared as the NMR sample but
without snap-freezing the bacterial suspension prior dilution in
1mlofLB.Colonieswerecountedafter incubation for15hat37°C.

NMR experiments

All DNP MAS NMR experiments were recorded on a 9.4 T
wide-bore Bruker Avance-III NMR Spectrometer (Wissem-
bourg, Germany) equipped with a 3.2-mm low-temperature
triple-resonance MAS probe. The temperature of all experi-
ments was maintained at 110 K, and the spinning frequency
was set to 8 kHz. The spectrometer frequencywas optimized
so that microwave irradiation of the gyrotron occurred at the
maximumDNP enhancement of nitroxide (263.334GHz). All
spectrawere processedusingNMRPipe (https://www.ibbr.umd.edu/
nmrpipe/install.html) and plotted using the open source program
Gnuplot (open source; http://www.gnuplot.info/).

Recycledelayswere set at 1.33 1HT1,whichweredetermined
using 13C-detected cross-polarization saturation recovery ex-
periments. The 13C signal intensities were fitted with a single
exponential decay in Topspin 3.5 (Bruker).

13C solid-state NMR

13C cross-polarization MAS (CPMAS) experiments were per-
formedwith 108 kHz proton excitation pulse followed by 1.5ms
54 kHz Hartmann-Hahn contact with a 30% receptor activity-
modifying protein (RAMP) and 2048 complex points were ac-
quired under 100 kHz SPINAL decoupling. The FIDs were zero
filled to 4 k points, and 10 Hz line broadening was applied.
The spectra were referenced using the internal silicon plug
13C signal set at 0 ppm.

15N solid-state NMR

15N CPMAS were performed with 108 kHz proton excitation
pulse followed by 3 ms 45 kHz Hartmann-Hahn contact with a
50% RAMP and 1024 complex points were acquired under
100 kHz SPINAL decoupling. The FIDs were zero filled to 4 k
points, and 75 Hz line broadening was applied.

RESULTS

The usual DNP buffer, 60:30:10 glycerol-d8:D2O:H2O,was
replaced by 500 mM trehalose in 80:20 D2O:H2O in order
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to reduce the 13C background level, increase the rotor
loading, and provide cryoprotection to E. coli bacteria, as
previously reported for lipid (13) and cell studies (22). The
cell integrity was monitored during the sample prepara-
tion and under cryogenic stress and showed high survival
rates above 70% (see Supplemental Table S1).

Comparison of the DNP-enhanced 13C CPMAS (Fig. 1)
spectra of E. coli suspensions incubated with the free
monoradical TOAC amino acid or the biradical AMUPol
prior to centrifugation showed no significant signal en-
hancement. Two signals were observed at ;72 ppm and
89 ppm, arising from the trehalose (13) added as a
cryoprotectant. In the presence of TOAC-MacW and
TOAC-TOAC-MacW, the 13C signals were enhanced by a
factor of ;10 and 13, respectively. Strong carbonyl (;170
ppm), weak aromatic (;130 ppm) and sp2 carbons (;110
ppm), and strong aliphatic (65–10 ppm) signals from
E. coli lipids, proteins, and DNA are observable. The 1H
spin-latticeT1 relaxationvalues,measuredvia 13Cdetection
using saturation recovery with circular polarization (CP)
excitation experiments under microwave irradiation, also
reflected the presence of the radicals that induce fast sig-
nal decay and thus shorter T1 values. T1 values were
longer than 60 s using free-TOAC and AMUPol radical
sources but significantly shorter with TOAC-MacW and
TOAC-TOAC-MacW, with values of 4.9 and 3.1 s, re-
spectively. The results indicate that onlyTOAC-MacWand
TOAC-TOAC-MacW radicals were retained within E. coli
bacteria, which is supported by the absence of the
spin-labeled peptides in the mass spectrometry screening
of the supernatants (see Supplemental Fig. S2A, B). It
is noteworthy that circular dichroism did not show a sig-
nificant difference in the secondary structure between
TOAC-MacW, TOAC-TOAC-MacW, and the nativeMac1
peptide in the presence of dodecylphosphocholine and

sodium dodecyl sulfate micelles (Supplemental Fig. S4).
The circular dichroism results indicated that all peptides
were random coil in buffer and adopted a helical confor-
mation inmicelle environments, as previously reported for
Mac1 in Sani et al. (23).

DNP-enhanced 13C CPMAS experiments performed in
the presence of the [13C.-V13, 15N-A16]–labeled antimi-
crobial Mac1 peptide at subminimum inhibitory concen-
tration (19) are shown in Fig. 2. Though the free-TOAC
radical source showed similar lack of signal enhancement,
E. coli bacteria incubated with AMUPol and Mac1 pro-
duced significant and localized 13C NMR signal en-
hancements. Notably, the 13C-labeled peptide did not
produceadominant 13C signal at;170ppmbecauseof the
amount of peptide used (;0.7 mg) and the significant
amount of E. coli in the rotor (;50 mg). The carbonyl sig-
nals (centeredat 175ppm)were enhancedbya factor 7 and
the aliphatic carbon region (65–10 ppm) by a factor 13,
whereas the trehalose carbon signal (72 ppm) was en-
hanced by a factor 16 (Fig. 2). This indicates that the AMP
Mac1 allowed AMUPol to diffuse through E. coli mem-
branes, as previously observed for fluorescence probes
of similar size (19, 24). The different enhancements also
demonstrate that hydrophilic radicals preferentially
enhance the NMR signal of molecules in the aqueous
phase, such as trehalose. Incubating E. coli with Mac1 to-
gether with either TOAC-MacW or TOAC-TOAC-MacW
induced greater and more localized 13C NMR signal en-
hancements (i.e., possibly in more hydrophobic environ-
ments). The monoradical spin-labeled peptide somewhat
preferentially enhanced the carbonyls (eDNP of ;19) and
the aliphatics (eDNP of ;15) than the trehalose (eDNP of
;12). The biradical spin-labeled peptide showed greater
eDNP values, with the carbonyls and aliphatics enhanced
by 22- and 23-fold, respectively, whereas the trehalose

C
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Figure 1. DNP-enhanced 13C
CPMAS spectra of E. coli bacte-
ria incubated with free TOAC
(on/off magnified 5-fold) (A),
TOAC-MacW (B), AMUPol (on/
off magnified 5-fold) (C), and
TOAC-TOAC-MacW (D). Experi-
ments recorded without (red
line) and with (black line) micro-
wave irradiation were performed
under identical conditions at
8 kHz spinning speed and 110
K. The silicon plug 13C signal was
set as 0 ppm and used as internal
reference.
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signal was enhanced by 19-fold. The 1H spin-lattice T1
relaxation values, obtained through 13C detection via cir-
cular polarization, were in agreement with localization of
the radical sources in a more restricted environment. The
paramagnetic effect of AMUPol was less intense on the
carbonyls (T1

H of ;8 s), whereas the trehalose and ali-
phatic regions (T1

Hof;5.6 s) relaxed faster and in a similar
fashion, which would suggest that the AMUPol was
preferentially in the aqueous phase. TOAC-MacW in-
duced a more even decrease of the T1

H to;1.7 s, and the
TOAC-TOAC-MacW decreased T1

H further to;1.0 s.
Figure3 shows theconcentrationdependenceof the 13C

signal enhancements and the corresponding T1 value for
various amounts of TOAC-MacW. There is clearly a

radical concentration dependence, with the greater
amount of spin-labeled peptide providing the highest en-
hancement and shortest T1 value. Interestingly, increasing
the amount of TOAC-MacW increased the cell-localized
effect with greater enhancement of the carbonyl and ali-
phatic regions compared with trehalose. However, the T1
values were not drastically different for the cell or peptide
components and trehalose. Furthermore, the linewidth
of the 13C signals was not dramatically broadened by in-
creasing the amount of spin-labeled peptides in E. coli
bacteria incubated with Mac1 (see Supplemental Fig. S3).

DNP-enhanced 15N CPMAS experiments (Fig. 4)
showed a similar trend as observed for the 13C CPMAS
experiments and confirmed the presence of the
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Figure 2. DNP-enhanced 13C
CPMAS spectra of E. coli bacte-
ria incubated with [13C1-V13,
15N-A16] Mac1 and 1 mg of
free TOAC (on/off magnified
5-fold) (A), TOAC-MacW (B),
AMUPol (C), and TOAC-TOAC-
MacW (D). Experiments recorded
without (red line) and with (black
line) microwave irradiation were
performed under identical con-
ditions at 8 kHz spinning speed
and 110 K. The silicon plug 13C
signal was set as 0 ppm and used
as internal reference.
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Figure 3. TOAC-MacW concentration depen-
dence of the 13C signal enhancements (open
symbols) and corresponding T1

H relaxation
values (filled symbols) for E. coli bacteria
incubated with [13C1-V13,

15N-A16] Mac1.
Carbonyls (squares), trehalose (circle), and
aliphatics (triangle) were selected from the
13C CPMAS experiments performed at 8 kHz
spinning speed and 110 K under microwave
irradiation.
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spin-labeled peptide within the bacterial pellet. TOAC-
MacW and TOAC-TOAC-MacW performed better than
AMUPol in the presence or absence of Mac1, although
incubation with Mac1 induced greater enhancements.
Interestingly, a significant amide 15N background was
observed without the 15N-labeled Mac1 peptide, which
was about one-tenth of the 15N signal observed with the
15N-labeled peptide. This is likely due to the natural
abundance 15N signal from proteins enhanced by the
spin-labeled peptides.

DISCUSSION

AMPs have been shown to disrupt the integrity of lipid
membranes by mainly using model systems (25). A criti-
cal step in the lytic mechanism is the self-assembly of
AMPs within bacterial membranes, which is not well
characterized at a molecular level (3, 26). ssNMR can
provide valuable structural information but suffers from
low signal-to-noise ratio coupled with limited viability
of the bacterial suspension under harsh MAS conditions
(5, 27).

In this study, we demonstrate that DNP-enhanced
experiments are able to overcome these limitations.
By using spin-labeled membrane-active peptides, in-
cell DNP-enhanced ssNMR experiments were success-
fully performed and open the possibility to study the
self-assembly of AMPs within intact bacterial species.
Interestingly, the TOAC-TOAC-MacW did not signifi-
cantly outperform the TOAC-MacWconstruct in terms of
signal enhancement but provided slightlymore favorable
relaxation. There are several mechanisms that lead to the
hyperpolarization of the 1H spins, principally the solid
effect (SE) and the crosseffect (CE), the latter being the
most efficient at 9.4 T, 100 K, and 8 kHz spinning speed.

Though the SE involves a single electron-nucleus pair, the
CE is induced by 2 dipolar coupled unpaired electrons, in
which the difference in Larmor frequencies of the 2 elec-
trons matches the Larmor frequency of the 1H nucleus
(28). The monoradical TOAC-MacW is likely to hyper-
polarize 1H spins via the SE, unless 2 or more peptides
self-assemble in a structure, placing the nitroxide groups
in a favorable spatial arrangement. The TOAC-TOAC-
MacW peptide possesses 2 nitroxide groups covalently
linked and in close proximity but without strong confor-
mational restraints because of the amino acid backbone
and side chain flexibility. Therefore, either the SE or CE
could be achieved with TOAC-TOAC-MacW peptide as
the radical source. However, in normalizing the eDNP

values obtained from the 13C CPMAS spectra by the
number of electrons carried by the radical source, the ef-
ficiency of TOAC-MacW and TOAC-TOAC-MacW are
not significantly different (see Table 1), which suggests
that hyperpolarization is achieved via the SE. The higher
concentration of localized radical in TOAC-TOAC-MacW
appears to be slightly preferential because of para-
magnetic relaxation enhancement effects providing a
shorter T1

H rather than greater signal enhancement eDNP.
A recent study showed that the water soluble radical

1-[(2,2,6,6-tetramethyl-1-oxidopiperidin-4-yl)amino]-3-
(2,2,6,6-tetramethyl-1-oxopiperidin-1-ium-4-yl)oxypropan-
2-ol (TOTAPol) underwent significant quenching in cell
pellets and cell lysates (29), for which the researchers pro-
posed efficient methods to impede. However, the en-
hancements observed with our spin-labeled peptides
suggest that these radical sources are protected from severe
actionof solubleantioxidants,which is likelydue to location
of the radical within the bacterial membrane and further
supports the usefulness of our radical source.

The greater enhancements observed in the presence
of Mac1 indicate that the AMP facilitated a greater
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Figure 4. 15N CPMAS DNP-
enhanced spectra of E. coli
bacteria incubated with Mac1
(A) or without (B) and using
the free TOAC (solid black
line), TOAC-MacW (dashed
red line), TOAC-TOAC-MacW
(dotted blue line), and incu-
bated AMUPol (dash-dotted or-
ange line) as radical sources.
Experiments recorded with mi-
crowaves at 110 K and 8 kHz
spinning speed.
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electron-to-proton cross-polarization. Because both 13C
and 15N signals are gained from the presence ofMac1, and
the LPS outer membrane possesses limited, if any, nitro-
gen species resonating around120 ppm, it is likely that the
spin-labeled peptides diffused at least through the first
membrane layer. Thus, the greater enhancements are not
due to a Mac1-labeled peptide facilitated spin diffusion.
Because Mac1 induced the uptake of AMUPol, the for-
mation of pores was likely, as previously observed in
bacteria and liposomes mimics of various lipid composi-
tions (19, 20, 24). It is possible, however, that the formation
of pores allowed greater proton diffusion within the cells,
which induced greater signal gain.

This study used 1 mg 13C- and 15N-labeled peptide for
about 13 1012 E. coli bacteria. The significant 13C and 15N
background at natural abundance did not allow precise
identification of theMac1signal. This is not an issue for the
determination of AMP structures in live cells because
multidimensional 15N and 13C NMR filtering techniques
(28, 30) allow suppression of such background. Thus,
combining NMR-labeling schemes together with spin-
labeled peptides could lead to the first in-cell structure of
AMPs using DNP-NMR.

Finally, further optimization of the biradical spin-
labeled peptide is necessary to improve the DNP signal
enhancement via CE transfer. Achieving greater enhance-
ments would facilitate multidimensional NMR experi-
ments that could allow ssNMR studies of membrane
proteins in situ.
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